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General procedures

The synthesis of organometallic compounds has been carried out under inert
atmosphere, using N-50 type nitrogen, supplied by Air Liquide (O2< 2 ppm; H20 < 2
ppm; CO/CO, < 0.5 ppm). In order to maintain these conditions, the synthesis of
organometallic complexes has been carried out in a vacuum line provided of a double
shut-off valves (vacuum/inert gas), employing Schlenk or GloveBox techniques. The
synthesis of organic compounds under catalytic conditions has been carried out either

using inert atmosphere or under Oz atmosphere.

The solvents employed for all the preparations have been purified and dried
according to the methods described in bibliography (Perrin, D. D.; Armarego, W. L.
F.; Perrin, D. R. "Purification of laboratory Chemicals™ 22 Ed. Pergamon Press Ltd.

Oxford, 1980), distilled and stored under inert atmosphere prior to their use.

STRUCTURAL CHARACTERISATION TECHNIQUES

1. Elemental carbon, hydrogen, and nitrogen analysis

The quantitative elemental analysis of carbon, hydrogen and nitrogen of all the
compounds described in this dissertation was performed by “Servicio
Interdepartamental de Investigacion de la Facultad de Ciencias de la Universidad
Autonoma de Madrid” and, in some cases, by the “Servicio Instrumental de la

Universidad de Alcald”.
2. MALDI-ToF mass spectrometry

Mass spectrometry was carried out using a Bruker Autoflex Il TOF/TOF of the
“Departamento de Quimica Inorganica, Organica y Bioguimica de la Facultad de
Ciencias y Tecnologias Quimicas de la Universidad de Castilla-La Mancha”,
employing dithranol and sodium acetate as matrix. The excitement of the sample

(1:100 ratio with respect to the matrix) was performed in a positive mode.
3. Infrared spectroscopy

Infrared spectra were aquired using a Fourier transform infrared spectrophotometer

(FT-IR) Simadzu IR Prestige-21, which incorporates an ATR (attenuated total
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reflectance) with a ZnSe lens. The most characteristic bands for each compound are

given.
4. Nuclear magnetic resonance spectrometry

NMR spectra were acquired in three different spectrometers: VARIAN GEMINI
FT-400 (400 MHz for *H-NMR and 100 MHz for *C-NMR), VARIAN INOVA FT-
500 (500 MHz for *H-NMR and 125 MHz for **C-NMR) and Bruker Ascend TM-500
(500 MHz for *H-NMR and 125 MHz for 13C-NMR).

Chemical shifts (o) are expressed in ppm with respect to TMS, taking as internal

reference the deuterated solvent signals. Coupling constants (J) are expressed in Hz.
5. X-Ray Diffraction Analysis

The determination of the X-Ray Crystal structures presented in this dissertation
were carried out by Dra. Ana M2 Rodriguez Fernandez-Pacheco, from the “E.T.S. de
Ingenieros Industriales de la UCLM”, within the “Departamento de Quimica
Inorganica, Orgénica y Biogquimica” and by Dr. Antonio Rodriguez Diéguez from
“Universidad de Granada”, within the “Departamento de Quimica Inorgénica”. For
this, two different diffractometers were used:

- Bruker X8 APPEX I, of the “Departamento de Quimica Inorgénica, Organica

y Bioquimica de la Facultad de Ciencias y Tecnologias Quimicas de la
Universidad de Castilla-La Mancha”.
- Bruker D8 VENTURE, of the “Departamento de Quimica Inorganica de la
Universidad de Granada”.
6. Gel permeation chromatography (GPC)

The molecular weight determination and the polydispersity values of the
poly(cyclohexene carbonate) and the terpolymers samples have been performed using
a Shimadzu LC-20A GPC model, equipped with a TSK-Gel G3000Hx. 30 cm x 7.8
mm ID column and a RID-20A refractive index detector model, using THF as eluent
at 25 °C temperature. On the other hand, the determination of the molecular weight
and dispersity values for the polyurethane samples has been carried out using a Waters
1515 model, equipped with three different columns: 1x PSS GRAM precolumn 10pum
8x50 mm, 1x PSS GRAM column 10um 30 A 8x300 mm and 1x PSS GRAM column

12
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10pum 1000 A 8x300 mm and a Waters 2414 Refractive Index Detector model, using

N,N-dimethylacetamide as solvent at 25 °C temperature.

7. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

The thermogravimetric analysis of the synthesised polymers was carried out using
a TGA-Q50 instrument, with a heating rate for the sample of 10 °C/min and a nitrogen
flow of 60 mL/min. As for the determination of the glass transition temperature (Tg),
a DSC-Q20 instrument was employed. Samples were weighed in aluminium cresol (5
mg) and were subjected to two heating cycles with a heating rate of 10 °C/min.
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General introduction and objectives

At the beginning of the 21% century, around six billion people lived on earth, and
this cypher continues to grow with time, reaching almost eight billion people
nowadays. Because of this massive increase, humanity is facing serious problems such
as food shortage, deficiencies in resources and energy, climate change and global
environmental pollution. Science and technology have worked together throughout
history and made astonishing progress during the last century to improve our life. In
this context, a wide range of synthetic polymers have been developed and used as
synthetic fibres, plastics and synthetic rubbers replacing the traditionally used natural
fibres, woods, and natural rubbers. These polymeric materials are present in our daily
life and find use in a wide range of fields such as transportation, packaging and
clothing industry, construction, biomedical (drug delivery systems, tissue
engineering), agrochemical, etc. Nowadays, around 370 million tons of plastics are
produced annually worldwide, and the production and consumption continue to
increase. However, most of these polymeric materials are petroleum-based, and the
constant increase on their demand causes the increase in oil consumption. Besides, and
more importantly, their higher durability compared to the natural occurring polymers
aggravates the environmental situation because of the wasted and undegraded

polymers.

In light of this situation, different strategies have been taken to solve this problem.
Firstly, governments from all over the world have taken action and applied stronger
policies into the recycling of wasted plastics. According to Plastics Europe, around 10
million tons of plastic from post-consumer waste and 7.5 million tons of plastic from
the packaging industry were recycled in the European Union in 2018. In fact, Spain is
among the countries which recycles the most along with Czech Republic and the
Netherlands, with recycling rates over 40% of the plastics generated yearly. However,
this recycling policy is not enough to stop the plastic contamination and pollution
problem, since the 25 and the 18.5% of the plastic collected post-consumer waste and
from packaging industry are destined to landfill. This is because, in the context of
plastic recycling processes, regardless it is material recycling or chemical recycling, it
consumes a lot of thermal energy and plastics can not be recycled forever, meaning
that they have a life cycle and eventually are destined to burn or be buried in land.
After having exposed this enormous issue, it is easy to understand why biodegradable

polymers are needed.
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During the last few decades, the scientific community has focused on the synthesis
of biodegradable polymers as an alternative to petroleum-based polymers. We have
designed new synthetic routes to generate these polymers using CO- and bio-derived
compounds as feedstocks. Taking this into account, the main objectives of this

dissertation have been:

1. The synthesis and characterisation of new group 13 metal complexes supported
by heteroscorpionate ligands and their use as catalysts in polymerisation
processes.

2. The synthesis and characterisation of biodegradable polymers using CO> and
biomass derived compounds as feedstocks by Ring-Opening Polymerisation
(ROP), Ring-Opening Copolymerisation (ROCOP) and polyaddition

processes.

For that purpose and in order to obtain the International Ph.D. degree, this
dissertation has been organised in five Chapters. Each chapter has been divided in four
different parts including an introduction, a results and discussion section, an
experimental section and the bibliographic references. Finally, a conclusion section at

the end collects the most relevant results obtained.

Chapter 1 is focused on the synthesis and characterisation of new homo and
heterobimetallic group 13 metal complexes supported by alkoxide heteroscorpionate
ligands base on bis(pyrazol-1-yl)methane moieties. Chloride, alkyl, alkoxide and
amido complexes have been prepared. In addition, their activity for the synthesis of

polycarbonate and terpolymers by ring opening polymerisation has been tested.

Chapter 2 contains the results of the synthesis and characterisation of biodegradable
polyesters materials prepared by ROCOP of epoxides and cyclic anhydrides catalysed
by heteroscorpionate aluminium complexes. Different polyesters, including a newly

synthesised poly(limonene succinate), have been prepared.

Chapter 3 describes the results of the synthesis and characterisation of
biodegradable polycarbonates by ROCOP of epoxides and CO2 and terpolymers by
ROCOP and ROP processes of epoxides, CO2 and L-lactide using the group 13 metal
complexes previously described in Chapter 1 as catalysts.
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Chapter 4 contains the results of the synthesis and characterisation of polyurethanes
by polyaddition reaction of bis(cyclic carbonates) and diamines. The Chapter has been
divided into two different sections depending on the nature of the bis(cyclic carbonate)
employed.

Finally, Chapter 5 focuses on the synthesis and characterisation of new nitrogen
ligands functionalised with alcohol groups based on bis(1,2,3-triazol-1-yl)methane
moieties and their coordination to aluminium and zinc atoms. Also, quaternisation of
the bis(1,2,3-triazol-1-yl)methane precursors and further preparation of abnormal N-

heterocyclic carbene (aNHC) iridium complexes has been performed.
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Chapter 1 Introduction

The catalysts designed to study the catalytic processes described in this dissertation
contain heteroscorpionate ligands derived from the bis(3,5-dimethylpyrazol-1-yl)
methane (bdmpzm) moiety. Thus, this first section of Chapter 1 will be aimed to
review the most important features of these type of ligands and their coordination to

group 13 metals.
1. General considerations of heteroscorpionate ligands

Scorpionate ligands represent one of the most versatile tridentate ligands with the
general structure [RR’B(pz)2]-, where pz is either an unsubstituted or C-substituted
pyrazolyl group that can coordinate to metals to give rise to complexes with the
formula [M{RR’B(u-pz)-}Ln]. This type of ligands can coordinate to a wide variety of
elements, being known compounds either for main group metals or for early to late
transition metals.! In these complexes, a six-membered ring is formed and, in most
instances, exhibits a boat conformation where the pseudo-axial R’ group is directed

towards the metal, as shown in Figure 1.

(\
‘N N”@

U
R'=-H, -OR, -SR, -NR,, -pz, C-H agosthic

Figure 1
If R’ is a pyrazole ring identical to the bridging pyrazole groups, the ligand contains
a Cz, symmetry, [RB(pz)3]~. These ligands are referred to as “homoscorpionate” or
“scorpionate” in the literature. If neither R nor R’ is a pyrazole group, but hydrogen,
alkyl, aryl, alkoxide, amido etc., then the ligands are described as “heteroscorpionate”,
a description that also includes ligands where R’ is a pyrazolyl group different from
the two bridging pyrazolyl units. There is a wide array of other types of
heteroscorpionate ligands described in the literature in which the boron atom is
replaced by other elements such as aluminium, indium, gallium, carbon, silicon etc.

Such a change can either preserve or alter the charge of the ligand.
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Chapter 1 Introduction

1.1. Heteroscorpionate ligands derived from bis(pyrazol-1-yl)methane

In this section, the chemistry of a specific class of heteroscorpionate ligands derived
from the bis(pyrazol-1-yl)methane® moiety with general formula [RR’C(pz)2]~ will be
revised. In this type of ligands the R—-B—R’ moiety has been substituted for R—C-R’

Rv/\
(N N/'@

U

R'=-H, -OR, -SR, -NR,, -pz, C-H agosthic

as shown in Figure 2.

Figure 2
This class of ligands exhibits a series of advantages such as easy synthetic
procedure, versatility in its coordination mode, and, after deprotonation, monoanionic
character. This section will describe the synthetic methodologies to prepare this type
of ligands, focusing specially on one of the processes which was firstly developed by

our research group.
1.1.1. Preparative methods for heteroscorpionate ligands

Heteroscorpionate ligands derived from the bis(pyrazol-1-yl)methane have been

prepared using four different synthetic routes:

a.- Reaction of aldehydes or ketones with carbonyl pyrazole or sulfonyl pyrazole using
1% mol CoCl2-6H0 as a catalyst (Scheme 1). This synthetic route was introduced by
Peterson et al. in the seventies,® although other research groups have used this route to
develop new heteroscorpionate  ligands.®**  Thus, as an example,
2-hydroxyphenylbis(pyrazol-1-yl)methane (NNO) derivatives can be obtained by
reacting bis(pyrazol-1-yl)ketone with salicylaldehyde.
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RZWRI (I) R, l

N-N C N/ "y
\ Ry R, 4 ‘ Ry
X=0 /N
N_N/ CoCl,.6H,0 >_7»
/
R LR,
X=C,S X=C,S
Scheme 1

b.- Reaction of two pyrazole rings with gem-dihalides, acetals or aldehydes,

incorporating the R’ moiety with coordination capacity within their structure.

OH
0 / \ TsOH N N
+ 2 ~ -
’ Toluene v N N7 X
—_— —

Scheme 2

A wide range of heteroscorpionate ligands featuring mainly phenol and thiol groups

has been synthesised using these two methods (Figure 3).

Figure 3. Heteroscorpionate ligands functionalised with phenol and thiol groups.
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c.- A third synthetic method, firstly described by our research group, consists in the
lithiation of bis(pyrazol-1-yl)methane, followed by the addition of an electrophile,
which introduces the “E” group with coordination ability in the methylene bridging
group (Scheme 3).57 In this case, the use of C5-substituted pyrazole rings is necessary
in order to avoid deprotonation at the C5 position. Using this synthetic route, a wide

range of heteroscorpionate ligands have been synthesised.

Scheme 3

Some examples for the preparation of ligands following this synthetic route are
collected in Figure 4. Thus: i) By reaction with carbon dioxide or carbon disulfide,
heteroscorpionate ligands functionalised with acetate or dithioacetate groups were
obtained.®"8 ii) By reduction of these, heteroscorpionate ligands functionalised with
ethoxide or thioetoxide groups were prepared.’® iii—v) By reaction of the lithiated
bis(pyrazol-1-yl)methane adduct with imines followed by hydrolysis with water,
amine functionalised ligands were generated.® They can also be synthesised by
reaction of the organolithiated adduct with an electrophile reagent such as Me;SiCl;
followed by reaction with 'PrNH. with elimination of HCI.® Recently, ligands
functionalised with an amine group have also been prepared by reaction of the lithiated
adduct on ketenimines derivatives.!! vi) By insertion of heterocumulenes, such as
carbodiimides, isocyanates or thioisocyanates in the organolithiated adduct,
heteroscorpionate ligands bearing amidinate, acetamidate or thioacetamidate groups
were obtained.’? Some of these compounds have been isolated as enantiomerically
pure derivatives, when optically active isocyanate or thioisocyanate compounds were
used. vii) From lithiated bis(pyrazol-1-yl)methane adducts followed by the addition of
SOs-Et3N, the corresponding heteroscorpionate ligands with a sulfonate group were
obtained.® These compounds are specially interesting due to the possibility to generate

water soluble compounds. viii) When a fulvene derivative was reacted with the
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organolithiated adduct, a mixed scorpionate/cyclopentadienyl ligand featuring a
cyclopentadienyl group was developed.’* ix) By reaction of the organolithiated
bis(pyrazol-1-yl)methane with organotin derivatives, heteroscorpionate ligands with
organotin groups were obtained.’® x) Reaction of the lithiated derivative from
bis(pyrazol-1-yl)methane with aldehydes or ketones, such as 1(R)-(-)-myrtenal,
followed by reduction reaction, the corresponding enantiomerically pure

heteroscorpionate ligand functionalised with an alcohol group was prepared.1®

This kind of ligands represents an interesting alternative to tris(pyrazolyl)borates
(Tp) and cyclopentadienyl (Cp) ligands for the preparation of organometallic
complexes, because not only act as tripods occupying three coordination positions, but
it is also possible to fine tune their steric and electronic properties. Furthermore, the
synthesis of the lithiated or the neutral specie is easy, obtaining the corresponding

product in high yield in a two-step reaction.

/
R H,C R
— N=
R R
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R R’3Sn R 1.CX,, X =0,S
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7 "N N -Me, 3 |
/ \ R NH R
=N N /(
R j‘)/> = NTONTN
— \
1.R'-N=CH, N N=
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Figure 4. Synthesis of heteroscorpionate ligands prepared by lithiation and electrophile

addition.
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d.- An alternative for the preparation of heteroscorpionate ligands with acetate groups
is based on the double Michael addition of a pyrazole ring to an activated alkyne, in
this case, methyl propionate, which acts as the third coordination moiety R’ (Scheme
4).18

C0O,X

R o (%

2ﬂ+:co2xNaH 2R

RN THF =N N
H

R R

X =Na, Me

Scheme 4
2. Aluminium complexes containing scorpionate ligands

During the last few decades, an extensive chemistry of organometallic aluminium
complexes has been developed since this metal provides a high Lewis acidity to its
compounds. This feature makes aluminium complexes interesting in catalysis, so they
have been used as catalysts in a range of catalytic transformations such as
polymerisation of olefins,*® Ring-Opening Polymerisation (ROP) of cyclic esters?® and
in different asymmetric catalytic processes.?! Although the great majority of the
aluminium compounds tested are neutral species, cationic and zwitterionic aluminium
complexes have received great attention?® due to the increase in the Lewis acidity,
which is translated in an increase of the catalytic activity in the polymerisation of
propylene oxide,?® cyclic esters?* and olefins,’®% and in the synthesis of cyclic
carbonates from epoxides and CO,.2

2.1. Aluminium complexes containing scorpionate ligands derived from (pirazol-

1-yhborate

The first aluminium complex featuring scorpionate ligands was reported in the late
80°s.2” At that time, there was a lot of interest in the synthesis of cationic compounds
from metallocene derivatives with general formula [MCp2][AlIX4], where M is a group
13 metal and X is a group 17 element. Due to the analogy between the

cyclopentadienyl (Cp) ligands and scorpionate ligands, ionic compounds containing
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tris(3,5-dimethylpyrazol-1-yl)borate (Tp*) scorpionate ligands with the formula
[AITp*2] " [AICIs]~ were synthesised (Scheme 5).27

_ -0 —
MewMeMe\(y @
//e N/
@ N AICI, / ~, )
K H— B—N N—Al “N-N=B—H| AICI,
/N CH,CI SN
Me Kél ’ NN N-N
Me . \ U
Me N MeMe/K)\Me

Scheme 5

Sometime later, organometallic aluminium complexes containing only one
scorpionate ligand within the coordination sphere were prepared for the first time.?®
These were alkyl derivatives with [AIR>Tp*] stoichiometry, in which the aluminium
centre exhibited a coordination index of 5, with the scorpionate ligand coordinated in
a tridentate manner. Initially, three pyrazole rings were believed to be coordinated to
the aluminium centre, leaving the Tp* group coordinated in a tridentate monofacial
manner. However, the X-ray structure showed that the Tp* ligand was coordinated in
a bidentate x2-NN manner to the aluminium centre, which adopted a distorted
tetrahedral geometry (Scheme 6). 2° Besides, a fluxional process of exchange between

the two pyrazole rings was observed at room temperature.

B BES)

Me  Me_\_Me
Me SN

K@ / ’N AIR; N\ N\ :\\N N R

CH,Cl, Mé B AL

H _ R
Me N-N
\

Me " X""Me

Scheme 6

On the other hand, when a bulkier scorpionate ligand such as tris(3-tert-butyl-
pyrazol-1-yl)borate (Tp’) was used, a compound with stoichiometry [AIMe>Tp’] was
obtained. The scorpionate ligand was coordinated to the metal centre in a bidentate

manner x>-NN. In this case, there was no fluxional process of exchange between the
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pyrazole rings due to the steric hindrance produced by the bulkier tert-butyl substituent

on the 3 position of the pyrazole ring (Scheme 7).%°

3 _0 ‘Bu B
H u
[ SN @/
1‘3, <\ © N-N Me
|

PR s,
©) N 'N AlMe N & 7
Tl / | N \ | \ 3 > B Al
=N Nx C¢Dg 20 N AN
t Nx t H N-N Me
Bu t Bu \
- Bu . V’Bu

Scheme 7

Other scorpionate ligands similar to Tp, in which the pyrazole rings are replaced by
other heterocycles like oxazoline3! were employed as precursors to obtain complexes
with stoichiometry [AlMex(x>-ToM)], where the ligand was coordinated in a x*-NN

bidentate manner (Scheme 8).%

- Y
Ph—B, _N-1 0.5 (AlMe3), N= /TN, e Me
ﬁ Lo Ph( 7 \Me
EOR Toluene, N
O\)\"u 24 h, -CH, o\)\,,,,,

H[To™] [Al(k-ToM)Me,]

Scheme 8

2.2. Aluminium complexes containing heteroscorpionate ligands derived from

bis(pyrazol-1-yl)methane

A broad range of aluminium complexes featuring heteroscorpionate ligands derived
from bis(pirazol-1-yl)methane have been developed in the last 15 years. The first
reported aluminium compounds were prepared by reaction between tris(pyrazol-1-
yl)methane (tpzm) with trialkyl aluminium derivatives, such as AlMes.?” The resulting
complex showed a stoichiometry [HC(pz)3][Al(CH3)z]s, instead of the expected
mononuclear aluminium complex with the tpzm ligand coordinated in a tridentate
manner. However, the first aluminium complex with a heteroscorpionate ligand
derived from the bis(pyrazol-1-yl)methane moiety was synthesised in 2006.% Thus,

by reacting 2,4-ditert-butyl-6-{bis(3,5-dimethylpyrazol-1-yl)methyl}phenol
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(bpzmpH) with AIR3 (R = Me, Et, 'Bu) in toluene, the corresponding mononuclear

complexes with stoichiometry [AIR2(x*-bpzmp)] were obtained (Scheme 9).

IBu [Bu tBu tBu
OH Me O ~R
Me Me Tol Al
+AIR; — = /N /7
/ N N \ -RH | _N
| | —N N Me
=N Nx \
Me
Me Me Mg
R = Me, Et, ‘Bu

Scheme 9

In these complexes, the aluminium centre exhibits a distorted tetrahedral geometry
with C1 symmetry and the heteroscorpionate ligand is coordinated in a x#>-NO manner
through the oxygen atom of the phenol substituent and through the pyridinic nitrogen
atom of one of the pyrazole rings, leaving the other pyrazole ring uncoordinated. These
complexes can be used as precursors to prepare cationic aluminium complexes by
abstraction of one of the methyl groups (Figure 5). It is worth noting that, in this case,
the heteroscorpionate ligand is coordinated to the aluminium centre in a x*-NNO
coordination mode.*

N MeB(C6F5)C;>

/,,'

Figure 5. Cationic aluminium complex with [Al(bpzmp)Me]*[MeB(CsFs)s] ~ stoichiometry.

During the last decade, our research group has developed a wide range of
heteroscorpionate aluminium complexes. The first family of heteroscorpionate
aluminum complexes contained a ligand functionalised with acetamidate or
thioacetamidate groups.'? The ligand precursors exhibit different tautomers depending

on the position in which the NCE group is protonated.t?*34 This behaviour gives these
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ligands a great versatility regarding their coordination ability to the metal centre
(Figure 6).

R’ R’ R’
N N HN
_ \
7z N 7 "N 2
f TR LT DI
=N N= N N= N N=

R RK R R R

(a) (b) (c)

Figure 6. Possible tautomers of acetamide and thioacetamide ligand precursors.

These ligands were reacted with trialkylaluminium precursors to prepare the
corresponding aluminium complexes with a scorpionate ligand functionalised with
acetamidate or thioacetamidate groups. These complexes showed a tetrahedral
geometry in which the thioacetamidate ligand was coordinated in a x#>-NN fashion,
whereas the acetamidate derivatives showed a x*-NO coordination mode to the
aluminium centre. In these complexes, a fluxional exchange between the coordinated

and the non-coordinated pyrazole rings was observed (Figure 7).1%9

/R'
N S R'
N N
C —o\ Ne—n
X \ X
\\\\ N\
Al Al

Figure 7. Aluminium complexes with acetamidate and thioacetamidate ligands.

Five-coordinate alkyl aluminium complexes containing two scorpionate ligands
functionalised with acetamidate groups were also synthesised. In this case, the
heteroscorpionate ligands were coordinated in a bidentate x>-NO manner with a

pseudo-trigonal-bipyramidal structure around the aluminium atom (Figure 8).1%
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Figure 8. Five-coordinated aluminium complexes with acetamidate ligands.

As previously mentioned, the presence of tautomer ¢ in the ligand precursors
(Figure 6), allows these ligands to have a great versatility regarding the coordination
mode. Thus, the activation of the methine proton bridge to both pyrazole rings allows
these ligands to coordinate in a bridging manner to two or three aluminium centres
(Figure 9),22%" in which the steric restrictions generate a helical structure and these

complexes can be isolated with helical chirality (Figure 10).12%f

X
X & XE1.X
Me Al_ Me Al AT
=N~ E =N~ E X
\ I\\I ’R \ I\\I /R
! ~
Me N AN M N\N/Al,,,,x
Me—\ | X MeM X
Me
Me

Figure 10. Graphic representation of the helical structures P (left) and M (right) of

complex [Alx(u-pbptam)Et].
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Following this approach, our research group has also synthesised a great variety of
heteroscorpionate ligands functionalised with an alkoxide group by reacting
bis(pyrazol-1-yl)methane with an aldehyde or a ketone.?6%¢435 Thus, the reaction of
the corresponding alcohol ligand precursors with trialkylaluminium derivatives
afforded monometallic aluminium complexes with the scorpionate ligand exhibiting a
x*-NO coordination mode (Figure 11).26%35 Surprisingly, when the ligand containing a
p-tolyl moiety was used as the precursor, a bimetallic structure was obtained with the
oxygen atom from the alkoxide moiety acting as a bridge between the aluminium
centres, which exhibited a pseudo-trigonal-bipyramidal conformation with a x¥>NO
1~O coordination mode (Figure 11).% These complexes were tested for the ROP of
&-caprolactone and L-lactide obtaining the corresponding biodegradable polyester
materials with remarkable control on the My and Mw/M,,% the synthesis of terpene-
bioderived cyclic carbonates from different natural resources such as carvone, carvyl
acetate, terpinene-4-ol, etc.?8¢ and the Ring-Opening Copolymerisation (ROCOP) of
epoxides and cyclic anhydrides to afford polyesters.®®

A\
MeMMe

Me/QMe

R'='Bu, R =H, X = Me, Et

R' = (R)-Myr, R = H, X = Me, Et

R' = p-(NMe,)C¢H,, R = Ph, X = Me, Et Me X~ Me Et
R' =R = p-(NEt),C¢H,, X = Me

Figure 11. Mono- and bimetallic heteroscorpionate alkoxide aluminium complexes.

When the alcohol heteroscorpionate neutral precursors were reacted with two
equivalents of trialkylaluminium derivatives, bimetallic heteroscorpionate aluminium
complexes were prepared.?® In this case, one aluminium centre exhibited a distorted
tetrahedral environment with the scorpionate ligand coordinated in a x*-NO
coordination manner while the second aluminium centre was coordinated to the

oxygen from the alkoxide group from the scorpionate ligand through a coordinate
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dative bond and to three alkyl groups (Figure 12). These complexes were tested as
catalysts along with different co-catalysts for the synthesis of a wide range of
monosubstituted and disubstituted cyclic carbonates.?® The synthesis of disubstituted
cyclic carbonates required harsher conditions of temperature and pressure (50-100 °C,
10-50 bar) reaching TOF values up to 0.78 h~!.

In addition, aluminium complexes featuring zwitterionic heteroscorpionate ligands
have also been synthesised as bifunctional catalysts for the CO, fixation into cyclic
carbonates. These complexes acted as one-component catalysts, where the aluminium
centre and the bromide or iodide co-catalyst were present in the same moiety as shown
in Figure 13.2°¢ Thus, cyclic carbonates were obtained from their corresponding
terminal, internal and bio-derived epoxides and carbon dioxide.?®® In addition, it was
shown that the halide counterion not only had a positive effect on the stability of the

zwitterionic ligands, but also played a key role on the catalytic performance of the

26b,c

aluminium heteroscorpionate complex.

R'='Bu, R = Me, Et
R'=(R)-Myr, R = Me, Et
R'=p-(NMe,)CcHy, R = Me, Et

Figure 12. Dinuclear heteroscorpionate alkoxide aluminium complexes.

X-Ray diffraction studies confirmed the zwitterionic character of these complexes
with a pseudo-tetrahedral geometry around the aluminium centre with the
heteroscorpionate ligand coordinated in a x2-NO fashion and two alkyl groups. The

halide anions were also shown to be within the structure (Figure 14).2%

More recently, mono- and bimetallic helical alkyl aluminium complexes featuring
ketiminate ligands have also been developed by our group an tested in the ROP of

cyclic esters and the preparation of a wide variety of cyclic carbonates (Figure 15).36:37
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Figure 13. Zwitterionic heteroscorpionate alkoxide aluminium complexes.
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Figure 14. ORTEP diagrams for zwitterionic heteroscorpionate aluminium
complexes.
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Figure 15. Mono- and bimetallic helical heteroscorpionate alkyl aluminium

complexes.

3. Gallium complexes containing scorpionate ligands

Currently, the use of well-defined group 13 metal species in catalysis remains
essentially dominated by AI(I11) derivatives as a result of their stronger Lewis acidity
and the low cost of the Al metal source, and thus, its ready availability. However, the
use of Ga(lll) derivatives in catalysis has recently attracted attention due to its
biocompatibility and the specific properties of such gallium salts, in particular their z-
Lewis acidity.*® Gallium complexes have been found to be active for the ROP of cyclic
ethers, esters and carbonates, the activation and reduction of alkenes and alkynes
through hydrogen transfer, and alkyne and alkene hydroamination processes.®
Cationic gallium complexes have also been developed and tested in a wide range of
catalytic processes including polymerisation of olefins, hydrosilylation reactions and

alcohol activation.®®

The first (pyrazol)borate gallium complex reported was prepared from an equimolar
mixture of KTp* and GaCls in THF.2¢ X-Ray crystallography showed the formation
of a salt-type [GaTp*2]*[GaCls]~, with the Ga3* ion coordinated in a close to regular
octahedral geometry (Scheme 10). When KTp* was reacted with GaCl.Me, the
product obtained depended on the stoichiometry of the reaction.*® Using one
equivalent of the Tp* ligand, the mononuclear complex [Ga(Tp*)MeCl] was obtained
(Scheme 11). However, when two equivalents of Tp* were used, the mononuclear

trigonal-bipyramidal gallium complex [Ga(Tp*).Me] was obtained (Scheme 11).
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Alkyl complexes with formula [Ga(Tp*)Mez] were also synthesised by reacting the

precursor GaMe,Cl and KTp* ligand (Scheme 11). X-ray structure for the latter is

shown in Figure 16a. It showed a tetrahedral environment for the gallium centre with

the scorpionate Tp* ligand coordinated in a x>-NN fashion and two methyl groups.

— ©
Mo~ MeMe{\rMe
N N,
® e GaCl, v, @ S
K / ? - |u- B‘N N—Ga\-'N N-B H| GaCl,
THF
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Me
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Scheme 10. Synthesis of [GaTp*,]"[GaCls]-complex.
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Scheme 11. Synthesis of [Ga(Tp*)MeCl], [Ga(Tp*).Me] and [Ga(Tp*)Me;] complexes.

Shortly after, gallium complexes derived from bis(pyrazol-1-yl)borate (Bp) were

also synthesised.**? When using a 1:1 molar ratio, X-Ray structure confirmed the

formation of salt-type [GaBp2]*[GaCls]- compounds in accordance to previous

results.®® However, when using a 2:1 or 3:1 molar ratio, the corresponding neutral

gallium complexes [Ga(Bp)-Cl] and [Ga(Bp)s] were obtained respectively.*? X-Ray
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crystallographic analysis for complex [Ga(Bp).Cl] showed a trigonal bipyramidal
geometry for the gallium atom (Figure 16b). On the other hand, spectroscopic studies
indicated that the gallium centre presented an octahedral geometry in complex
[Ga(Bp)3]. The reactions of the Bp ligand with alkyl gallium(lI11) precursors have also
been studied.** Thus, the reaction between the gallium precursor GaCl.Me and KBp in
a 1:2 molar ratio afforded the formation of the neutral complex [Ga(Bp).Me] for which
the structure is presumably analogous to the corresponding chloride complex.
Likewise, the reaction with only one equivalent of KBp gave rise to the monomeric
gallium complex [Ga(Bp)MeCl] in which the gallium centre showed a 4-coordinate
structure. The reaction between [Ga(Bp)MeCl] with MeL.i, or the reaction between the
GaMexCl with KBp vyielded to the formation of the alkyl gallium complex
[Ga(Bp)Mez2].

q-g:
T(Z.‘?[ @Aﬂ1 b
cz2 N

Figure 16. X-Ray structures of a) [Ga(Tp*)Me:] and b) [Ga(Bp)-Cl].
4. Indium complexes containing scorpionate ligands

Indium organometallic complexes have recently arisen a great interest within the
scientific and industrial communities due to its biocompatibility, lower Lewis acidity
compared to their aluminium and gallium analogues and higher stability of their
precursors than their organoaluminium/gallium counterparts. They have been tested in
a wide range of catalytic processes, especially for the ROP of cyclic esters,*® in which
they have found to be more active than their gallium analogues* and the
co-polymerisation of epoxides and CO; to obtain polycarbonates.*® As their aluminium
and gallium counterparts, indium cationic catalysts have also been synthesised and

used as catalysts for other catalytic processes such as the coupling of epoxides and
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lactones, hydroarylation of alkynes and transfer hydrogenation of alkenes or the

cyclisation of alkenes and alkynes.*

The first reported indium scorpionate complex resulted from the reaction of InCl3
with KTp* in THF.?” After recrystallisation in MeCN, X-Ray analysis confirmed the
formation of [In(Tp*)CIl2(NCMe)], in which the indium centre exhibited an octahedral
geometry with a facially capping x*-coordinated Tp* ligand, two chloride ligands and
an acetonitrile molecule in the coordination sphere (Figure 17). The reaction of Inl3
and KTp* in a 1:2 molar ratio at low temperature in toluene afforded the sandwich
complex [In(Tp*)2]l. X-Ray diffraction analysis confirmed a regular Ns coordination
sphere around the indium atom (Figure 18a).*® However, although crystal structure
confirmed the formation of a “sandwich” complex, elemental and mass spectrum
analysis were inconsistent with this observation. The data suggested that partial
hydrolysis of the indium complex could occur on exposure to air or moisture.*” To
study the influence of water in the reaction mixture, complex [In(Tp*).]I was refluxed
overnight in wet acetonitrile. The resulting complex was a dimeric species
[{In(Tp*)}2(u-pzMe)2(u-OH)]I bridged by two pyrazole ligands derived from the
hydrolysis of the Tp* ligand, and a hydroxide ligand, in which each indium centre
displayed an octahedral geometry with a NsO coordination environment (Figure 18b).

Figure 17. X-Ray Crystal structure of [In (Tp*)(NCMe)Cl.].

Reactions using other (pyrazolyl)borate precursors such as Bp have also been
extensively studied using InCls, MelInCl, and MezInCl.*® Thus, reaction of KBp with
InCls, yielded to the formation of [In(Bp)CIl(«—Cl)]2, which in contrast to the majority
of indium scorpionate complexes, is extremely susceptible to decomposition. Its

limited solubility hinted to a dimeric structure (Scheme 12). Reactions using 2:1 or 3:1
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ligand to metal molar ratios yielded [In(Bp)2Cl] and [In(Bp)s] respectively, the former
with a trigonal bipyramidal geometry, while the latter displayed an octahedral structure
with the ligand coordinated in a x>-NNN manner (Scheme 12).4° The analogous
[In(Bp)2Me] was prepared using InClMe as precursor with two equivalents of the
ligand. Reaction of InCl,Me with only one equivalent of ligand gave [In(Bp)MeCl],
which exhibited a tetrahedral structure. The monomeric indium complex [In(Bp)Mez2]

was prepared from KBp and InClMe>, and displayed a distorted tetrahedral geometry.

Figure 18. X-Ray Crystal structure of a) [In(Tp*)2]1 and b) [{In(Tp*)}2(  -pz™®)2( u-OH)]I.

Me Z Me
H // Cl
NpgunN-N e M
~ ‘ e e
H Cl,,, \
InC13’ 1eq. h{—NIn{Cl/InN_}\I
THF \ ! ‘ H
Me™ Xy Mg T\B
N-N" "\
Cl i H
Z

) Me Me

Me Me
H e Y

. Me - H
& M InCl; 0.5 eq A | N Nowo?
N A\ L A\ : Me ,NfIn‘\ ~ \H
| Nx THE N ‘ N-N

N N M
Me Me H/B\N,N\ Me Me
l )J

Bp H

W\
InCl3_ 0.33eq | N—ln,,.UMe

THF

Scheme 12. Synthesis of [In{Bp}Cl(u—Cl)]2, [In{Bp}.Cl] and [In{Bp}s] complexes.
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Chapter 1 Results and discussion

In this section of Chapter 1, the synthesis of a wide range of chloride, alkyl, alkoxide
and amido group 13 metal complexes, which will be further tested as catalysts for the

preparation of polymeric materials, will be described.

1. Synthesis of ligand precursors

For the synthesis of group 13 metal complexes supported by heteroscorpionate

ligands functionalised with alkoxide groups described in this chapter, neutral precursor

compounds derived from bis(pyrazol-1-yl)methane: bpzbeH,
[(1,1-bis(3,5-dimethyl-1H-pyrazol-1-yl)-3,3-dimethylbutan-2-ol], bpzteH
[(2,2-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1-p-tolyl)ethan-1-ol], bpzappeH

[(2,2-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1-(4-(dimethylamino)phenyl)-1phenylethan-
1-ol] and bpzFerrH [(2,2-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1-ferrocenyl)ethan-1-ol]
(1) have been employed (Figure 19). Some of these ligands have been previously
prepared and characterised by our research group as it has been previously discussed
in the introduction,® while compound 1 has been prepared for the first time in this

work.

Me —

1

Fe
tBu\I_ll/OH - o Me N Ph ~ H
Me /CL Me Me\C/ Me Me OH Me Me OH Me
74
D ¢ NN /oy 1@ / #:ilﬁj\?
Me \ =N N= =N N =N N
¢ Mé Me Me

N N
Me Me Me
bpzbeH bpzteH bpzappeH bpzFerrH (1)

Figure 19. Heteroscorpionate ligand precursors.

The synthesis of these compounds was carried out by reaction of
bis(pyrazol-1-yl)methane with "BuL.i in 1:1 molar ratio and subsequent addition of the
corresponding aldehyde/ketone derivative. Finally, the protonolysis reaction of the
generated lithiated adduct with saturated aqueous NH4Cl afforded the corresponding
heteroscorpionate neutral precursor in good yield after the appropriate workup
(Scheme 13).
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Scheme 13.

The spectroscopic data obtained for compound 1 in solution (Tables 1 and 2)
confirmed the proposed structure (Scheme 13). *H-NMR and *C{*H}-NMR spectra
for compound 1 (Figures 20 and 21 respectively) showed two singlets for each of the
H* Me? and Me® pyrazole protons and carbons, indicating the existence of two types

of pyrazole rings due to the presence of a stereogenic centre in the heteroscorpionate
ligand (C?).

1
Fe
Cp Cp’
H
Me’ aOH Me’
2 N W Me’s
Me? Me*
(1) Me35
a 44
CH* H Cp
OH L
'L\ ‘L._J Jg_,.J“h.aJl L..,JL Ml‘ Al

T T T T | — T T T T T T T g T T T T T - T T T T T - T g T T T -
7.3 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm

Figure 20. *H-NMR spectrum for bpzFerrH (1) in CeDe.
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Cp’
. MeS,S’
H4‘4 CH Cp Me3’3’
C3,3” C5,5' Cp Ca
50 140 130 120 10 10 % 8 70 6 S 4 30 20 10
ppm
Figure 21. *C{*H}-NMR spectrum for bpzFerrH (1) in CsDs.
Table 1. 'H-NMR data for compound 1 in C¢Ds.
Compound CH C*-H H4, H* Me3, Me¥ MeS, Me¥ Ferr
551 3.58 (m, 1H, Cp)
5.99 5.79 : 3.82 (m, 1H, Cp)
bpzFerrH (1) | (d, Jii=7.6 | (d, Jun = (55’ ég) gii g g'lj; 12‘75 g: g:g 3.97 (m, 1H, Cp)
Hz, 1H)  78HZ 1H) | A PO 4.13 (s, 5H, Cp")
’ 453 (m, 1H, Cp)
Table 2. *C{*H}-NMR data for compound 1 in CeDs.
Compound | CH Ca | C¥¥,C% | CHCY | Me3, Me¥ | Me®, Me¥ Ferr
66.0 (Cp)
147.6 67.5 (Cp)
148.0 104.4 134 10.1 67.6 (Cp)
bpzFerH (1) | 716 | 748 | 1393 106.3 135 10.4 67.8 (Cp)
140.4 69.0 (Cp’)
87.0 (Cp)
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2. Synthesis of chloride group 13 metal complexes
2.1. Synthesis of chloride aluminium and gallium complexes

The synthesis of chloride aluminium and gallium complexes was carried out in a
two-step reaction as shown in Scheme 14. In the first step, the corresponding neutral
heteroscorpionate ligand precursor was deprotonated using "BuLi in THF at —78 °C
for one hour. Then, the lithiated adduct was transferred to a pre-cooled suspension at
0°C of MCl3 (M = Al, Ga) in THF. The resulting mixture was stirred overnight at room
temperature to afford the corresponding chloride aluminium/gallium salt complexes
[Al(x2-bpzbe)2] [AICL4]~ (2), [Al(x2-bpzte)2] TAICI]~ (3), [Al(x*-bpzappe)2]*[AICI]-
(4), [Al(x*bpzFerr)2] [AICIL]~ (5), [Ga(x>-bpzbe),]* [GaCla]- (6),
[Ga(x3-bpzte).]* [GaCla]~ (7), [Ga(x>-bpzappe)2]*[GaCls]~ (8) and [Ga(x>-bpzFerr)2]*
[GaCl4]™ (9) as white (2-4, 6-8) or pale yellow (5 and 9) solids after the appropriate
work-up procedure. All complexes were obtained in yields between 80-90% and are
soluble in polar solvents such as CH2Cl, and MeCN. These results are in accordance
with previously reported chloride aluminium and gallium complexes derived from

(pirazol-1-yl)borate scorpionate ligands as discussed previously in the introduction

H 27
section.
— R R _®
a Me?
. 3/
Me? ‘ Me Ny \ o
— N — M 5
e oty Y I
4 . 5
\ /N Me? 1 I\—i Me 4
4 :
Me3 (0) .3
K}
MC&MC — _J
\ R'=By, R=H (2)
N*N% LOH 1) "BuLi, THF, —78 °C-rt. R' = p-MeCeHy, R = H (3)
\ R 2) MCl3, M = Al, Ga R' = p-(NMe,)C¢Hy, R = Ph (4)
&/\ THF, 16 h, -LiCl R'= Ferr, R = H (5)
Me
— _®
C
\
R'='Bu,R=H “N=
R'=p-MeC¢H,, R =H (}
R' = p-(NMe,)CgHy, R = Ph Gacll, ©
R'=Ferr, R=H (1)
\4 ‘

4
R'='Bu, R=H (6)
R'=p-MeCgH,, R =H (7)

R' = p-(NMe,)C4H,, R = Ph (8)
R'=Ferr, R =H (9)

Scheme 14. Synthesis of chloride aluminium (2-5) and gallium (6-9) complexes.
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Structural Characterisation

The structural characterisation of complexes 2-9 was performed by *H-NMR and
BC{'H}-NMR spectroscopy (Tables 3 and 4). *H-NMR and *C{*H}-NMR spectra
exhibited two distinct sets of pyrazole resonances, showing two singlets for the H**,
Me*¥and Me>*" pyrazole protons and carbons due to the presence of the C?-H
stereogenic group from the alkoxide ligand, one singlet for the methine group, and the
signals corresponding to the different moieties of the heteroscorpionate ligands (Figure
22). The NMR results are consistent with the salt-type [ML2] [MCl.]~ structure
proposed for complexes 2-9 featuring a tetrahedral environment for the cationic
aluminium centre in complexes 2-5 coordinated to two heteroscorpionate ligands in a
x*-NO fashion and an octahedral environment for the cationic gallium centre in
complexes 6-9, in which the two heteroscorpionate ligands are coordinated in a
x>-NNO coordination mode. It is worth noting that a new stereogenic centre is
generated in the CH methine group bridging both pyrazole rings due to the x>-NO
coordination of the heteroscorpionate ligand to the aluminium centre for complexes 2-
5. Thus, up to eight diastereoisomers could be obtained for each aluminium complex
(2-5). This explains why complexes 2 and 5 exhibit several diastereoisomers in
solution. In the case of gallium complexes, the coordination mode of the ligands could
generate two diastereoisomers. The 'H-NMR spectrum for complex 4 and
13C{*H}-NMR for complex 6 are given in Figures 22 and 23 respectively.

NOESY-1D experiments were performed for the assignment of most *H NMR
resonances and *H-13C heteronuclear correlation (g-HSQC) experiments were carried
out to assign the resonances corresponding to C* Me® and Me® of the pyrazole rings.

Figure 24 shows the correlation spectrum for complex [Al(x*-bpzFerr)2]*[AICI4] (5).
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Figure 22. *H-NMR spectrum for complex [Al{x*-bpzappe}.]*[AICl4]~(4) in CDCls.
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Figure 23. C{*H}-NMR spectrum for complex /Ga(x>*-bpzbe),] " [GaCls]~(6) in CsDs.
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Figure 24. 'H-*C-g-HSQC spectrum for complex [Al(x*-bpzFerr),] [AICIs]~(5) in CDsCN.
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Table 3. 'H-NMR data for complexes 2-9.

Compound CH CH? H4# R, R’ Me¥ MeS¥
. i 5.94 (s, 1H) t 234 (s,3H)  2.39 (s, 3H)
[Al(x2-bpzbe).]TAICL] (2) 640(5, 1H) 368(s1H) 0 0.68 (s, 9H, 'Bu) iy QR
6.96 (d, Ju = 8.0 Hz, 2H, ™HPh)
[Al(x2-bpzte)] [AICI] (3) 6.35 (s, 1H) 4.12 (s, 1H) 2;; g 13; 7.20 (d, Jun = 7.8 Hz, 2H, °HPh) gég g 23; 18? Ez z:;
S 2.23 (s, 3H, MePh) U S A
7.18 (d, Juw = 7.3 Hz, 2H, "HNPh)
7.56 (d, Jun = 7.6 HZ, 2H,
°HNPh)
[Al(x2-bpzappe)2] TAIC] " (4) 6.80 (s, 1H) - g% Ez 13; 6.60 (M, 1H, *HPh) 222 g 2:; ggg g g:g
L 7.09 (m, 2H, ”HPh) oL 2B
7.18 (m, 2H, °HPh)
2.92 (s, 6H, NMe,)
3.68 (M, 1H, Cp)
4.11 (m, 1H, Cp)
. . ) 5.96 (s, 1H) 151(s,3H)  2.54 (s, 3H)
[Al(x*-bpzFerr)2]*[AICL] (5) 6.96 (s, 1H) 5.27 (s, 1H) 6.19 (s, 1H) 4.21 (m, 1H, Cp) 203(53H)  2.60(s 3H)

428 (s, SH, Cp”)
4.49 (s, 1H, Cp)

Spectra were recorded in CDCIz and CD3CN (5).* Chemical shifts corresponding to the major isomer in solution.



Table 3. 'H-NMR data for complexes 2-9 (continued).

Compound CH CH? H44 R, R’ Me¥ Mes¥
. i 6.01 (s, 1H) 0.97 2.09 (s, 3H) 2.43 (s, 3H)
[Ga(x3-bpzbe),]*[GaCls]~ (6) 6.44 (s, 1H)  3.78 (s, 1H) 6.09 (s, 1H) (s, 9H, 'Bu) 210 (s, 3H) 257 (s, 3H)
7.05 (d, Jun = 7.0 Hz, 2H, "HPh)
[Ga(x-bpzte)] [GaCl (7)  6.28 (s, 1H)  4.21 (s, 1H) 2?? Ez iﬂ; 7.19 (d, Ju = 6.8 Hz, 2H, °HPh) éég g gﬂ; i?? Ez gﬂ;
1S 2.29 (s, 3H, MePh) 28 0
6.50 (d, Jun = 8.6 Hz, 2H, "HNPh)
7.77 (d, Jun = 8.2 Hz, 2H, °HNPh)
. ) ) 5.52 (s, 1H) 7.18 (m, 2H, "HPh) 1.51 (s, 3H) 1.16 (s, 3H)
(Gt ipraga MICECLI) i ) 5.86 (s, 1H) 7.13 (m, 1H, PHPh) 2.63 (s, 3H) 2.20 (s, 3H)
7.80 (d, Ju = 7.6 Hz, 2H, °HPh)
2.77 (s, 6H, NMe,)
4.07 (s, 1H, Cp)
4.11 (s, 1H, Cp)
. ) 5.84 (s, 1H) 1.98 (s, 3H) 1.31 (s, 3H)
[Ga(x3-bpzFern)]*[GaCls]~(9)  6.15 (s, 1H) 4.71 (s, 1H) 5.98 (s, 1H) 4.23 (s, 1H, Cp) 250 (s, 3H) 2.08 (s, 3H)

4.29 (s, 5H, Cp”)
4.42 (s, 1H, Cp)

Spectra recorded in CDCls.



Table 4. **C-{*H}-NMR data for complexes 2-9.

Compound CH c? c3%, C5¥ CH4¥ R, R Me®¥ Me® ¥
. ) 139.2,141.3 107.2 25.3 (‘Bu) 12.9 107
A MACHE@) G0 e 149.7,151.7 107.9 35.6 (C-'Bu) 14.2 111
141.5-137.8 (CPPP-Ph)

. ) 138.4, 140.6 106.4 126.7 (C>-Ph) 11.7 101

[Al(-bpzte)] [AICL] (3) 684  79.9 150.2, 150.9 107.1 129.1 (C"-Ph) 125 115
21.7 MePh

107.5 (C>-NPh)

. i 138.8 128.1 (C™-NPh) 111

[Al(x2-bpzappe) [AICI]- (4)  69.0  83.0 10 107.4 v el 14.7 "
40.2 NMe;

. . ) 140.4, 142.2 106.7 63.6 (Cp’) 11.1 105

[Al(x2-bpzFer) ] AICL] (5) 66.0  74.4 150.6, 150.8 107.4 68.1-64.8 (Cp) 12.4 12.0

Spectra were recorded in CDCls; and CD3CN (5).* Chemical shifts corresponding to the major isomer in solution.



Table 4. *C-{*H}-NMR data for complexes 2-9 (continued).

Compound CH c? Cc3¥ Cs¥ CH4¥ R, R Me?¥ Me® >
. ) 139.2,141.3 107.0 26.5 ('Bu) 12.7 11.1
[Ga(x*-bpzbe)]'[GaCl] (6) 624  86.4 150.0, 151.1 107.4 35.9 (C-Bu) 13.9 11.7
126.4 (C°-Ph)
. ) 138.7, 141.9 106.8 128.3 (C"-Ph) 115 103
[Ga(x>-bpzte)][GaCl] (7) 680  79.4 149.8, 150.6 108.1 138.7-140.8 (CP°-Ph)  12.6 11.7
21.2 MePh
111.0 (C°-NPh)
) i 140.0, 141.0 105.6 127.0 (C™-NPh) 11.4 10.4
[emle mpmapm I Teecld @y D e 148.6, 149.7 106.8 125.1-145.2 (Ph) 11.8 10.6
39,8 NMe
. ) 140.6, 141.7 106.8 65.2-71.0 (Cp, Cp’) 11.4 10.9
[Ga(x*-bpzFern)]'[GaCly" (9) 669 755 149.1, 150.7 107.5 91.7 (Cp) 12.4 117

Spectra were recorded in CDCls.
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Complexes 2-9 were further characterised by Matrix Assisted Laser
Desorption/lonisation Time of Flight Mass Spectrometry (MALDI-ToF). The spectra
for complexes 2-9 showed ions for metal complexes containing two heteroscorpionate
ligands with the general formula [M(L)2]*. As an example, the MALDI-ToF spectrum
for complex [Al(x*bpzbe),] [AICI4]~ (2) is shown in Figure 25a. As it can be seen, the
mass spectrum shows a single peak at m/z 605.509 which corresponds to a cationic
aluminium complex supported by two heteroscorpionate ligands with the molecular
formula [Al(x*-bpzbe).]*. Furthermore, the isotopic distribution matches the simulated
spectrum (Figure 25b). These results confirm the molecular structure proposed on the
basis of solution-state NMR spectroscopy, in which the aluminium centre exhibits a
pseudo-tetrahedral environment with two heteroscorpionate ligands coordinated in a
x*-NO manner.

The proposed structure for these compounds was further confirmed by X-Ray
diffraction analysis of complex [Ga(x3-bpzbe).]*[GaCls]~ (6). The corresponding
ORTEP diagram is given in Figure 26. This complex shows an ionic structure with
two gallium centres. The cationic gallium moiety adopts an octahedral geometry with
two heteroscorpionate ligands coordinated in a tridentate x*>-NNO manner to the metal
centre through the pyridinic nitrogen atoms of the pyrazole rings and the oxygen atoms
from the alkoxide groups in a trans disposition. In addition, the second gallium centre
is coordinated to four chloride ligands as an anionic tetrahedral counterion. The
structure in solid state is consistent with that proposed in Scheme 14 on the basis of
solution-state NMR spectroscopy. Complex 6 crystallises in solid state as a racemic
mixture of a single diastereocisomer SR/RS. The structure of enantiomer SR for complex

6 is depicted in Figure 26.

Bond distances between gallium centre and nitrogen atoms from the pyrazole rings
(Table 5) present values of 2.091(7) A and 2.149(7) A, which are similar to the ones
found for other chloride gallium complexes supported by scorpionate ligands
described in literature.?’” On the other hand, the bond distance between the oxygen
atom from the alkoxide moiety and the gallium atom (Table 5) of 1.867(5) A, is slightly
higher compared to other gallium alkoxide complexes previously reported.*?

Bond angles (Table 5) confirm a distorted octahedral geometry for the gallium

cationic moiety. Thus, the maximum distortion is observed for the angle between
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N(1)-Ga(1)-N(3")/N(1)-Ga(1)-N(3) with a value of 83.8(3)° and N(1)-Ga(1)-N(3")/
N(1)-Ga(1)-N(3) with a value of 96.2(3)°. The geometry at the anionic gallium
moiety Ga(2) is distorted tetrahedral, with the dihedral angle between the
Cl(1)-Ga(2)-CI(1") and CI(2)-Ga(2)-CI(2") planes of 87.8°.

i ] 505,508
§4UUU
B 'Bu —®
r a Me?
\ :: 0 3/ 4
3000 Me?>. N l Me N\4v \ s o
Mel NNy N7 INT Me Icl
L4 [ e | e
4 =
Me3 (0] .
2000 Bu
L (2) _
Exact Mass: 605,39
1000 4
607 537
507 237
o
6070 507 5 608.0 6085 6050 6085 6100 -
a)
100 1~
90 A
80 A
70 A
S 60
c
3
2 50 A1
3
< 40 A
30 -
20 A
10 A I
O T - T T T 1
605 606 607 608 609 610
b) m/z

Figure 25. a) MALDI-ToF spectrum obtained for complex 2. b) Simulated MALDI-TOF

spectrum for complex 2.
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Figure 26. ORTEP diagram for complex [Ga(x>-bpzbe).]*[GaCl.](6).

Table 5. Bond distances and angles for complex [Ga(x>-bpzbe),]" [GaCls]~(6).

Distances (A) Angles (°)
[Ga(x®-bpzbe),]*[GaCl]- (6)
Ga(1)-0(1) 1.867(5) O(1)-Ga(1)-N(1') 94.1(3)
Ga(1)-O(1) 1.867(5) O(17)-Ga(1)-N(1) 85.9(3)
Ga(1)-N(1') 2.091(7) N(1)-Ga(1)-N(3)) 83.8(3)
Ga(1)-N(1) 2.091(7) N(1)-Ga(1)-N(3/) 96.2(3)
Ga(1)-N(3) 2.149(7) 0(1)-Ga(1)-N(3) 89.9(2)
Ga(1)-N(@3) 2.149(7) 0(1)-Ga(1)-N(3) 90.1(2)
Ga(2)-Cl(2) 2.145(3) 0(1)-Ga(1)-0(1} 180.0
Ga(2)-ClI(2i) 2.145(3) N(1)-Ga(1)-N(1) 180.0
Ga(2)-CI(1") 2.152(3) N(3')-Ga(1)-N(3) 180.0(3)
Ga(2)-CI(1) 2.152(3) N(1)-Ga(1)-N(3) 83.8(3)
Cl(2)-Ga(2)-Cl(2") 112.3(2)
Cl(2)-Ga(2)-Cl(1i) 107.73(12)
Cl(2)-Ga(2)-CI(1) 109.82(14)
Cl(1)-Ga(2)-CI(1) 109.44(19)
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2.2. Synthesis of chloride indium complexes

The synthesis of chloride indium complexes was carried out following the same
procedure as their chloride aluminium and gallium analogues described previously
(Scheme 14), obtaining the corresponding chloride indium complexes
[InCl{(x3-bpzbe)(1-0)}]2 (10), [InCl{(x*-bpzte)(u-O)}:2 (11),
[InCl{(x>-bpzappe)(u-O)}]> (12) and [InCl{(x*-bpzFerr)(u-O)}]> (13). These
copounds were isolated as white (10-12) and pale yellow (13) solids after the
appropriate work-up (Scheme 15). All complexes were obtained in good yields (85-
90%) and are soluble in polar solvents such as MeCN and slightly soluble in

halogenated solvents such as CH2Cl> or CHCls.

Me " e a Cl 3
ﬁ, e s Me? :N 0 ‘\ In.l\./.l.en |}| |N;I‘
N—N ’
| NG

OH 1y"BuLi, THF, -78°C-rt.  M¢ NN, NG .
; C\\R . I /N'\—'In-*uuno I\,I "MeS' Me
N=N e 2) InCly, THF, 16 h, -LiCl 4 Me3 ' o\, :
/ 3
M Cl

Me " Me e 2 R
R'='Bu,R=H R'=Bu, R = H (10)
R'=p-MeCcHy, R=H R'=p-MeC¢H,, R=H (11)
R' = p-(NMe,)CgHy, R = Ph R' = p-(NMe,)CgH,, R = Ph (12)
R'=Ferr, R=H (1) R'=Ferr, R=H (13)

Scheme 15. Synthesis of heteroscorpionate chloride indium complexes.

Structural Characterisation

Characterisation of complexes 10-13 was performed by H and BC{*H}-NMR
spectroscopy. *H-NMR spectra for complexes 10-13 exhibited two distinct sets of
pyrazole resonances, showing two singlets for the H**, Me**and Me>> pyrazole
protons, one singlet for the methine group, and the signals corresponding to the R and
R’ moieties of the heteroscorpionate ligands. Figure 27a,b shows the *H-NMR and
BC{*H}-NMR spectra respectively for complex 10 in CD3CN.

NOESY-1D experiments were performed for the assignment of most *H NMR
resonances and *H-13C heteronuclear correlation (g-HSQC) experiments were carried

out to assign the resonances corresponding to C*, Me® and Me® of the pyrazole rings.
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Figure 28 shows the correlation spectrum for complex [InCl{(x>-bpzappe)(u-0)}]2
(12).

Bu

Me?? Me?”

l’LJ’U L i ] A

ppm
‘Bu
Me?
55
Ci& CaH C'Bu Me
3y sy CH
2 | . |
) i
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
160 15 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0 -10
ppm

Figure 27. a) 'H-NMR spectrum and b) *C{*H}-NMR spectrum for complex
[INCl{(x*-bpzbe) (u-0)}2 (10) in CDLCN.
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CH 60
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Figure 28. *H-C-gHSQC spectrum for complex [INCl{(x*-bpzappe)(u-0)}]2 (12) in
CDsCN.
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Table 6. 'H-NMR data for complexes 10-14.

Compound CH CH? H4# R, R’ Me3¥ MeS¥
[INClA{(x3-bpzbe) («-0)}]z 6.18 3.78 5.92 (s, 1H) e 241 (s,3H) 2.32 (s, 3H)
(10) (d, Ju = 2.4 Hz, 1H)  (d, Jun =23 Hz, 1H) 5.98 (s, 1H) 00 (8 9, 2.45(s,3H) 2.32 (s, 3H)
7.07 (d, Jun = 7.7 Hz, 2H, "HPh)
[InCl{(x>-bpzte)(u-0)}]2 5.76 (s, 1H) _ 2.54 (s, 3H) 2.47 (s, 3H)
6.18 (5, 1H) 5.50 (s,1H) 7.42 (d, Ju = 7.7 Hz, 2H, °HPh)
(11) 6.08 (s, 1H) 229 (5, 3H, MePh) 258 (s,3H) 2.29 (s, 3H)
6.59 (d, Jun = 8.4 Hz, 2H, "HNPh)
[INClo{(x*-bpzappe)} (u- o ) 5.76 (5, 1H) 7.68 (d, Jun = 7.3 Hz, 2H, °HNPh) 250 (s, 3H) 2.08 (s, 3H)
0)}2(12) 2 S 5.88 (s, 1H) 7.24 (m, 5H, Ph) 255 (s, 3H) 2.10 (s, 3H)
2.89 (s, 6H, NMey)
3.89 (s, 1H, Cp)
[INCl{(x3-bpzFerr) (u-0)}: 6.03 5.34 5.75 (s, 1H) :'10; ((:’ Sl:g;’)) 2.48 (s, 3H) 2.05 (s, 3H)
(13) (d, Juwi =34 Hz, 1H)  (d, Jus =3.2 Hz, 1H) 6.07 (5, 1H) 425 (6. 11 COb) 256 (s, 3H) 2.48 (s, 3H)
4.63 (s, 1H, Cp)
[{InCla(x>bpzbe)}a(u- 6.24 4.26 5.98 (s, 1H) 0.80 2.45(s,3H) 2.38 (s, 3H)
H.0)]* (14) (d, I = 2.8 Hz, 1H)  (d, Jun =25 Hz, 1H)  6.14 (5, 1H) (s, 9H, 'Bu) 2.65(s,3H) 2.43 (s, 3H)

Spectra recorded in CD3CN and CD,Cl, (14)*



Table 7. *C-{*H}-NMR data for complexes 10-14.

Compound CH Cc? c3%, C5¥ CH¥ R, R’ Me®¥ Me®®
139.4, 141.4 106.6 26.1 (Bu) 111
[INCL{(x3-bpzbe) (u-O)}]2 (10) 64.4 86.0 1505 1513 P oo 136 "
126.9 (C°-Ph)
137.4,138.0 106.2 128.8 (C"-Ph) 133 9.9
[InClzA(x*-bpzte) (+-O)}1z (11) o1.7 792 151.6, 152.1 107.0 139.8-141.6 (CP°P-Ph)  13.9 10.9
20.9 MePh
111.2 (C°-NPh)
1412, 1415 105.9 127.7 (C™-NPh) 13.1
[InCL{(x*-bpzappe)}(-0)}]o (12) 695 850 149.9, 150.0 106.0 126.7-149.7 (Ph) 132 104
39.6 NMe;
1400, 141.3 105.8 64.1-68.5 (Cp,Cp’) 13.0
[InClo{(x3-bpzFerr)(u-0)}2 (13) 68.0 76.4 1501 150.2 106.2 91.3 (Cp) 131 10.1
_ 138.9, 140.8 107.3 27.4 (Bu) 13.4 106
_ *
G ER A O @A) (e 88.2 150.2, 151.7 108.2 38.5 (C-Bu) 15.2 118

Spectra recorded in CD3CN and CD,Cl, (14)*
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The solid-state structure of complex 10 was confirmed by X-Ray diffraction studies
(Figure 29). This complex shows a dimeric structure in which each indium centre
exhibits a distorted octahedral geometry with the heteroscorpionate ligand coordinated
in a x3-NNO fashion, two chloride atoms and the last position of the coordination
sphere occupied by the oxygen atom from the alkoxide group, which also acts as
bridging atom between both indium centres. The crystal structure is consistent with
the one proposed in Scheme 15 on the basis of solution-state NMR spectroscopy. In
solid-state, complex 10 crystallises as a racemic mixture of a single diastereoisomer

RR/SS and the structure for enantiomer RR is depicted in Figure 29.

Bond distances (Table 8) between the indium and chloride atoms are quite similar,
with values of 2.407 and 2.415 A and are slightly lower than the ones found for other
indium chloride complexes.*® Also, bond distances between the indium and oxygen
atoms are also quite similar, with values of 2.156 and 2.171 A, which are slightly
higher than the ones found for other alkoxide indium complexes.®® Finally, bond
distances between the indium and nitrogen atoms are 2.267 A for the In(1)-N(1) bond
and 2.372 A for the In(1)-N(3) bond, which are slightly higher than those found for
other indium complexes with scorpionate ligands.*”*® Bond angles (Table 8)
confirmed the distorted octahedral structure proposed, with the maximum distorted
value of 162.20(16)° observed for the O(1A)—In(1)-N(1) angle.

C16 ~C15

C5A

Figure 29. ORTEP diagram for complex [InCl{(x*-bpzbe)(u-0)}]2 (10).
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Complex 10 was found to be stable under inert atmosphere in different solvents.
However, in an attempt to crystallise complex 10 in CH2Cl», a new dinuclear complex
[{InCl2(x*bpzbe)}2(u-H20)] (14) with one water molecule bridging both indium
centres was obtained (Scheme 16). This was attributed to the presence of small traces
of water in the solvent. The structure proposed for complex 14 was further confirmed
by X-Ray diffraction studies. The ORTEP diagram for this complex is shown in Figure
30. In this complex, the indium atom exhibits a distorted octahedral environment with
the heteroscorpionate ligand coordinated in a x>-NNO fashion, two chloride atoms and
a molecule of water bridging both metal centres. In the solid-state, complex 14
crystallises as a racemic mixture of a single diastereoisomer RR/SS and the structure

for enantiomer RR is depicted in Figure 30.

CH,Cl,, air T:HEN, / C‘m,.\ \J

Figure 30. ORTEP diagram for complex [{InCl(x*bpzbe)}»(u-H,0)] (14).

Bond distances (Table 8) between indium and chloride atoms adopt values between
2.418(10) A and 2.441(12) A and are quite similar than the ones found for other indium

chloride complexes.>*®! Also, bond distances between indium and oxygen atoms from
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the alkoxide moiety In(1)-O(1) and In(2)-O(2) of 2.13(3) A and 2.19(3) A
respectively were found to be larger than the distance between indium and oxygen
atoms from the water bridging molecule of In(1)-0(3) and In(2)-0(3) of 2.09(2) A
and 2.11(2) A respectively. Bond angles (Table 8) confirmed the distorted octahedral
structure proposed, with the maximum distortion value observed for the

O()-In(1)-CI(2) and O(2)-In(2)-CI(3) angles with 162.5(6)° and 165.3(6)°,

respectively.

Table 8. Bond distances and angles for complexes complex [INCl{(x*-bpzbe)(u-0)}]2 (10)

and [{InCly(x*bpzbe)}2(u-H.0)] (14).

Results and discussion

Distances (A) Angles (%)
[InClo{(x*-bpzbe)(u-O)}: (10)
In(1)-0(1) 2.156(4) O(1A)-In(1)-N(1) 162.20(16)
In(1)-O(1A) 2.171(4) O(1)-In(1)-N(3) 78.13(15)
In(1)-N(2) 2.267(5) O(1A)-In(1)-N(3) 96.10(15)
In(1)-N(3) 2.372(5) N(1)-In(1)-N(3) 76.35(16)
In(1)-CI(1) 2.4068(16) O(1)-In(1)-CI(1) 165.83(10)
In(1)-Cl(2) 2.4150(16) O(1A)-In(1)-CI(1) 97.98(11)
N(1)-In(1)-CI(1) 98.04(13)
N(3)-In(1)-CI(1) 89.53(13)
O(1)-In(1)-CI(2) 95.64(10)
N(1)-In(1)-CI(2) 90.50(12)
Cl(1)-In(1)-CI(2) 97.92(6)
[{InCl(x>bpzbe)}2(u-H;0)] (14)
In(1)-0(3) 2.09(2) 0(3)-In(1)-0(1) 84.5(9)
In(1)-0(2) 2.13(3) 0(3)-In(1)-N(3) 169.7(11)
In(1)-N(3) 2.29(3) O(1)-In(1)-Cl(2) 162.5(6)
In(1)-CI(1) 2.418(10) O(1)-In(1)-N(1) 73.009)
In(1)-Cl(2) 2.441(12) N(3)-In(1)-N(1) 77.1(10)
In(1)-N(1) 2.45(3) 0(3)-In(2)-0(2) 84.8(9)
In(2)-0(3) 2.11(2) 0(3)-In(2)-N(7) 169.5(10)
In(2)-0(2) 2.19(3) 0(2)-In(2)-N(5) 76.5(10)
In(2)-N(7) 2.21(3) N(7)-In(2)-N(5) 77.6(10)
In(2)-N(5) 2.35(3) 0(2)-In(2)-CI(3) 165.3(6)

68




Chapter 1 Results and discussion

3. Synthesis of alkyl group 13 metal complexes
3.1. Synthesis of alkyl aluminium complexes

One of the most effective routes to synthesise alkyl aluminium complexes is by
protonolysis reaction of the neutral heteroscorpionate ligand precursors with trialkyl
aluminium derivatives.?6293% Thus, the synthesis of alkyl aluminium complexes was
carried out by reacting the corresponding neutral heteroscorpionate precursor
bpzFerrH (1) with alkyl aluminium derivatives AlX3 (X = Me, Et) in toluene for two
hours at 0 °C in a 1:1 molar ratio (Scheme 17). The corresponding dialkyl aluminium
complexes supported by heteroscorpionate ligands functionalised with alkoxide
groups [AlMez(x*-bpzFerr)] (15) and [AIEt,(x*-bpzFerr)] (16) were obtained in 90%
yield and were isolated as orange solids. These complexes are soluble in aliphatic and

aromatic hydrocarbons and are thermally stable.

\ H
Me@jiOH Me AlX;
éll\l 1\\]§ Toluene, 0°C, 2 h
=N N= -CH,
Me Me
@ X = Me (15)

X = Et (16)
Scheme 17. Synthesis of alkyl aluminium complexes 15 and 16.

Structural Characterisation

The solution-state structures of complexes 15 and 16 were characterised by
spectroscopic methods. The *H-NMR and *C{*H}-NMR spectra (Tables 9 and 10)
exhibited two sets of signals for the pyrazole rings and the alkyl groups, which
indicated that the pyrazole rings are not equivalent (Figures 31 and 32). It is worth
noting that some pyrazole proton signals appeared as broad resonances at room
temperature (Figure 31), which can indicate the existence of a fluxional process due to

an exchange between a coordinated and a non-coordinated pyrazole ring.
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Figure 32. C{*H}-NMR spectrum for complex [AlMex(x*-bpzFerr)] (15) in CsDs.
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The spectroscopic data in solution is consistent with a tetrahedral environment for
the aluminium atom, in which the heteroscorpionate ligand is coordinated to the metal

centre in a x¥-NO coordination mode for compounds 15 and 16.

NOESY-1D experiments allowed the unequivocal assignment of the pyrazole and
alky!l groups resonances. The assignment of the 33C{*H}-NMR signals was carried out
by heteronuclear correlation *H-*C-g-HSQC experiments. Figure 33 shows the

correlation spectrum for complex [AlMez(x>-bpzFerr)] (15).
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Figure 33. *H-*C-gHSQC spectrum for complex [AlMez(x*-bpzFerr)] (15) in CeDs.

Fluxional process

As it has been previously mentioned, broad signals for some proton and carbon
resonances are observed in the NMR spectra at room temperature for complexes 15
and 16, which is thought to be due to the existence of a fluxional process of rapid
exchange process between a coordinated and a non-coordinated pyrazole ring. To

study the dynamic behaviour of complexes 15 and 16, variable-temperature (VT)
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NMR experiments were carried out. The VT NMR study for compound 16 in the
region of the Me>*" and Me>>" groups from the pyrazole rings and the ethyl groups
coordinated to the aluminium centre is shown in Figure 34. As can be seen, the
resonances of the alkyl groups bonded to the aluminium atom, as well as those of the
pyrazole rings become resolved into two peaks which correspond to a single
diastereoisomer at —60 °C (Figure 34), supporting that there is no fluxional process
between both pyrazole rings at room temperature and only one of them is coordinated
to the metal centre. Thus, the temperature was increased in order to reach the
coalescence temperature in which the fluxional process of both pyrazole rings starts.
The coalescence temperature was reached at 80 °C, when the ethyl groups resonances
broaden. These results are not in agreement with the tendency observed for other alkyl
aluminium complexes with heteroscorpionate ligands functionalised with alkoxide
groups previously reported by our group, where, at room temperature, exhibited a fast

fluxional process between the two pyrazole rings.**

Me3¥ | A| CHz CH3 Me>5 " Al-CH»>-CH3;
-60°C v LL o %m_
—40°C WL L I_wm
I
—20°C JIJIJ ' ] "&_,m | “thuﬂak L B
'| | | I
0°C o |,/ Ik_f___ A\_J W |L_-—7//\_—f7h7h
| i Lﬁ |
25°C . . N o~
|
Y D G —
B o
J )
L - . - o
MeSS
|LAI -CH»-CH3 Al-CH,-CHj

Figure 34. Variable temperature *H-NMR study for complex [AIEt,(x*-bpzFerr)] (16) in

toluene-ds.
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Therefore, the presence of two chiral carbon atoms in the heteroscorpionate ligand
(C?* and CH bridging both pyrazole rings) leads to the presence of four different
stereoisomers (two diastereoisomers) in solution for complexes 15 and 16 which

contain a racemic heteroscorpionate ligand (Scheme 18).
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Scheme 18. Fluxional process for complexes 15-16.
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Table 9. 'H-NMR data for complexes 15 and 16.

Compound CH CH? H4# Ferr Me¥ Me>¥ Al-X
3.46 (s, 1H, Cp)
3.85 (s, 1H, Cp)
5.45 5.37 (s, 1H) 2.03(s,3H)  1.07(s, 3H) 0.00 (s, 3H, AICHs)
[AlMez(x*-bpzFerr)] (15) 5.75 (s, 1H) _ 4.00 (s, 1H, Cp)
(@ dJw=T.1Hz 1H) 5325, 1H) 50 " 205(5,3H)  131(5,3H)  ~0.21(5,3H, AICH)
4.78 (s, 1H, Cp)
3.41(s, 1H, Cp) 0.41 (s, 2H, AICH,CHs)
2.88 (s, 1H. Cp) 0.62 (q, Ju-n= 8.3 Hz; 2H,
. 5.45 R A =T 2.08(s,3H) 1.13(s, 3H) AICH;CH3)
[AIEL(x"-bpzFern]* (16)  5.69.(s, 1H) 5 73y, qpyy 538(s2H) :3?5 (S';:'gp,)) 215(s,3H) 1.34(s,3H) 141 (s, 3H, AICH,CHs)
4766, 1M Cp) 1.65 (t, Jun= 8.1 Hz; 3H,
08 20D AICH,CHs)
Spectra were recorded in CgDs (15) and tol-ds (16)*.
Table 10. **C-{*H}-NMR data for complexes 15 and 16.
Compound CH (o C3¥, C5¥ cH+¥ Ferr Me>¥ Me5S’ Al-X
66.8 (Cp)
138.6, 140.3 1051  67.2,67.3 (Cp) 125 10.2 9.9 (AICHs)
[AlMe,(x2-bpzFerr)] (15)  72.6 725 150.4, 150.8 107.5 67.4,90.3 (Cp) 13.2 10.4 -9.6 (AICH3)
69.0 (Cp’)
66.6 (Cp) 0.1 (AICH,CH)
. 138.4, 139.7 1049  67.267.3(Cp) 12.4 9.4 10.1 (AICH,CH)
[AIEL(x*-bpzFern)]* (16) 727 758 150.7,150.9  107.6 90.6 (Cp) 13.1 10.4 0.5 (AICH,CH)
69.0 (Cp*) 10.4 (AICH,CHs3)

Spectra were recorded in CsDs (15) and tol-dg (16)*.
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3.2. Synthesis of alkyl gallium and indium complexes

The synthesis of alkyl gallium and indium complexes was carried out in a two-step
reaction as shown in Schemes 19 and 20. In the first step, the corresponding chloride
metal precursor MCls (M = Ga, In) was reacted with MeLi in a 1:3.3 (Scheme 19)
molar ratio. Then, a solution of the corresponding neutral heteroscorpionate ligand
precursor in Et,O was transferred via cannula and the resulting suspension was stirred
overnight at room temperature. The incomplete reaction of the MClz precursors with
MeL.i allowed the synthesis of heterobimetallic complexes [{Li(x>-bpzFerr)(Et20)}(u-
0){GaMeCl}] (17) [{Li(x*-bpzbe)(Et.0)}(u-0){InMe,Cl}] (18),
[{Li(x3-bpzte)(Et.0)(u-0){InMe2CI}] (19), [Li(x>-bpzFerr)(Et20)}(u-0){InMe2Cl}]
(20) in good yields (Scheme 19) after the appropriate work-up procedure.

Cl

H Me\\“'M\Me

R /
1) 3.3eq. MeLi, Et,0, 3 h, -2LiCl 0]
MCl, A
2 M ‘1 W —0
M=Ga,In 2 o Me~7 3y Me 'N'N' N
N-N \ VD) !
Pe , Et,0, -CH, MeS M Me?
Ry NN \
S 3
Me™ X\ ) Me Me \4 Me

M = Ga, R = Ferr (17)

M =1In, R = 'Bu (18)

M =In, R = p-MeC¢H, (19)
M = In, R = Ferr (20)

Scheme 19. Synthesis of heterobimetallic alkyl-chloride complexes 17-20.

To avoid the formation of the heterobimetallic derivatives 17-20, the MCls
precursors were reacted with two equivalents of MeLi (Scheme 20). The addition of
the ligand precursors led to the synthesis of the mixed methyl-chloride gallium and
indium  complexes [GaMeCl(x3-bpzbe)] (21), [GaMeCl(x>-bpzte)] (22),
[InMe2Cl(x3-bpzbeH)] (23) and [InMe,Cl(x>-bpzappeH)] (24) (Scheme 20) in

moderate yields after the appropriate work-up procedure.

These alkyl complexes were isolated as white (18-19, 21-24) or orange (17, 20)
solids. These complexes are very soluble in aromatic hydrocarbons and slightly soluble

in aliphatic hydrocarbons.
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AN Me
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} R = p-MeC¢H,, R' = H (22)
M=Ga,In 2) MeZMe
HO_  N-N
—( ,Et,0
R
Me P Me

R ='Bu, R'=H (23)
R = Ph, R' = (p-NMe),C¢H, (24)

Scheme 20. Synthesis of alkyl-chloride gallium and indium complexes 21-24.

Attempts to synthesise the fully alkyl-derivate analogues complexes were carried
out by reacting the lithiated adduct of bpzbeH with InMe.Cl (generated in situ by
reacting InCls with 2.2 equivalents of MeLi) (Scheme 21). However, the reaction
afforded, once again, the formation of [{Li(x3-bpzbe)(Et.0)}(u-O){InMe,CI}] (18).

Cl

H Me''" Il’l\Me

t
H Bu /
tBu\\C/OH " (6)
Me Me D lea "Buli E0, =78 °Cort / \ _ /_
N N 1y W \
// ! ) 2) InMe,Cl, Et,O0 N I:I/
N Nx Me’ \4 Me?
Me Me e
bpzbeH Med "X\ \
4
(18)

Scheme 21. Synthesis of complex [{Li(x*-bpzbe)(Et.0) }(u-0){InMe.Cl}] (18) by reaction
of the lithiated adduct of bpzbeH and InMeCl.

Structural Characterisation

Complexes 17-24 were characterised by *H-NMR and *C{*H}-NMR spectroscopy
(Tables 11 and 12) and X-Ray diffraction studies. The study of the *H-NMR and
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BC{*H}-NMR spectra for complexes 17-24 confirmed that both pyrazole rings are not
equivalent since two set of signals for the protons and carbons of both pyrazole rings
are observed. 'H-NMR spectra for heterobimetallic complexes 17-20 showed two
singlets in the alkyl region, confirming the formation of the alkyl metal complexes
(Figure 35). These findings would fit the proposed structure in Scheme 19, consisting
of a heterobimetallic compound in which the heteroscorpionate ligand is coordinated
in a x>-NNO manner to a lithium atom, which adopts a tetrahedral geometry, with the
fourth position occupied by an Et2O molecule. The gallium/indium atom also adopts a
tetrahedral geometry coordinated to two alkyl groups, a chloride ligand, and the
oxygen atom from the alkoxide group of the heteroscorpionate ligand through a
coordinate covalent or dative bond. This proposed structure was further confirmed by

X-Ray crystallography for complex 18.

Cl
I| Bu
H MeIn—
tBu c / Me
o)
\
O
AN
Et,O
Me’’
Me¥
Et,O
Me®
CH H** co-H ‘ { In-CHs
‘ ﬂ | | J' - r.
JL J' S JL_.JL, \\ l"L_.)‘J\_/R_A_,JI\-_.‘_J |

L B e e e B L S e e e e S e e s s s e
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0 -0.5
ppm

Figure 35. *H-NMR spectrum for [Li{(x*-bpztbe)(Et0)}(u-0){InMe,ClI}] (18) complex in
CeDe.

On the other hand, only one signal for the methyl group is observed for
monometallic complexes 21-24, confirming the formation of the alkyl-chloride specie

(Figure 36). In case of indium complexes 23 and 24, the methyl group signal integrates
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for six protons, and another signal corresponding to the O—H proton from the alcohol
moiety from the heteroscorpionate ligand is also observed (Figure 37). These findings
are consistent with the proposed structures in which the gallium centre in complexes
21 and 22 exhibits a penta-coordinated environment with the heteroscorpionate ligand
coordinated in a monoanionic x>-NNO fashion, while the indium centre in complexes
23 and 24 exhibits an octahedral geometry with the heteroscorpionate ligands

coordinated in a neutral x*-NNO fashion.

AN Me
\.Ga\/
Me¥ I Ga-Me
Me?
* Me?=
(22)
Mes*
Ph{Me
Ca-H
°HPh | "HPh oy HY H4
\-—J‘-JL. J\x.‘_ \JLJL._, u_.JL)l-._J\.M_ { S

S S S S S S—— e ! . . ' . ! . '
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0 -0.5  -1.0
ppm

Figure 36. *H-NMR spectrum for complex [GaMeCI{x>-bpzte}] (22) in CeDs.

1D NOESY NMR experiments afforded the unequivocal assignment for the NMR
resonances of Me**" and Me>>" and H** protons of the pyrazole rings and protons
corresponding to the methyl ligand bonded to the metal centre. Figure 38 shows the
NOESY-1D experiments performed for complex [InMe2Cl(x3-bpzbeH)] (23). Thus,
when irradiating the frequency of the H** protons (noesy 1), a response from the
methyl groups Me*3” and Me>>” of the pyrazole rings was observed. The irradiation of
the alkyl group (noesy 2) protons rose response from the methyl groups from the tert-
butyl group of the ligand, the O-H and C?-H proton and with much less intensity from
the methyl groups in 3,3’ from the pyrazole rings. Finally, the irradiation of the CH
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group (noesy 3, Figure 39), gave response from the Me>* from the pyrazole rings, the

CH and the methyl protons from the tert-butyl group of the ligand.

N-Me,
In-CHa
4
24
Me?3"
Me’"
°HNPh PFI| T‘ PHNPR e |
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Figure 37. *H-NMR spectrum for complex [InMe,Cl(x*-bpzappeH)] (24) in CsDs.

Figure 38. NOESY-1D experiments performed for complex [InMe,Cl(x*-bpzbeH)] (23).
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Figure 39. a) NOESY-1D effect when irradiating the methine group CH. b) *H-NMR

spectrum for complex [GaMeCI{x*-bpzbe}] (21) in CeDe.

The assignment of the 3C{*H} NMR signals was carried out by heteronuclear *H-
13C g-HSQC NMR experiments. As an example, Figure 40 shows the *H-3C g-HSQC
NMR correlation spectrum for complex [InMe2Cl(x>-bpzbeH)] (23).
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Figure 40. *H-*C-gHSQC spectrum for complex (23) in CsDs.
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Table 11. *H-NMR data for complexes 17-24.

Compound CH CH® H4 R Me*¥ Me>~ M-Me
3.91 (s, 1H, Cp)
[Li{(x®-bpzFerr)(Et,0)} 3.99 (s, 1H, Cp)
5.51 (s, 1H) 189 (s, 3H) 171 (s,3H) 0.00 (s, 3H)
(-0){GaMe;CI}] 551 (s, IH) 6.02 (s, 1H) 4.01 (s, 1H, Cp)
ol 5.74 (s, 1H) 1300 SI1 o) 222(s,3H)  1.86 (s,3H) 0.25 (s, 3H)
4.72 (s, 1H, Cp)
[Li{(x>-bpzbe) (E:0)}
5.35 (s, 1H) : 180 (s, 3H)  1.68 (s, 3H) ~0.23 (s, 3H)
w-O){(lrlwgglezu}] 596 (s, 1H) 855(s1H) [oo 0.77 (s, 9H, Bu) ey 1706 3 038 (& 3t
. 6.91 (d, Ju = 7.3 Hz, 2H,
[{L'(g'bfzﬁ)(iﬁzon 52005, 1H) 57106 1t 534G ™HPh) 227(s,3H)  1.14 (s, 3H) -0.03 (s, 3H)
(w-OX 29 eClll 5296, LG 5.50 (s, 1H) 7.00 (d, Juw = 7.4 Hz, 2H, °HPh) 2,41 (s, 3H)  1.69 (s, 3H) 0.15 (s, 3H)
) 2.51 (s, 3H, MePh)
. 4.04 (s, 2H, Cp)
[L'(’é;’pleizr)(gltzo)} S55(s, 1) 5950 10 55361 4.05 (s, 1H, Cp) 179(s, 3H)  1.69 (s, 3H) -0.09 (s, 3H)
(w-O){InMe:Cl}] R O, 5.74 (s, LH) 429 (s, SH, Cp’) 231(s,3H)  1.90 (s, 3H) 0.30 (s, 3H)

(20)

4.66 (s, 1H, Cp)

*Spectra were recorded in CgDe.



Table 11. 'H-NMR data for complexes 17-24 (continued).

Compound CH CH? H44 OH R, R’ Me3¥ MeS¥ M-Me
[GaMeCI(x2-bpzbe)] 6.20 392  5.62(s, 1H) ) 1,02 (s, 9H, 'Bu) 2.02 (s, 3H) 1.88(s,3H) -0.37
(1) (s,1H) (s,1H)  5.72 (s, 1H) e 2.32(s,3H) 1.94(s,3H) (s, 1H, Ga-Me)
[GaMeCI(x2-bpzte)] 6.12 572  5.48(s, 1H) 77%‘2 ((‘; JJ““ - ;2 ':é éﬂ OE::)) 2.03 (s, 3H) 1.42(s,3H) -0.22
- . y JHH — [, Il [l
(22) (s, 1H) (s,1H) 5.80 (s, 1H) 2.16 (s, 3H, MePh) 2.40 (s,3H) 1.82(s,3H) (s, 1H, Ga-Me)
[INMe2Cl(3-bpzbeH)] 5.83 3.78  5.41(s, 1H) 5.07 0.71 (&, OH, Bu) 2.13 (s, 3H) 1.76 (s, 3H) 0.43
(23) (s, 1H) (s,1H)  5.50 (s, 1H) (s, 1H) ’ U 2.23(s,3H) 1.79 (s, 3H) (s, 6H, In-Me)
6.34 (d, Jum = 8.6 Hz, 2H, "HNPh)
7.52 (d, Jun = 7.5 Hz, 2H, °HNPh)
[InMe,Cl(x3-bpzappeH)] 6.30 i 5.18 (s, 1H) 7.03 6.92 (t, Jun = 7.5 Hz, 1H, Ph) 2.11 (s, 3H) 1.53 (s, 3H) 0.56
(24) (s, 1H) 5.34(s,1H) (s, 1H)  7.04 (t, Jun = 7.8 Hz, 2H, Ph) 2.25(s,3H) 1.56 (s, 3H) (s, 6H, In-Me)

7.21 (t, Jun = 8.8 Hz, 2H, Ph)
2.35 (s, 6H, NMey)

*Spectra were recorded in CgDg



Table 12. C-{*H}-NMR data for complexes 17-24.

Compound CH c? C3¥ C5% CcH¥ R Me3* Me> ¥ M-Me
64.2 (Cp)
. 655 (Cp)
[L'gf‘; ;"éggg)gt;]o)} e s 136.6, 138.8 1045 66.8 (Cp) 12.7 10.6 6
an 2 ' ' 147.9, 148.2 104.9 67.0 (Cp) 13.7 10.7 '
68.8 (Cp’)
95.1 (Cp)
[L'é(_ﬁiz':)j&ee)(gfi?)} 656 66 136.4, 138.8 105.3 26.1 (‘Bu) 12.9 10.2 e
(18) 2 ' ' 148.5, 149.1 105.6 35.8 (C-'Bu) 134 10.8 '
144.6-134.7
[{Li(x3-bpzte)(Et.0)} (CiPoP-ph)
137.7,138.4 104.7 135 10.3
(1-0){InMe;CI}] 725 773 128.1 (C°-Ph) 28
o 148.5, 148.9 105.1 1583 (Cneh) 145 105
21.6 (MePh)
64.4 (Cp)
. 66.8 (Cp)
[L'((’é_ (;‘EE:;Z(CEE]O)} e o 136.8, 138.3 1043 67.0 (Cp) 12.6 10.2 e
e ' ' 147.4,148.5 104.7 68.3 (Cp) 13.8 10.6 '
(20) 68.7 (Cp’)
96.5 (Cp)

*Spectra were recorded in C¢De.



Table 12. *C-{*H}-NMR data for complexes 17-24 (continued).

Compound CH c? C3¥, C5¥ CH¥ R Me*¥ Me®®> M-Me
[GaMeCI(x*-bpzbe)] o 84.0 135.7, 138.2 104.9 27.1 (‘Bu) 12.9 10.7 870
(21) ’ ‘ 147.8,147.9 105.2 36.4 (C-'Bu) 14.0 11.1 '
126.7 (C°-Ph)
[GaMeCI(KZ-bpzte)] 718 778 137.3,138.9 104.4 128.6 (C™-Ph) 13.0 10.1 860
(22) ' ' 148.1, 148.3 105.0 143.5-135.8 (CiPP-Ph) 14.0 10.6 '
20.8 MePh
[InMe,Cl(x>-bpzbeH)] 63.3 80.2 137.4,138.9 105.2 24.6 (‘Bu) 12.4 9.7 o1
(23) ' ‘ 149.2, 149.3 105.3 34.0 (C-'Bu) 125 9.9 '
111.2 (C°-NAr)
[InMe2Cl(x3-bpzappeH)] 139.9, 140.3 127.7 (C™-NAr) 13.2
(24) 65.5 83.2 149.9, 150.0 1054 149.8-126.7 (Ar) 13.4 104 1.2

39.6 NMe;

*Spectra were recorded in CgDe.



Chapter 1 Results and discussion

The solid-state structure of complex [{Li(x>-bpzFerr)(Et.0)}(u-0){InMe,CI}] (18)
was confirmed by X-Ray diffraction analysis. The corresponding ORTEP diagram is
represented in Figure 41. This complex exhibits a heterobimetallic lithium-indium
structure, in which both lithium and indium centres adopt a pseudo-tetrahedral
geometry with the heteroscorpionate ligand coordinated in a tridentate x>-NNO
fashion to the lithium atom and a molecule of diethyl ether occupying the fourth
position. The indium centre is coordinated in a dative fashion to the oxygen atom from
the alkoxide group of the heteroscorpionate ligand, two methyl groups and a chloride
ligand. The crystal structure is in good agreement with the one proposed in Scheme 19
on the basis of solution-state NMR spectroscopy. In the solid state, complex 18
crystallises as a racemic mixture and the structure for enantiomer R is depicted in

Figure 41.

Figure 41. ORTEP diagram for complex [{Li(x*-bpzbe)(Et.0)}(1-O){InMe,CI}] (18).

Bond distances (Table 13) between the lithium centre and the nitrogen atoms from
both pyrazole rings are 2.080 and 2.173 A for the N(3)-Li(1) and N(1)-Li(1) bonds
respectively, which are slightly shorter than other lithium heteroscorpionate
complexes previously reported.”**¢ Also, the bond distance between the lithium centre
and the oxygen atom from the alkoxide group from the heteroscorpionate ligand

O(1)-Li(1) of 1.911(17) A, is slightly longer compared to previously reported lithium
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heteroscorpionate complexes.” On the other hand, bond distance between the indium
atom and the oxygen from the alkoxide moiety of the heteroscorpionate ligand
In(1)-O(1) of 2.132(7) A, is shorter than the one found for complex 10, where the
oxygen is coordinated in an anionic fashion to one indium centre and acting as a bridge
to the other indium centre, while for complex 18, it is coordinated to the indium centre
in a dative fashion. Finally, bond angles confirmed the distorted tetrahedral structure
proposed, with the major distortion observed in the O(2)—Li(1)-N(1) bond angle with
a value of 135.5(9)° for the lithium atom and C(17)-In(1)-C(18) bond angle with a

value of 128.3(7)° for the indium centre.

Table 13. Bond distances and angles for complex [{Li(x*-bpzbe)(Et.0)}(u-0){InMe.Cl}]
(18).

Distances (A) Angles ()
[{Li(x*-bpzbe)(Et20)}(u-O){InMe=Cl}] (18)
In(1)-0(1) 2.132(7) O(1)-In(1)-C(17) 105.5(4)
In(1)-C(17) 2.163(14) O(1)-In(1)-C(18) 109.2(6)
In(1)-C(18) 2.171(19) C(17)-In(1)-C(18) 128.3(7)
In(1)-CI(2) 2.458(4) O(1)-In(1)-ClI(1) 93.9(2)
In(1)-Li(1) 3.300(19) C(17)-In(1)-CI(1) 107.9(5)
Li(1)-CI(1) 3.300(2) C(18)-In(1)-CI(1) 106.7(6)
O(1)-Li(1) 1.911(17) O(1)-Li(1)-0(2) 131.4(10)
Li(1)-0(2) 2.05(2) O(1)-Li(1)-N(@3) 93.9(9)
Li(1)-N(1) 2.173(19) 0(2)-Li(1)-N(3) 102.3(9)
Li(1)-N(3) 2.08(2) O(1)-Li(1)-N(1) 90.0(8)
0(2)-Li(1)-N(1) 135.5(9)
N(3)-Li(1)-N(1) 88.1(9)
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4. Synthesis of alkoxide aluminium complexes

One of the challenges of this dissertation was the synthesis of alkoxide aluminium
heteroscorpionate complexes, since only one alkoxide aluminium complex supported
by scorpionate ligands has been previously reported.® Thus, neutral heteroscorpionate
ligand precursors bpzbeH and bpzFerrH (1) were used for the synthesis of alkoxide
aluminium complexes by reaction with AI(O'Pr)s in toluene at 80 °C for 7 days.
Complexes [AI(O'Pr)(x*-bpzbe)z] (25) and [AI(O'Pr)(x*-bpzFerr),] (26) were
synthesised in moderate yields (50-60%) after the appropriate work-up procedure as a
white and pale orange solids respectively (Scheme 22). These complexes are soluble
in aromatic hydrocarbons and slightly soluble in aliphatic hydrocarbons.

Me?. "4 ,
WMGS e

R

5

Me "Xy Me Me H e

N N  OH i =N O / N

- \

5 >—C/ Al(O'Pr); AN \Al,, N X 4
_ \\H Toluene, 80 °C / \'/"O a N=

R

N-N Me? N~ 3
R 7 days € : N Me
Me LA Me Me’ w\ 3'0 H
4 Me CHiPr
R =Bu R = Bu (25)
R =Ferr (1) R = Ferr (26)

Scheme 22. Synthesis of complexes 25 and 26.

Structural Characterisation

Complexes 25 and 26 were characterised by nuclear magnetic resonance
spectroscopy and X-Ray diffraction studies. The *H-NMR and **C{*H}-NMR spectra
of these complexes (Tables 14 and 15) exhibit broad signals at room temperature for
protons and carbons of pyrazole rings (Figure 42). This fact is indicative of a fluxional
behaviour due to a quick exchange between the two pyrazole rings in complexes 25
and 26, similarly to what was discussed previously for alkyl aluminium complexes 15
and 16. The NMR results are consistent with the structures proposed for complexes 25
and 26 (Scheme 22) featuring a penta-coordinated structure for the aluminium centre

with two heteroscorpionate complexes coordinated in a x*-NO fashion.
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Figure 42. *H-NMR spectrum for complex [Al(O'Pr)(x*-bpzFerr).] (26) in CsDs.

1D NOESY NMR experiments afforded the unequivocal assignment for the NMR
resonances of Me**" and Me>*" and H** protons of the pyrazole rings and protons
corresponding to the isopropoxide ligand bonded to the aluminium centre. 3C{*H}
NMR signals were assigned by *H-13C g-HSQC NMR experiments. Figure 43 shows
the *H-13C-g-HSQC spectrum for complex 25.
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Figure 43. Correlation spectrum *H-*C-gHSQC for complex [AI(O'Pr)(x*-bpzbe),] (25) in
CDCls.

Fluxional process

As it has been previously commented, the fact that at room temperature some proton
and carbon resonances for complexes 25 and 26 appear as broad signals, indicates the
possibility of the existence of a fluxional process of rapid exchange between both
pyrazole rings (Figure 42). Therefore, VT *H-NMR experiments were carried out.
When decreasing the temperature, different sets of signals are observed, corresponding
to the different diasteroisomers (up to 8 diastereisomers, 16 enantiomers), that can be
generated when stopping the exchange of the pyrazole rings, which generates a new
chiral centre at the methine group bridgining both pyrazole rings.

The variable temperature *H-NMR spectra for complex [Al(O'Pr)(x*>-bpzbe),] (25)

in the region corresponding to the H** protons of the pyrazole ring, the methine group
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(CH) bridging both pyrazole rings and methine group (C?®H) is shown in Figure 44.
As can be seen from Figure 44, the coalescence temperature is reached at room
temperature. When the temperature is decreased down to —80 °C, the broad signals
become resolved into two different sets of signals for the CH, C®-H and H** protons
for each of the different diastereomers present in solution. These results allowed us to
propose a trigonal bipyramidal structure at low temperatures, in which the pyrazole

rings would not be equivalent, where one of them is not coordinate to the aluminium

centre.
H4,4’ | ‘ |‘
| \EH
80°C j \ka u R AW W
[Ny 'J| ‘“I ‘|
-70°C R A U'L,_,:' L o N
—50°C M 'Uum J| L S
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Figure 44. Variable temperature *H-NMR study for complex [AlI(O'Pr)(x*-bpzbe).] (25) in
CD.Cl,.

Similarly, the variable temperature 'H-NMR spectra for complex
[AI(O'Pr)(x2-bpzFerr);] (26) was performed in the region corresponding to the methyl
groups from both pyrazole rings and the isopropoxide ligand (Figure 45). As can be
seen, the coalescence temperature is reached at room temperature following the same
tendency as it analogous complex 25. When the temperature is increased to 60 °C, the

broad signals become more resolved and four different signals for the methyl groups
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Chapter 1
for both pyrazole rings and two different doublets for the methyl groups of the

isopropoxide group are observed.
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Figure 45. Variable temperature *H-NMR study for complex [AI(O'Pr)(x*-bpzFerr),] (26)
in CDCls.
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Table 14. 'H-NMR data for complexes 25 and 26.

Compound CH CH? H4 R Me>¥ Me>¥ Al-O'Pr
[AI(OPF)(x2-bpzbe);] t 222 (s, 3H) 1.63 (s, 3H) 0.72 (s, 3H, Me?")
25) 6.35 (s, 1H) 422(s1H)  580(s,2H) 088(s,9H.'BU) S o Doe B 5066 05H, CHAPY
3.91 (s, 1H, Cp)
o, 6.15 4.15 (s, 1H, Cp) o
[AI© Pr)(’iprFe”)Z] (d, Jun=7.8Hz, 549(s, 1H) 570(s 2H) 4.43 (s, 1H, Cp) ggé g gﬂ; 1.40 (s, 6H) 315'3525(56?;:( I\éeH—‘P)r)
(26) 1H) 4.44 (s, 5SH, Cp’) ' ’ ' R
5.01 (s, 1H, Cp)
Spectra were recorded in CDCl3
Table 15. *C-{*H}-NMR data for complexes 25 and 26.
Compound CH c» Cc3%, C5¥ CH¥ R Me3¥ Me® ¥ Al-O'Pr
[AI(O'PF)(x2-bpzbe),] 620 786 137.5, 140.1 106.4 26.0 (‘Bu) 13.3 10.4 34.8, 35.5 (Me™)
(25) ' ' 146.5, 148.2 107.0 36.3 (C-'Bu) 13.4 10.6 72.7 (CH-Pr)
64.2 (Cp)
65.9 (Cp)
[AI(O'Pr)(x2-bpzFerr),] 701 8ls 137.2,139.6 106.2 66.3 (Cp) 12.2 10.1 33.5,34.6 (Me™)
(26) ‘ ‘ 148.2, 149.3 107.1 68.0 (Cp) 137 10.8 73.5 (CH-Pr)
68.5 (Cp)
92.1 (Cp)

Spectra were recorded in CDCl3
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The solid-state structure of complexes [Al(O'Pr)(x%-bpzbe),] (25) and
[AI(O'Pr)(x?-bpzFerr)z] (26) were confirmed by X-Ray diffraction analysis. The
corresponding ORTEP diagrams are represented in Figure 46 and 47 respectively.
These complexes exhibit a monomeric structure in which two heteroscorpionate
ligands are coordinated to the metal centre in a bidentate x¥>-NO manner, through the
nitrogen atom of one pyrazole ring and the oxygen atom from the alkoxide group, with
the other pyrazole ring non-coordinated to the metal centre. In addition, the aluminium
centre is coordinated to one isopropoxide ligand. Thus, the aluminium atom exhibits a
penta-coordinate environment, in which the geometry can be either square pyramidal
or trigonal bipyramidal. The crystal structures are consistent with those proposed in
Scheme 22 on the basis of solution-state NMR spectroscopy. In the solid state,
complex 25 crystallises as a single enantiomer SSRR, while complex 26 crystallises as
a racemic mixture of a single diastereoisomer SSRR/RRSS. The structures of
enantiomer SSRR for complexes 25 and 26 are depicted in Figure 46 and 47

respectively.

The angular structural parameter z, has been reported as a quantitative tool to
determine the extent to which five coordination geometries are more trigonal-
bipyramidal or square-pyramidal.®® The r parameter is defined as z = (8-a)/60, where
S and a are the bond angles of the molecule, which, in an ideal square-pyramidal
geometry, both angles adopt 180°, and therefore, =0, while in an ideal trigonal-

bipyramidal geometry , f = 180°and a = 120°, in which t =1 (Figure 48).

FuR, 5
(N

. c24
i)

Figure 46. ORTEP diagram for complex [Al(O'Pr)(x*-bpzbe),] (25).

94



Chapter 1 Results and discussion

Figure 48. o, angles which define the geometry of five-coordinate complexes.

The 7 value for complex 25 is 0.74, which indicates that the geometry around the
aluminium centre can be described as a distorted trigonal-bipyramid, with the highest
distortion at the N(1)-Al(1)—-N(5) angle (Table 16) with a value of 170.3° with respect
the 180° of a perfect trigonal-bipyramid. Similarly, = value for complex 26 is 0.67,
which indicates that the geometry around the aluminium centre can be described as a
distorted trigonal-bipyramid as well, with the highest distortion observed at the
N(1)-Al(1)-N(1A) angle (Table 16) with a value of 169.3(13)°. The bond distance
(Table 16) between the aluminium centre of complex 25 and the oxygen atom from
the isopropoxide ligand of 1.718(11) A for Al(1)-O(3) is slightly shorter than that
found for complex 26 of 1.731(28) A for Al(1)-O(2), probably due to the steric
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requirements of the ferrocene moiety. Also, these same distances between the
aluminium centres of complexes 25 and 26 and the oxygen atoms from the

isopropoxide ligands are slightly longer than those found for other aluminium

Results and discussion

isopropoxide complexes previously reported.>*

Table 16. Bond distances and angles for complexes 25 and 26.

Distances (A) Angles (°)
[AI(OPr)(x>-bpzbe);] (25)
Al(1)-0(1) 1.736(11) 0(3)-Al(1)-O(1) 116.1(6)
Al(1)-0(2) 1.746(10) 0(3)-Al(1)-0(2) 118.2(6)
Al(1)-0(3) 1.718(11) 0(1)-Al(1)-0(2) 125.7(6)
Al(1)-N(1) 2.038(16) 0(3)-Al(1)-N(1) 93.5(6)
Al(1)-N(5) 2.094(16) O(1)-Al(1)-N(1) 87.5(6)
0(1)-C(12) 1.389(16) 0(2)-Al(1)-N(1) 88.7(6)
0(2)-C(28) 1.389(16) 0(3)-Al(1)-N(5) 96.2(6)
0(3)—-C(33) 1.39(2) O(1)-Al(1)-N(5) 89.1(6)
0(2)-Al(1)-N(5) 86.0(6)
N(1)-Al(1)-N(5) 170.3(6)
[AI(O'Pr)(x2-bpzFerr);] (26)
Al(1)-0(1) 1.757(17) O(1)-AI(1)-O(1A) 129.2(13)
Al(1)-0(2) 1.731(28) O(1)—AI(1)—-0(2) 115.4(7)
Al(1)-N(1) 2.087(21) 0(2)—Al(1)-N(1) 95.4(6)
O(1)-C(1) 1.381(30) O(1)—Al(1)-N(1) 87.1(8)
N(1)—Al(1)-N(1A) 169.3(13)
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5. Synthesis of amido indium complexes

For the synthesis of the indium amido complex described in this section, the amido
precursor [INCI{N(SiMez)2}2pyr] (27), which was synthesised as shown in Scheme 23,
was used. Thus, reaction of 27 with the neutral heteroscorpionate ligand precursor
bpzbeH in toluene for two hours, afforded the corresponding chloride-amido indium
complex [INCI{N(SiMes)-}{(x*-bpzbe)(u-0)}]. (28) with elimination of the
corresponding amine NH(SiMes), (Scheme 24). Complex 28 was isolated as a white
solid in 80% vyield. This complex is soluble in aromatic hydrocarbons and partially

soluble in aliphatic hydrocarbons. Besides, it is thermically unstable.

S
»
N
3.1 eq. Li[N(SiMej), ] |
InCl; aeIn
Pyridine, 16 h cr / N SiMe,
-NH(SiMe3)2 /N SlMe3
Me3Si \ .
SiMe;

Scheme 23. Synthesis of precursor [INCI{N(SiMes)2}.pyr] (27).

o cl N Me*
Bu H‘c o InCL{N(SiMes),} e /TN 5 M
n 1Me T , Me _—
Me [ 3)2}2PY1] MeS VAN O=—Tn- =N ]

)\ Toluene, 2h I N\/4/N,,' G NN4I \ Me”

. 4 / N—\ In (0] MCS

-NH(SiMej;), Me3/ M a

Me Me

~ 'Bu

Me3S1 SlMe3
(28)
Scheme 24. Synthesis of amido-chloride indium (28).

Structural Characterisation

Indium precursor 27 and complex 28 were characterised by *H-NMR and *C{*H}-
NMR spectroscopy (Tables 17 and 18) and X-ray diffraction studies (Figures 52 and
53 respectively). The study of the *H-NMR and “*C{*H}-NMR spectra for complex
28 shows the presence of two isomers, due to the presence of a chiral carbon in the
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ligand. Two singlets for the H**, Me**and Me>>" pyrazole protons are observed
indicating the non-equivalence of both pyrazole rings. Besides, two singlets
corresponding to the methyl group from the silyl-amido ligands are also observed
(Figure 49). The NMR results are consistent with the structure proposed in Scheme
24, following the same tendency as its chloride analogue (Scheme 15), with each
indium centre featuring an octahedral environment with the ligand coordinated in a
x>-NNO fashion, one chloride atom, one bis(trimethyl-silyl)amide group and the

oxygen from the alkoxide moiety bridging both indium centres.

N M :
CH L CL Mo © N-SiMes
5 = § 4
5 Me\ O‘In_\N/ I
Me N 72NN
NQN, / N 4N .
N N Me®
/ N—In-llllo N 5
A 2 \ Me
Me3/ a
Cl CH
Me* /N\ t
Me;Si  SiMe;
(28) By
N-SiMes
o Me?
e33
* CH H CH?
ILJ_M Ul A k_Jk_JLL_JUk;

T T T T T T T T T - T - T v T - T v T v T . ! - ! ' ' ' " r
8.0 73 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0
ppm

Figure 49. 'H-NMR spectrum for complex 28 in CsDs.

NOESY-1D experiments allowed the unequivocal assignment of the pyrazole and
amide groups resonances. The assignment of the *C{*H}-NMR signals was carried
out by heteronuclear correlation *H-*C-g-HSQC experiments. Figure 50 shows the
correlation spectrum for complex [INCI{N(SiMes) }{(x>-bpzbe)(u-O)}]. (28).
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Bu N M
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Me’
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H40
50
— C':', 60 o
70 &
ca 180
— > .
L0
H%# L100
] . L10
120
- - F130
% H140

—r T T T T T T T T
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Figure 50. Correlation spectrum *H-**C-gHSQC for complex 28 in CsDs

As previously mentioned, complex 28 was found to be unstable in solution and
slowly evolved into the salt-type complex 29 (Scheme 25), which structure was further
confirmed by X-Ray diffraction studies. Figure 51 shows the 'H-NMR and
BC{*H}-NMR spectra for complex [In(x3-bpzbe)2]* [INCl.{N(SiMes)2}2]~ (29).

—®
Me;Si SiMe;
’Bu \/ y 3
N Me Cl
CH CL / 3 ‘
~ € -
5 ", 4 Toluene
Me?' EN N O-“In.—‘\/N\/ | — 2 | 7 N NN In— SiMes
NI, [ ) N4 " ey
[ \ N b Me SiMe;
4 /N\ In:+11Q Me N\
3 .
M/ Yy e cH Me3Si/ SiMe;
3 N
Me aw By
Me;Si SiMe;

(28) 29)

Scheme 25. Formation of complex 29 from decomposition of complex 28 in solution.
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_0O
Tl N-SiMe;
SiMes
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e N
SiMe3
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Me3Si/ SiMe;
_ ‘Bu
(29)
Me*?"
Me*"
H44 .
a) CH J/i C*-H
B M N i | . S W

75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

ppm
N-SiMes
‘Bu
C*-H Me’?
3,3’ 5,5
c3,C
b) l
T T T T T T T T T T T N T T T g T T T g T T T T T ™ T g T g T T T
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Figure 51. a) 'H-NMR and b) *C{*H}-NMR spectra for complex 29 in C¢Ds, respectively.
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Table 17. *H-NMR data for complexes 28 and 29.

Compound CH CH? H4¥ '‘Bu Me3¥ Me3>’ N-SiMes
[INCH{N(SiMes)2}
4.18 5.56 (s, 1H) t 2.16(s,3H)  1.89(s,3H)  0.09 (s, 9H)
& bpz(zz))(“ Oz (d, Juw = 1.0 Hz, 1H) 622 (s, 1H) 559 (s, 1H) 08 GOHBY g s 105(s3H) 074 (s, 9H)
| ([:'In(’l‘j 'gf"\zﬂbem ) 4.49 6.53 559(51H) | o gy 21163H)  LO7(3H)  010(s 9H)
[InClo{ 22;9) €3)2}2] (d, Jt =42 Hz, 1H) (d, Ju =47 Hz, 1H) 554(s, 1H) — 70 210(s,3H)  191(s3H)  0.29 (s, 9H)
*Spectra were recorded in CeDg. Chemical shifts corresponding to the major isomer in solution.
Table 18. *C-{*H}-NMR data for complexes 28 and 29.
Compound CH c? C3¥ C5% CcH* '‘Bu Me33  Me®® N-SiMes
[InCHN(SiMes)o} 135.8, 138.7 105.6 275 (Bu) 13.7 105 2.3
{(x3-bpzbe)(1-0)}]: 653 849 :
s 148.4,148.8 105.7 36.5 (C-'Bu) 14.3 11.1 6.4
[In(x3-bpzbe).]*
. ~ i 106.7 26.1 (‘Bu) 13.1 10.8 1.0
[INCl{N(SiMes):}-] 739 784 140.4-147.0 071 3.6 (C1BU) 3o 11 ” 3

(29)

*Spectra were recorded in C¢Dg. Chemical shifts corresponding to the major isomer in solution.
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The structures for precursor 27 and complex 29 were confirmed by X-Ray
diffraction analysis (Figures 52 and 53). The ORTEP diagram for precursor 27 is
shown in Figure 52. This compound exhibits a monomeric structure in which the
indium centre adopts a pseudo-tetrahedral geometry coordinated to two bis-

trimethylsilyl amido ligands, one chloride ligand and a pyridine molecule.

Figure 52. ORTEP diagram for precursor [INCI{(N(SiMes)2}.pyr] (27).

The ORTEP diagram for complex 29 is depicted in Figure 53. The X-Ray
diffraction study of complex 29 confirmed the salt-type structure proposed with two
ions with the indium atoms being the central atoms of the anion and the cation
moieties. One of the indium centres exhibits an octahedral geometry with two
heteroscorpionate ligands coordinated in a x3>-NNO coordination mode. In addition,
the second indium centre is coordinated to two chloride and two bis(trimethyl-silyl)
amide ligands in an anionic tetrahedral counterion (29). Complex 29 crystallises in
solid state as a racemic mixture of one of the diastereoisomer SR/RS. The structure of
enantiomer SR for complex 29 is depicted in Figure 56.

Bond distances (Table 19) between the indium centre and nitrogen atoms from the
pyrazole rings exhibit values ranging from 2.249(15) to 2.330(14) A, which are slightly
shorter than the ones found for the indium chloride complex 10. Similarly, bond
distances between the indium centre and the oxygen atom from the alkoxide moiety
present values of 2.018(13) and 2.055(12) A for the In(1)-O(1) and In(1)-O(2) bonds

respectively, which are also slightly shorter than the ones found for complex 10. Angle
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bonds (Table 19) confirm the octahedral structure proposed for the cationic moiety,
with distorted values with respect to a perfect octahedron. Thus, the major distortion
is observed for the N(5)—In(1)—N(1) angle with a 101.0(5)°. On the other hand, the
geometry at the anionic indium moiety In(2) is distorted tetrahedral, with the dihedral
angle between the CI(1)-In(2)-Cl(2) and the N(9)-In(2)-N(10) planes of 85.0 °.

Figure 53. ORTEP diagram for complex [In(x*-bpzbe)2]*[INCI{N(SiMes).}>] (29).
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Table 19. Bond distances and angles for precursor [INCI{(N(SiMe3)2}.pyr] (27) and complex
[In{x*-bpzbe}>] [INCI{N(SiMes)2}.] (29).

Distances (A) Angles (°)
[INCH(N(SiMes)2}2pyr] (27)
In(1)-N(2) 2.068(4) N(2)-In(1) -N(3) 126.28(16)
In(1)-N(3) 2.072(4) N(2)-In(1)-N(1) 98.11(16)
In(1)-N(1) 2.250(5) N(3)-In(1)-N(1) 113.57(17)
In(1)-CI(1) 2.3941(17) N(2)-In(1)-CI(1) 114.77(12)
N(3)-In(1)-CI(1) 105.81(12)
N(1)-In(1)-CI(1) 93.25(13)
[In{x*-bpzbe}2] [INCI{N(SiMes)2}2] (29)
In(1)-0(2) 2.018(13) 0(2)-In(1)-N(5) 83.2(5)
In(1)-O(1) 2.055(12) O(1)-In(1)-N(5) 95.3(5)
In(1)-N(5) 2.249(15) 0(2)-In(1)-N(1) 95.9(5)
In(1)-N(1) 2.268(14) O(1)-In(1)-N(1) 86.2(5)
In(1)-N(3) 2.306(16) N(5)-In(1)-N(1) 101.0(5)
In(1)-N(7) 2.330(14) 0(2)-In(1)-N(3) 94.0(5)
In(2)-N(10) 2.037(15) O(1)-In(1)-N(3) 87.5(6)
In(2)-N(9) 2.121(18) N(1)-In(1)-N(3) 81.2(6)
In(2)-CI(1) 2.416(6) 0(2)-In(1)-N(7) 84.1(5)
In(2)-Cl(2) 2.414(7) O(1)-In(1)-N(7) 93.7(5)
In(2)-N(10) 2.037(15) N(5)-In(1)-N(7) 80.1(6)
N(3)-In(1)-N(7) 97.6(6)
N(10)-In(2)-N(9) 122.5(7)
N(10)-In(2)-CI(2) 105.1(5)
N(9)-In(2)-CI(2) 112.4(5)
N(10)-In(2)-CI(1) 109.8(5)
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EXPERIMENTAL SECTION

1. Synthesis of precursors

The starting materials bis(3,5-dimethyl-pyrazol-1-yl)methane (bdmpzm) and
heteroscorpionate alkoxide neutral ligands bpzbeH, bpzteH and bpzappeH have been

prepared as previously described in bibliography.t6:17:5°

1.1. Synthesis of bpzFerrH (1)

In a 250 cm?® Schlenk tube, bdmpzm (2.50 g, 12.25 mmol) was dissolved in 70 mL
of dry THF and cooled down to —78 °C. Then, a solution of "BuL.i (1.6M in hexanes,
8.05 mL, 12.86 mmol) was added dropwise and the mixture was maintained at —78 °C
during one hour. After that time, the lithiated-adduct suspension was cannulated to a
pre-cooled solution of ferrocenecarboxaldehyde (2.75 g, 12.86 mmol) in 20 mL of
THF and the resulting mixture was left stirring for one hour at room temperature. The
suspension was then quenched with a satured aqueous solution of NH4Cl and a white-
yellowish solution was obtained. The organic layer was extracted, dried over MgSQO4
for two hours and filtered. The solvent was removed in vacuo, and an orange-reddish
sticky oil was obtained. The oil was washed with n-hexane for 16 hours and an orange

solid corresponding to bpzFerrH (1) was isolated in 80% yield.

Analysis found: C:63.4% H:6.5% N:13.1 %
Calculated: C:63.2% H: 6.3 % N: 13.4 %

2. Synthesis of chloride group 13 metal complexes

2.1. Synthesis of chloride aluminium and gallium complexes

2.1.1. Synthesis of [Al(x*-bpzbe)>1*[AICIs]~ (2)

In a 100 cm® Schlenk tube, bpzbeH (1.00 g, 3.45 mmol) was dissolved in 30 mL of
dry THF and cooled down to —78 °C. Then, a solution of "BuL.i (1.6M in hexanes, 2.30
mL, 3.62 mmol) was added dropwise and the mixture was maintained at —78 °C during
one hour. After that time, the lithiated adduct was transferred via cannula to a
precooled suspension of AICI3 (0.48 g, 3.62 mmol) in 20 mL of THF. The resulting
mixture was warmed to room temperature and left stirring overnight. Solvent was then

removed in vacuo and the remaining solid was taken up in Et2O and filtered through
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celite to eliminate the LiCl salt generated. Solvent was again removed under vacuum

affording a white solid corresponding to complex 2 in 80% yield.

Analysis found: C:498% H: 6.6 % N: 14.2 %
Calculated: C:49.6% H: 6.5 % N: 14.5 %

2.1.2. Synthesis of [Al(x2-bpzte).1 [AICIs]~ (3)

The synthesis of complex 3 was carried out following the same experimental
procedure as complex 2 using bpzteH (1.00 g, 3.10 mmol), "BuLi (2.00 mL, 3.24
mmol) and AICIs (0.43 g, 3.24 mmol). Complex 3 was obtained as a white solid in
85% yield.

Analysis found: C:54.4% H:5.6 % N: 16.4 %
Calculated: C:54.2% H: 5.5 % N: 16.8 %

2.1.3. Synthesis of [Al(x2-bpzappe)-1T[AICIs]~ (4)

The synthesis of complex 4 was carried out following the same experimental
procedure as complex 2 using bpzappeH (1.00 g, 2.33 mmol), "BuLi (1.53 mL, 2.44
mmol) and AICl3 (0.33g, 2.44 mmol). Complex 4 was obtained as a white solid in 85%

yield.
Analysis found: C:59.6 % H:5.9% N: 13.0 %
Calculated: C:59.3% H: 5.7 % N: 13.3 %

2.1.4. Synthesis of [Al(x2-bpzFerr)>1*TAICI4]~ (5)

The synthesis of complex 5 was carried out following the same experimental
procedure as complex 2, using bpzFerrH (1) (1.00 g, 2.39 mmol), "BuLi (1.55 mL,
2.51 mmol) and AICl3 (0.33 g, 2.51 mmol). Complex 5 was obtained as an orange solid
in 85% yield.

Analysis found: C:515% H:5.1% N: 10.6 %
Calculated: C:51.3% H: 4.9 % N: 10.9 %

2.1.5. Synthesis of Gal(x3-bpzbe).1*[GaCl.]~(6)

The synthesis of complex 6 was carried out following the same experimental
procedure as complex 2, using bpzbeH (1.00 g, 3.45 mmol), "BuLi (2.0 mL, 3.62
mmol) and GaCls (0.64 g, 3.62 mmol). Suitable crystals for X-Ray analysis were
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obtained at —25 °C from an Et;O solution. Complex 6 was obtained as a white

crystalline solid in 85% vyield.

Analysis found: C:44.4% H: 6.0 % N: 12.9 %
Calculated: C:44.1% H: 5.6 % N: 13.3 %

2.1.6. Synthesis of Gal(x3-bpzte).]"[GaCli]~(7)

The synthesis of complex 7 was carried out following the same experimental
procedure as complex 6, using bpzteH (1.00 g, 3.10 mmol), "BuLi (2.00 mL, 3.24
mmol) and GaCls (0.57 g, 3.24 mmol). Complex 7 was obtained as a white solid in
82% yield.

Analysis found: C:49.0% H:5.1% N:12.0 %
Calculated: C:48.7% H: 4.8 % N: 12.3 %

2.1.7. Synthesis of Gal(x3-bpzappe)>]*[GaCls]~(8)

The synthesis of complex 8 was carried out following the same experimental
procedure as complex 6, using bpzappeH (1.00 g, 2.33 mmol), "Buli (1.53 mL, 2.44
mmol) and GaCls (0.43 g, 2.44 mmol). Complex 8 was obtained as a white solid in
78% vyield.

Analysis found: C:548% H:5.5% N: 12.2 %

Calculated: C:545% H:5.1% N: 12.5 %

2.1.8. Synthesis of Gal(x3-bpzFerr)>]"[GaCls]~(9)

The synthesis of complex 9 was carried out following the same experimental
procedure as complex 6, using bpzFerrH (1) (1.00 g, 2.39 mmol), "BuLi (1.55 mL,
2.51 mmol) and GaClz (0.44 g, 2.51 mmol) were used. Complex 9 was obtained as an

orange solid in 82% vyield.

Analysis found: C:49.0% H:5.1% N:12.0 %
Calculated: C:48.7% H: 4.8 % N: 12.3 %
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2.2. Synthesis of chloride indium complexes

2.2.1. Synthesis of [INCl{(x3-bpzbe)(u-0)}]> (10)

In a 100 cm? Schlenk tube, bpzbeH (1.00 g, 3.45 mmol) was dissolved in 30 mL of
dry THF and cooled down to —78 °C. Then, a solution of "BuL.i (1.6M in hexanes, 2.30
mL, 3.62 mmol) was added dropwise and the mixture was maintained at —78 °C during
one hour. After that time, the lithiated adduct was transferred via cannula to a pre-
cooled slurry of InCls (0.80 g, 3.62 mmol) in THF. The resulting mixture was warmed
to room temperature and left stirring overnight. The white solid precipitated was
filtered and dried in vacuo for two hours to afford complex 10 in 80% yield. Suitable
crystals for X-Ray analysis were obtained from a CH,Cl solution at room temperature.

Analysis found: C:42.0% H: 5.7 % N: 11.1 %
Calculated: C:418% H: 5.4 % N: 11.5%

2.2.2. Synthesis of [InCl{(x3-bpzte) (1-0)}]2 (11)

The synthesis of complex 11 was carried out following the same experimental
procedure as complex 10, using bpzteH (1.00 g, 3.10 mmol), "BuLi (2.00 mL, 3.24
mmol) and InCls (0.72 g, 3.24 mmol). Complex 11 was obtained as a white solid in
70% vyield.

Analysis found: C:459% H: 4.8 % N: 10.6 %
Calculated: C:455% H: 4.5 % N: 10.9 %

2.2.3. Synthesis of [InCl{(x3-bpzappe)(1-0)}]2 (12)

The synthesis of complex 12 was carried out following the same experimental
procedure as complex 10, using bpzappeH (1.00 g, 2.33 mmol), "BuLi (1.53 mL, 2.44
mmol) and InCls (0.54 g, 2.44 mmol). Complex 12 was obtained as a white solid in
70% vyield.

Analysis found: C:520% H: 5,3 % N: 10,9 %
Calculated: C:51,7% H: 5,0 % N: 11,2 %

2.2.4. Synthesis of [InCl{(x3-bpzFerr)(-0)}]2 (13)

The synthesis of complex 13 was carried out following the same experimental

procedure as complex 10, using bpzFerrH (1) (1.00 g, 2.40 mmol), "BuLi (1.57 mL,
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2.51 mmol) and InClz (0.56 g, 2.51 mmol). Complex 13 was obtained as an orange
solid in 76% vyield.

Analysis found: C:52.0% H:5.3% N: 10.9 %
Calculated: C:51.7% H: 5.0 % N: 11.2 %

3. Synthesis of alkyl group 13 metal complexes
3.1. Synthesis of alkyl aluminium complexes

3.1.1. Synthesis of [AIMe,(x2-bpzFerr)] (15)

In a 100 cm?® Schlenk tube, bpzFerrH (1) (1.00 g, 2.39 mmol) was dissolved in 20
mL of dry toluene and cooled down to 0 °C. Then, a solution of AlMes (2M in hexanes,
1.25 mL, 2.51 mmol) was added dropwise and the mixture was allowed to warm up to
room temperature and left stirring for two hours. After that time, solvent was removed

in vacuo and complex 15 was obtained as an orange solid in 89% yield.

Analysis found: C:58.2% H:49% N:13.1 %
Calculated: C:58.0% H: 4.6 % N: 13.5%

3.1.2 Synthesis of [AIEt>(x2-bpzFerr)] (16)

The synthesis of complex 16 was carried out following the same experimental
procedure as complex 15, using bpzFerrH (1) (1.00 g, 2.39 mmol) and AlEts (1M in
hexanes, 2.50 mL, 2.50 mmol). Complex 16 was obtained as an orange solid in 87%

yield.
Analysis found: C:60.2% H:5.5% N: 12.4 %
Calculated: C:59.8% H: 5.2 % N: 12.7 %

3.2. Synthesis of alkyl gallium and indium complexes

3.2.1. Synthesis of [{Li(x3-bpzFerr)(Et,0)}(u-0){GaMe>CI}] (17)

In a 100 cm?® Schlenk tube, GaCls (0.50 g, 2.83 mmol) was dissolved in 20 mL of
dry Et20. Then, a solution of MeL.i (1.6M in hexanes, 5.84 mL, 9.34 mmol) was added
dropwise and the suspension was stirred for three hours. A solution of bpzFerrH (1)
(0.78 g, 2.70 mmol) in Et.O was then transferred via cannula and the resulting mixture

was left stirring overnight. After that time, the suspension was left decanting and
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filtered thorough celite to eliminate the LiCl salt generated. Solvent was then removed

in vacuo affording complex 17 as an orange solid in 75% yield.

Analysis found: C:534% H:6.9% N: 8.6 %
Calculated: C:53.1% H: 6.5 % N: 8.8 %

3.2.2. Synthesis of [{Li(x3-bpzbe)(Et20)}(u-O){InMe,CI}] (18)

The synthesis of complex 18 was carried out following the same experimental
procedure as complex 17, using InCls (0.50 g, 2.26 mmol), MeLi (4.67 mL, 7.46
mmol) and bpzbeH (0.62 g, 2.15 mmol). Complex 18 was obtained as a white solid in
77% yield.

Analysis found: C:48.2% H: 7.8 % N: 9.8 %
Calculated: C:48.0% H: 7.5 % N: 10.2 %

3.2.3. Synthesis of [{Li(x3-bpzte)(Et,0)}(u-0){InMe2CI}] (19)

The synthesis of complex 19 was carried out following the same experimental
procedure as complex 17, using InCls (0.50 g, 2.26 mmol), MeLi (4.67 mL, 7.46
mmol) and bpzteH (0.70 g, 2.15 mmol). Complex 19 was obtained as a white solid in
77% yield.

Analysis found: C:515% H:7.0% N:9.5%
Calculated: C:513% H: 6.7 % N: 9.6 %

3.2.4. Synthesis of [{Li(x3-bpzFerr)(Et.0)}(u-0){InMe>CI}] (20)

The synthesis of complex 20 was carried out following the same experimental
procedure as complex 17, using InCls (0.50 g, 2.26 mmol), MeLi (4.67 mL, 7.46
mmol) and bpzFerrH (1) (0.90 g, 2.15 mmol). Complex 20 was obtained as a white
solid in 73% vyield.

Analysis found: C:499% H:6.5% N: 8.1 %
Calculated: C:49.6% H: 6.1 % N: 8.3 %

3.2.5. Synthesis of [GaMeCl(x3-bpzbe)] (21)

The synthesis of complex 21 was carried out following the same experimental
procedure as complex 17, using GaClz (0.50 g, 2.83 mmol), MeLi (3.89 mL, 6.23
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mmol) and bpzFerrH (1) (0.90 g, 2.15 mmol). Complex 21 was obtained as a white
solid in 73% vyield.

Analysis found: C:50.2% H:7.2% N: 13.4 %
Calculated: C:499% H: 6.9 % N: 13.7 %

3.2.6. Synthesis of [GaMeCl(x3-bpzte)] (22)

The synthesis of complex 22 was carried out following the same experimental
procedure as complex 17, using GaCls (0.50 g, 2.83 mmol), MeLi (3.89 mL, 6.23
mmol) and bpzteH (0.88 g, 2.70 mmol). Complex 22 was obtained as a white solid in
78% yield.

Analysis found: C:545% H:6.2 % N:12.3%
Calculated: C:54.2% H: 5.9 % N: 12.6 %

3.2.7. Synthesis of [InMe>Cl(x2-bpzbeH)] (23)

The synthesis of complex 23 was carried out following the same experimental
procedure as complex 17, using InCls (0.50 g, 2.26 mmol), MeLi (3.10 mL, 4.97
mmol) and bpzteH (0.88 g, 2.15 mmol). Complex 23 was obtained as a white solid in
82% yield.

Analysis found: C:50.2% H:7.2% N:11.5%
Calculated: C:459% H: 6.9 % N: 11.9 %

3.2.8. Synthesis of [InMe>Cl(x3-bpzappeH)] (24)

The synthesis of complex 24 was carried out following the same experimental
procedure as complex 17, using InCls (0.50 g, 2.26 mmol), MeLi (3.10 mL, 4.97
mmol) and bpzappeH (0.92 g, 2.15 mmol). Complex 24 was obtained as a white solid
in 77% yield.

Analysis found: C:55.2% H:6.3% N:11.3%
Calculated: C:55.1% H: 6.1 % N: 11.5%
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4. Synthesis of alkoxide aluminium complexes

4.1. Synthesis of complex [AI(O'Pr)(x2-bpzbe),] (25)

In a 100 cm® Schlenk tube, bpzbeH (0.80 g, 2.75 mmol) and Al(O'Pr)s (0.28 g, 1.38
mmol) were dissolved in 25 mL of dry toluene and the solution was warmed up to 80
°C and left stirring for 7 days. After that time, the solution was concentrated down,
filtered and kept in the freezer at —25 °C. Suitable crystals for X-Ray analysis were

obtained from the solution. Complex 25 was isolated as a white solid in 60% vyield.

Analysis found: C:63.6% H: 8.9 % N: 16.5 %
Calculated: C:63.2% H: 8.6 % N: 16.9 %

4.2. Synthesis of complex [AI(O'Pr)(«x2-bpzFerr),] (26)

The synthesis of complex 26 was carried out following the same experimental
procedure as complex 25, using bpzFerrH (1) (0.80 g, 1.91 mmol) and AI(O'Pr)z (0.20
g, 0.96 mmol). Suitable crystals were obtained from a concentrated solution of n-

hexane at —25 °C. Complex 26 was isolated as an orange solid in 57% yield.

Analysis found: C:616% H:6.5% N:11.9%
Calculated: C:61.3% H: 6.2 % N: 12.2 %

5. Synthesis of amido indium complexes

5.1. Synthesis of [INCIH{N(SiMe3)>Y.pyr] (27)°°

In a 100 cm? Schlenk tube, InCls (0.60 g, 2.70 mmol) was dissolved in 30 mL of
pyridine. Another solution containing LiN(SiMes). (1.36 g, 8.14 mmol) in pyridine
(20 mL) was prepared and transferred dropwise to the first one. The resulting mixure
was left stirring overnight. After that time, solvent was removed in vacuo affording a
reddish sticky oil, which was held in vacuo for four hours. The remaining oil was
extracted with 2x20 mL of hexane and filtered through celite. Suitable crystals for X-
Ray analysis were obtained from the solution at —25 °C. Compound 27 was obtained

as a white crystalline solid in 70% yield.

Analysis found: C:374% H: 7.8 % N: 7.4 %
Calculated: C:37.1% H: 7.5% N: 7.6 %
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5.2. Synthesis of [INCI{N(SiMes)>H(x3-bpzbe)(1-0)}]- (28)

In a 100 cm?® Schlenk tube, [INCI{(N(SiMes)2)2pyr}] (27) (0.30 g, 0.54 mmol) was
dissolved in 10 mL of toluene and cooled down to 0 °C. Another solution containing
bpzbeH (0.15 g, 0.52 mmol) in 10 mL of toluene was prepared and transferred
dropwise to the first one. The resulting mixture was warmed to room temperature and
left stirring for two hours. After that time, solution was concentrated down to 5 mL,
filtered and cooled down to —25 °C. Suitable crystals for X-Ray analysis were obtained

from the solution. Compound 28 was isolated as a white crystalline solid in 73% yield.

Analysis found: C:444% H: 7.5 % N:11.5%
Calculated: C:44.0% H: 7.2 % N: 11.7 %
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Chapter 2 Introduction

In this Chapter, the results obtained in the synthesis of biodegradable polyesters by
Ring-Opening Copolymerisation (ROCOP) of epoxides and cyclic anhydrides will be
described. Before discussing the results obtained, a brief introduction about this

process will be covered.

Polyesters are a category of polymers which include an ester group (-O-CO-) in
their main chain. They are amongst the most used oxygenated polymers and are often
obtained by step growth polymerisation either by direct esterification between a diacid
and a diol or by self-condensation of a hydroxy carboxylic acid (Scheme 1).! In this
mechanism, bifunctional or multifunctional monomers react between themselves to

form dimers, trimers, tetramers, oligomers, and eventually long-chain polymers.

e} (0]
o
) NS GRS S

o

0
b) ™ Ho Non* “HO)J\R,J\OH

o

0
— <R\O)J\R’ J\ojﬁ + (2n-1) H,0

Scheme 1. Synthesis of polyesters by a) self-condensation of a hydroxy carboxylic acid

and b) polycondensation of a diacid and a diol.

Polyesters can be broadly divided in two different types: semiaromatic and aliphatic
polyesters. Semiaromatic polyesters include those polymers which have a rigid or a
cyclic group within their backbone. This structure gives them unique physical and
chemical properties such as good mechanical strength, toughness, fatigue resistance as
well as good chemical, hydrolytic and solvent resistance, which make them perfect for
a wide range of applications including packaging, fibres, rigid plastics and engineering

materials.! They have also found application as liquid crystalline polymers.?3

Among this type of polyesters, polyethylene terephthalate (PET) is the most
produced worldwide. It was firstly synthesised and patented by the British chemists
John Rex Whinfield and James Tennant Dickson in 1941 and started being
commercialised in 1953.1 PET can be synthesised by two different routes: the first one
is based on the use of dimethyl terephthalate (DMT), obtained from the reaction
between methanol and terephthalic acid, and the second one, based on the

polycondensation reaction of terephthalic acid (TA) with ethylene glycol (Scheme 2).}
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Scheme 2. Synthesis of polyethylene terephthalate: a) from methanol and terephthalic

acid and b) by polycondensation of terephthalic acid and ethylene glycol

Another class of semiaromatic polyester is poly(ethylene 2,6-naphthalate), which
is produced from ethylene glycol and 2,6-naphthalic acid. The rigidity of the
naphthalene ring results in increased strength, heat stability, and barrier properties
compared to PET. Among its applications are photographic and electronic films, and

food and beverage bottles that require filling at higher temperatures.*®

On the other hand, aliphatic polyesters have received attention as potential
sustainable alternatives to petroleum-based polymers because of their numerous
renewable sources and high biocompatibility.® As a result, they have been used in
applications ranging from biomedical devices to bulk packaging.®*' Three different
mechanisms of polymerisation can be implemented to synthesise aliphatic polyesters:
(1) the Ring-Opening Polymerisation (ROP) of cyclic ketene acetals,'>* (2) the
step-growth polymerisation of lactones and (3) the ROP of lactones (Scheme 3).1°
During the last few years, many scientific groups have focused their efforts on the
development of this type of polymers due to their potential biodegradability.
Poly(lactic acid) (PLA) is the most studied polyester which is produced from
renewable resources and can be a good alternative to replace petrol-based polymers in
applications such as packaging, fibers, medical equipment and drug delivery
systems.'®1® PLA can be obtained by two different synthetic procedures: the
polycondensation of lactic acid, and the ROP of lactide.

Other lactones that have been polymerised by ROP to produce biodegradable
polyesters are e-caprolactone (¢-CL) and S-butyrolactone (Scheme 4). The most widely
used is e-CL, whose polymer was first reported in 1934 by Carothers and co-workers.*®

Nowadays, the production of poly(e-caprolactone) (PCL) is implemented on industrial

132



Chapter 2 Introduction

scale. PCL is a semicrystalline polyester with a melting temperature of 60 °C and a
glass transition temperature of —60 °C which it is commonly used in the polyurethane
industry to increase water, oil, solvent, and chlorine resistance.'® Besides, it also finds

applications in the biomedical industry and as carrier for drug delivery systems.?%?!

i L
HOMOH cz\)Jo

n
Polycondensation of hydroxy acid \ \ cyclic ketene acetal

O
Step-growth polymerisation Ring-opening polymerisation

MJ Lh

HOM/\OH

Polycondensation of diacid and diol

ROP of lactones

Scheme 3. Synthesis of aliphatic polyesters.

0]

a)

Scheme 4. ROP of a) e-caprolactone and b) p-butyrolactone.

The mechanism for the ROP of lactones (Scheme 5) can be divided in five
categories:
a.- Anionic polymerisation, in which the initiator is a nucleophilic alkoxide.?*-2*
b.- Coordination-insertion polymerisation, in which organometallic complexes act as
initiators. %32
c.- Cationic polymerisation, in which the catalyst is a cation such as alkylating or
acylating agents, or Lewis or Bronsted acids and which has received less attention due
to the poor control of the molecular weight parameters.33-3
d.- Organocatalytic polymerisation, in which N-heterocyclic carbenes, amines such as

1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) or phosphazenes bases such as
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2-  tertbutylimino-2-diethylamino-1,3-dimethylperhydridro-1,3,2-diazaphosphorine

(BEMP), can initiate the polymerisation process.*¢-°

e.- Enzymatic polymerisation, where lipases, enzymes of the hydrolase family, act as

catalysts for the polymerisation. 4043
O
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Scheme 5. a) anionic, b) coordination-insertion, c) cationic, d) organocatalytic and €)

enzymatic polymerisations mechanisms for the ROP of lactones.

However, the design of new biodegradable polyester architectures with improved
properties by ROP is seriously restricted due to the limited number of commercially
available cyclic esters. Thus, scientific, and industrial community have focused on the
development of other catalytic processes for this purpose. In this context, a promising
alternative to ROP is the Ring-Opening Copolymerisation (ROCOP) of epoxides and
cyclic anhydrides. This methodology could expand the scope of biodegradable

polyesters due to the large number of epoxides and cyclic anhydrides available.
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1. Ring-opening copolymerisation between epoxides and cyclic anhydrides

During the last few decades, the scientific community and industry have focused
their efforts on the development of new alternatives to the ROP of cyclic esters to
expand the number of bio-degradable aliphatic and aromatic polyesters. The ROCOP
of epoxides and cyclic anhydrides (Scheme 6) is the most promising synthetic
methodology since the use of two different monomers broads the synthetic possibilities
and allows for facile tuning of polymer properties and post-functionalisation.*

0 (0]
O O o catalyst 0
o o ] °
0]

Scheme 6. ROCOP of epoxides and cyclic anhydrides.

This process requires the use of a catalyst, or an initiator. The catalyst is often a
metal complex of the form LMX, where L is the ancillary ligand, X is the initiator, and
M is the metal site in which the catalysis takes place. Scheme 7 shows the general
mechanism for the ROCOP of anhydrides and epoxides. The initiation occurs when
the MX initiator reacts with the monomers to generate a metal alkoxide-carboxylate
intermediate. Then, the alternative insertion of epoxides and cyclic anhydrides into the
growing chain takes place in the propagation step. In this step, the alkoxide species
attacks the cyclic anhydride to generate a metal-carboxylate intermediate, which,
attacks and ring-opens the epoxide to regenerate the metal-alkoxide intermediate. The
process usually ends by the addition of water or acids, which act as chain transfer
agents. Side reactions such as the sequential insertion of epoxides to generate polyether
chains can also occur (Scheme 7).% Many renewable monomers for epoxide/anhydride
copolymerisation have been explored, resulting in a broad range of renewably sourced

aliphatic/aromatic polyester materials with desired properties (Figure 1).
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Scheme 7. General mechanism for the ROCOP of epoxides and anhydrides.

The first alternating copolymerisation of epoxides and anhydrides was reported in
the 1960s by Fischer.® In the mid-60s, Inoue and co-workers reported the use of
organometallic initiators for the preparation of polyesters by ROCOP.#~*° Since then,
a wide range of metal complexes including zinc, chromium, magnesium, cobalt,
manganese, iron, aluminium, and nickel, have been developed as catalysts for this
process. Although some of them can catalyse the ROCOP by themselves, the addition
of a co-catalyst leads to higher catalytic activities and selectivies. Thus, the use bis-
(triphenylphospine)iminium salts ([PPN]X), 4-dimethylaminopiridine (DMAP),
phosphines and ammonium salts has been reported.>%°!
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Epoxides
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Figure 1. Common epoxides and anhydrides used for ROCOP.

The first well controlled copolymerisation between epoxides and anhydrides was
reported by Inoue and Aida in 1985 using PO (or SO, CHO and butylene oxide) and
PA as substrates and an aluminium porphyrin complex in combination with quaternary
phosphonium/ammonium salts as the catalytic system.>>%® The catalytic system
afforded the synthesis of the corresponding polyester material with high selectivity

and molecular weights between 2000 and 6000 g mol-! with narrow polydispersities.

This system led to the discovery of related porphyrin and corrole metal catalysts
(Figure 2).5°" A range of Cr, Co and Mn porphyrin TPP complexes (Figure 2a) was
investigated as catalysts in combination with DMAP as co-catalyst for the

copolymerisation of SO with different cyclic anhydrides such as SA, MA, CA CPrA,
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CPA and PA. Among the metal complexes developed, the porphyrin chromium
catalyst was the most active.>* Nozaki and co-workers reported the use of corrole metal
complexes (Figure 2b) as catalyst for the copolymerisation of PO with glutaryl
anhydride, SA and MA using [PPN]OBzFs as co-catalyst. It was shown that the FeCl
corrole complex was the most active catalyst even though low molecular weight (8000

g mol1) polyester materials were obtained.®’

Ph CeFs
Ph Ph CgFs C4Fs
Ph
a) M-=Cr b) M=Mn
M = Co M = MnCl
M = Mn M = FeCl

Figure 2. Porphyrin and corrole catalysts.

Since these initial catalyst developments, metal-SALEN type complexes have
become one of the most widely used catalysts for the ring-opening copolymerisation
of cyclic anhydrides and epoxides. Among these, the N,N’-bis(salicylidene)
cyclohexanediamine (SALCY) ligand (Figure 3) has been widely used for the
synthesis of SALCY metal complexes.>*%-0 The SALCY chromium complex (Figure
3a) displayed the highest catalytic activity, obtaining TOF values up to 246 h™! for the
copolymerisation of CHO and PA in the absence of a co-catalyst.®® Enantiopure
SALCY complexes (Figure 3b) have also been reported as catalysts for the
stereoselective ROCOP of epoxides and cyclic anhydrides in order to obtain
stereoregular polymers.®%° Coates and co-workers reported the use of enantiopure
SALCY cobalt complexes with a range of substituents on the phenol ring (Figure 3b)
for the synthesis of poly(propylene succinate), obtaining the corresponding polyester
materials with a regioregularity of 96-97%.%2 Finally, bifunctional catalysts in which
the metal centre and the co-catalyst functionality are comprised within the same
molecule have also been studied (Figure 3c, d).53% Kim and co-workers reported for
the first time the use of a bifunctional SALCY cobalt complex (Figure 3d) for the
copolymerisation of PO and PA and the terpolymerisation of PO, norborene anhydride
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(NA) and CO2 with high selectivities. No ether linkages were formed in either of the
polymerisation processes, obtaining poly(1,2-propylene phthalate) or poly(1,2-
propylene phthalate-co-carbonate) respectively with 99% selectivity.®

N
N
rac Q enantiopure Q

‘Bu ‘Bu ‘B B
a) M=Cr,X=Cl b) X=cl, OMe, Me, F, NO,
M =Mn, X =Cl
M =Co, X =Cl
NBU3 BU3N
— N_
</ : O3N : >
Bu;N 280, NBu3 4 No3 Bu3N

Figure 3. N,N’-Bis-(salicylidene)cyclohexanediamine (SALCY) metal catalysts.

Metal complexes supported by  N,N’-bis(salicylidene)-phenyldiamine
(SALPH)®0546061.71-76  (Fjgure 4a) and N,N’-bis(salicylidene)-ethylenediamine
(SALEN)®%®! (Figure 4b) ligands and Cr complexes supported by SALAN'’ (Figure
4c) and tetradentate sulphur-based ligands (OSSO) (Figure 4d) have also been
reported.”® Studies comparing the use of different SALEN-type ligands for the same
metal centre were performed resulting the SALCY ligand-based complex, the most

active catalyst in comparison to the SALPH and SALEN counterparts.>%6°

The activity of a serie of SALPH Mn(l1l) complexes with different substituents in
the phenol moiety has been recently studied (Figure 4a). The introduction of electron
donating groups (OMe) in the ortho position and electron withdrawing groups in the
para position of the phenoxide group resulted in the catalyst with the best performance,
due to the combination of steric and electronic effects. Thus, polyesters were obtained
with high selectivities, molecular weights up to 15600 g mol-! and narrow
polydispersities (1.09-1.27).7

Similarly, the catalytic activity of different SALAN chromium complexes for the
copolymerisation of terminal epoxides with MA and SA, without the use of a co-
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catalyst has been compared. The results showed that the dinuclear SALAN chromium
complex (Figure 4c) was the most active catalyst, obtaining TOF values up to 7.4 h2,

due to an intramolecular synergetic effect. ’’

Finally, different chromium complexes bearing sulphur tetradentate ligands for the
copolymerisation of PA and various epoxides using DMAP as co-catalyst have been
reported.”® Polyesters with molecular weights up to 22100 g mol~! and polydispersities
ranging from 1.27 to 2.33 were obtained. The chromium complex containing a
cyclohexane moiety (Figure 4d) turned out to be the most active, as previously reported

with other metals.>%

Ph Ph
_N = =N_ N=
\ 4 \ /M\
0 | R, ‘Bu o 1o ‘Bu
N~y Cl
\
Ph R, ‘Bu ‘Bu
a) RI=R’-H b) M=Cr
R!=Br,R2=H M=Co
R'=H, R?=OMe
R!'=Br, R?= OMe
rac m
S\C/S
T
Bu ‘Bu o’ . o
X
! ‘Bu ‘Bu

C¢Hy  X=Cl
CeHg  X=Nj
d) = CH,CH, X=ClI
C¢Hy X=cCl

Figure 4. a) N, N-Bis(salicylidene)phenyldiamine (SALPH) catalyst; b) N, N -
bis(salicylidene)ethylendiamine (SALEN) catalyst; c) SALAN catalyst; d) sulphur (OSSO)

catalysts.

Multinuclear heterobimetallic complexes have also been extensively studied by
Williams,”®8% Ko,% and Lii®-% and represent a potential alternative to SALEN-based
catalysts. In this context, it is worth highlighting the highly active zinc and magnesium
heterobimetallic catalyst reported by Williams and co-workers (Figure 5a) for the

copolymerisation of CHO and PA, obtaining TOF values up to 188 h-%.8 The high
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catalytic activity displayed by this heterobimetallic catalyst is due to the synergistic
effect between the two metal centres. The Lewis acidic Zn enhanced epoxide
coordination while the labile Mg-carbonate accelerated carbonate attack, increasing
the reaction rate.®® A bimetallic zinc complex featuring 2,2-dimethyl propylene
backbone (Figure 5b) has also been reported for CHO and PA copolymerisation, which
was found to be the most active ever reported by Williams for ROCOP processes with
a TOF value of 198 h1.82

NXO N N_ /o\‘
MM JZnX_>ZnX
N 0'x N N 0 |

X N
H K@) H OMe
Bu ‘Bu
a) M!'=Mg, M2=Zn, X = Br b) X =m-OAc

Figure 5. Multinuclear and SALEN catalysts with pendant functionality.

Other important catalysts include p-diiminate zinc acetate [Zn(BDI)OAc],
aminotriphenolate metal complexes and alkoxide magnesium complexes reported by
Coates, Kleij and Mazzeo respectively (Figure 6).”3%% Kleij and co-workers have
also reported a series of aminotriphenolate bifunctional Co, Mn and Co complexes
(Figure 6¢), for which the Cr analogue displayed the highest catalytic activity with
TOF values of 4.8, 5.3 and 21.3 h~* respectively.*?

CN
AN » NP

a) Me b) ¢) R
THF, THF Me
Ph M / Ph M = Co, R = Me, L = DMAP
- M = Mn, R = Me, L = DMAP
fBu\“>_‘ o O0—"Bu M =Cr, R=Me, L=DMAP
‘Bu d) ‘Bu M = Co, R =Cl, L = DMAP

Figure 6. p-diiminate zinc acetate, aminotriphenolate and magnesium alkoxide metal

catalysts.
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1.1. Aluminium catalysts for the ROCOP of epoxides and cyclic anhydrides

As mentioned before, the first well controlled copolymerisation between epoxides
and cyclic anhydrides was reported by Inoue and Aida in 1985 using a porphyrin
aluminium catalyst (Figure 7a).>>°® Coates also tested this Al porphyrin complex as
catalyst for the copolymerisation of MA with a broad range of epoxides to produce
unsaturated polyesters.®®> However, it showed low catalytic activity by itself and
produced polymeric materials with high polyether content. Chisholm and co-workers
compared the catalytic activity between different aluminium porphyrin complexes
(Figure 7a). The results showed that the tetraphenyl porphyrin (TPP) aluminium
complex was the most active catalysts obtaining a TOF value of 19 h-1, followed by
octaethyl porphyrin (OEP) and tri(pentafluorophenyl)porphyrin (TPFP) complexes

with TOF values of 9 and 8 h~! respectively.®

Ph CeFs Et Et
Et Et
Ph Ph CoF's CoFs
Et Et
Ph CeFs Et Et
a) b) c)

Figure 7. Aluminium porphyrin complexes.

SALEN-type aluminium complexes (Figure 8) have also been employed for the
ROCOP of cyclic anhydrides and epoxides.>*®16472-75 Thomas and co-workers
reported the use of a SALCY aluminium complex (Figure 8a) along with its chromium,
cobalt, and manganese analogues (Figure 3a) in combination with PPNCI for the
tandem synthesis of polyesters from renewable resources.®* Aluminium SALCY
complex afforded the cyclisation of several diacids to generate the corresponding
cyclic anhydrides (pimelic and camphoric anhydrides with TOF values of 194 and 100
h-! respectively). These cyclic anhydrides were further reacted with epoxides to
generate the corresponding polyester materials with molecular weights up to 27700 g
mol-* and narrow polydispersities ranging from 1.2-1.6. Also, renewable polyesters
from LO and CA, and the first reported polyester from pinene oxide were synthesised.

Duchateau and co-workers performed an extensive study comparing the catalytic
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activity of SALCY, SALPH, SALEN, and diphenyl SALEN aluminium complexes as
catalysts for the ROCOP of CHO with cyclic anhydrides (Figure 8) using DMAP as
co-catalyst.>* Among them, SALPH aluminium complex (Figure 8b) displayed the
highest catalytic activity, obtaining TOF values up to 100 h-* followed by the SALCY
aluminium complex (Figure 8a) with TOF values up to 94 h-1. The meso-diphenyl
SALEN Al complex (Figure 8e) and the less sterically demanding ethylenediamine
SALEN complex (Figure 8d) showed the lowest catalytic activity with TOF values of
80 and 25 h* respectively. Thus, different polyesters with molecular weights up to

13900 g mol~! and polydisperisities values ranging from 1.1-2.3 were obtained.

B ‘B B ‘B B Bu
a) b) c) X ="Bu
X=H
Ph Ph X=F
N N N N
— N= — N=
pe pe
‘Bu o" | o ‘Bu  'Bu 0" | o Bu
Cl Cl
‘B Bu B B
d) e)

Figure 8. Aluminium SALEN-type complexes.

SALPH aluminium complex (Figure 8b) has also been investigated in the
copolymerisation of PO with bio-renewable terpene-based anhydrides using PPNCI as
co-catalyst,’* which showed to be highly regioselective in the ring-opening of the
epoxide at the methylene carbon. Following these results, they investigated the
combination of several SALPH aluminium complexes (Figure 8c) and PPNCI as
catalyst system for the copolymerisation of PO with tricyclic anhydrides to study the
electronic effects on the catalytic activity, obtaining TOF values ranging between 63
and 185 h™1.”® Several polyesters with molecular weights up to 7400 g mol-* and
narrow polydispersities were synthesised. The study showed that the more electron
deficient the catalyst, the lower the catalytic activity observed, obtaining TOF values
of 88, 80, 49 h! for 'Bu, H, and F substituted, respectively. Even though the F
containing aluminium complex did not display the highest catalytic activity, it was the

most selective catalyst, obtaining the corresponding polyester materials without any
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signs of transesterification or epimerisation reactions, due to its enhanced Lewis

acidity.

A series of enantiopure bimetallic aluminium complexes (Figure 9) have also been
developed for the copolymerisation of different epoxides with cyclic anhydrides using
PPNCI as co-catalyst.®* A first screening was performed to evaluate the catalysts’
activity in the ROCOP of CHO and PA. It was shown a significant steric effect of the
substituents in ortho position of the phenolate moiety (Figure 9a) on the catalytic
activity and product enantioselectivity. Thus, it was observed that neither low (methyl)
nor highly hindered (TMS) substituents were beneficial for the asymmetric
copolymerisation of epoxides and cyclic anhydrides. Therefore, the aluminium
complex (R,R,R,R) or (S,S,S,S) containing '‘Bu groups in the phenol rings proved to be
the most active and enantioselective catalyst, with TOF values up to 750 h~ and 71%

of enantiomeric excess (ee).
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Figure 9. Enantiopure bimetallic aluminium complexes.

SALEN alkyl aluminium complexes with a diamine containing an alkyl backbone
of different length (Figure 10a) and their mononuclear counterparts have been studied
for the copolymerisation of CHO or LO with SA, MA and PA using different salts as
co-catalysts.®® The bimetallic SALEN aluminium bearing a propylene backbone

(Figure 10a) was tested for the CHO and SA copolymerisation. This complex showed
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higher catalytic activity than monometallic SALEN aluminium complexes previously
investigated,! obtaining TOF values up to 250 h-. Monometallic SALCY, SALPH,
SALEN, and di-phenyl SALEN aluminium complexes (Figure 8a, b, d, ) showed
lower catalytic activities under the same reaction conditions, obtaining TOF values
ranging from 25 to 100 h™!, depending on the diamine backbone.®* Bimetallic
aluminium complex (Figure 10a) was further investigated as catalyst for the ROP of
different cyclic esters (L-lactide, e&-caprolactone and p-butyrolactone),
copolymerisation between CHO and SA, and for the formation of block co-polymers
poly(lactide)-poly(cyclohexene succinate).®® Dinuclear SALPH alkyl aluminium
complexes (Figure 10b) containing a dinaphtylimine backbone have been recently
developed as catalysts for the ROP of lactides and lactones, the ROCOP of LO and PA
and the formation of diblock polyesters.®’
O
_N/\M/\N_
\ Me

OAl AlO NN NZ
MeMe
‘B (0} IMeM’I 0
a) n=13 —Bu

R =Br

Figure 10. Bimetallic aluminium SALEN-type catalysts.

Coates and co-workers have recently reported innovative bifunctional aluminium
complexes in which the SALEN-type catalyst and the aminocyclopropenium co-
catalyst are covalently tethered (Figure 13).%8 Their catalytic activity was tested against
their binary catalyst counterparts using PPNCI as co-catalyst. All catalytic systems
afforded the formation of perfectly alternating polyesters with low polydispersities,
which is indicative of a well-controlled polymerisation behaviour. The SALPH
inspired bifunctional catalysts (Figure 11a, b) exhibited higher polymerisation rates
(TOF values of 93 and 64 h-! respectively) than the pyrrolidine (Figure 11c) analogue
(TOF value of 14 h™Y). A similar trend was observed for their binary counterparts,
obtaining TOF values of 112, 57 and 28 h~2, respectively. When lowering the catalyst
loading, bifunctional catalysts still maintained their catalytic activity (TOF values of

87, 24, 12 h! respectively), while their binary counterparts displayed lower activity
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(TOF values of 22, 13, 8 h™!). The kinetic behavior of both bifunctional and binary
catalytic systems was investigated using Burés’s time-normalised method.®® The
results showed that first order kinetics were obtained for both systems at high catalyst
loadings. However, the reaction rate was found to be second order for the binary
system at low catalyst loading, depending on the concentration of both catalyst and
co-catalyst. On the other hand, first order with respect to the [catalyst] was observed
for the bifunctional catalysts. These findings are in good agreement with the high

catalytic activity displayed by bifunctional catalysts even at low catalyst concentration.
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Figure 11. Bifunctional aluminium complexes developed by Coates et al. %

The mechanism for the ROCOP of cyclic anhydrides and epoxides catalysed by the
combination of SALEN metal complexes and iminium salts as a catalytic system is
shown in Scheme 8.1%° In this mechanism, the initiation occurs with the formation of a
hexacoordinate  bis-alkoxide species (AA) ([PPN][SALPH M(OR)2] or
[(SALPH)MOR/[PPN][OR]). The counterion of the SALEN complex ring-opens the
epoxide and a pentacoordinate alkoxide complex is generated. Then, a molecule of
epoxide can coordinate to the metal centre and the anion of the iminium salt ring-opens
it to generate the bis-alkoxide hexacoordinate species (AA). This species reacts with a
cyclic anhydride to vyield the alkoxide-carboxylate intermediate (AC). This
intermediate can undergo epoxide binding, activation, and ring-opening to regenerate
the bis-alkoxide (AA) species (cycle 1) or can react with another molecule of
anhydride to yield to the bis-carboxylate species (CC), which depending on the
coordination sphere, acts as an active species or as a dormant species. It was found that
the intermediate species AC, reacts 50 times faster with the anhydride rather than with
the epoxide, indicating that cycle 2 is much preferred when the anhydride
concentration is high enough. On the other hand, cycle one is only important when the
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copolymerisation is almost complete, and an excess of epoxide was used. Accordingly,
the rate determining step of the reaction was found to be the ring-opening of the
epoxide by the CC species. Thus, enhancing the rate of epoxide opening by CC would

increase the overall polymerisation rate.
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Scheme 8. Proposed mechanism for the ROCOP of epoxides and cyclic anhydrides
catalysed by SALEN-type MLX complexes.
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Chapter 2 Results and Discussion

1. Alternating copolymerisation of epoxides and cyclic anhydrides (ROCOP) for
the synthesis of biodegradable polyesters

As it has been previously described in the introduction of this section, there is a
growing interest within the industrial and scientific community to produce polyester
materials from renewable resources. In this context, one of the most promising
approaches is the ring-opening copolymerisation of epoxides and cyclic anhydrides
(ROCOP). Thus, to contribute to this study, several polyesters from a range of
epoxides and cyclic anhydrides have been synthesised using heteroscorpionate
aluminium complexes previously reported by our research group.:°*1% This work
represents the use of this type of complexes for the first time as catalysts for ROCOP

processes.

As it has been discussed previously, aluminium complexes have shown to be one
of the most active catalysts for the ROCOP of epoxides and cyclic anhydrides. In this
section, the use of heteroscorpionate aluminium complexes funcionalised with
alkoxide'® and acetamidate'®>!%® groups as catalysts for ROCOP processes is

described.

1.1. Synthesis of polyesters catalysed by aluminium complexes with

heteroscorpionate ligands functionalised with alkoxide groups

To carry out this study, previously reported aluminium complexes with
heteroscorpionate ligands functionalised with alkoxide groups have been employed
(Figure 12).10

‘Bu

NNV R
MG'MMe
Me/w\Me

R= Me (30), Et (31) R= Me (32), Et (33) R= Me (34), Et (35)

Figure 12. Heteroscorpionate aluminium complexes used for the ROCOP of epoxides and

cyclic anhydrides.
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Initially, preliminary studies were carried out to evaluate the catalytic activity of
heteroscorpionate aluminium complexes 30-35 using cyclohexene oxide (CHO) and
phthalic anhydride (PA) as substrates. The initial experiments were performed using
0.5-1 mol% of catalyst at 90 °C for 6 hours and using toluene as solvent (Scheme 9).
In order to compare the catalytic activity of bimetallic complexes 34 and 35 with the
monometallic complexes 30-33, the reactions were carried out using 0.5 mol% of
complexes 34 and 35 in order to keep the concentration of aluminium constant to 1
mol% (Table 1, entries 5-6). As it is shown in Table 1, bimetallic complexes (entries
5-6) displayed higher activity than the monometallic ones (entries 1-4). Among the
catalysts studied, complex 35 was the most active and selective catalyst for this process
(Table 1, entry 6). On the other hand, the nature of the alkyl group on the initiators
(Al-Me versus Al-Et) affects the catalytic activity, which increases for complexes
containing ethyl groups, similar to what has been previously reported for other
aluminium complexes, probably due to solubility reasons and lability of the AlI-C

bond 104,105

o 0=9_0
catalyst 30-35 (0.5-1 mol%) o 0
+ >
90 °C, 6 h, toluene Z:; 0 0
n

CHO PA

poly(cyclohexene phthalate) (36)

Scheme 9. ROCOP of CHO and PA catalysed by complexes 30-35.

Since catalyst 35 was found to be the most active for the process, the optimisation
of the reaction conditions for the copolymerisation process was carried out. Kinetic
studies confirmed that the copolymerisation proceeded very rapidly reaching high
conversion in six hours, which did not increase when the reaction was carried out for
16 hours (Figure 13).

Then, the effect of the solvent and the reaction temperature on the catalytic activity
of complex 35 were investigated (Table 2). The results showed the copolymerisation
proceeded faster in the absence of a solvent, with 92% of conversion achieved in 6
hours. However, the selectivity towards polyester formation was very low (51%) and
high polyether content was observed (Table 2, entry 1). As can be seen in Table 2, the

addition of a solvent was detrimental, and the catalytic activity was reduced (71-85%)
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due to the lower concentration of the monomers in the reaction mixture. However, the
selectivity of the process increased (68-79%) since the homopolymerisation of CHO

to form polyether was also reduced (Table 2, entries 2-4).

Table 1. Results obtained for the copolymerisation between CHO and PA catalysed by
complexes 30-35.%

Entry  Catalyst (mol %) T (°C) Conversion (%)° Polyester (%0)°
1 30 (1) 90 74 70
2 31 (1) 9 78 73
3 32 (1) 9 72 68
4 33 (1) 9 75 71
5 34 (0.5) 9 80 74
6 35 (0.5) 90 85 79

aCopolymerisation conditions: 90 umol of complex; 2 mL of toluene as solvent; 6 hours. PDetermined
by *H-NMR.
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Figure 13. Plot of conversion vs time for the ROCOP of CHO and PA catalysed by

complex 35.
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In order to study the influence of the reaction temperature on the catalytic activity
of complex 35, the ROCOP was studied at 50 °C and 70 °C. As expected, the catalytic
activity decreased when the reaction temperature was decreased (Table 2, entries 5 and
6). On the other hand, the reaction temperature did not have any influence on the
selectivity of the process toward polyester formation and remained almost constant at
80%.

Table 2. ROCOP of CHO and PA catalysed by complex 35.?

Entry Solvent T (°C) Conversion (%)°  Ester linkage (%)°
1 Bulk 90 92 51
2 Toluene 90 85 79
3 THF 90 75 67
4 MeCN 90 71 65
5 Toluene 70 69 80
6 Toluene 50 47 77
T° Toluene 90 82 >99
gd Toluene 90 80 91
9e Toluene 90 83 95

10f Toluene 90 81 94

aCopolymerisation conditions: 90 umol of complex 35; 2 mL of toluene as solvent, [PA]/[CHO]/[35]=
200:200:1, 6 hours. ®Conversion relative to PA determined by *H-NMR spectroscopy of the crude
reaction mixture. °1 equiv. of TBAB. 1 equiv. of TBALI. 1 equiv. of TBAC. 1 equiv. of PPNCI.

The effect of adding a nucleophile as a co-catalyst to increase the catalytic activity
and/or the selectivity of the process was studied (Table 2, entries 7-10). The addition
of a nucleophile did not have a significant impact on the catalytic activity and
conversions were not affected significantly. However, a marked increase in the

selectivity was observed, similarly to what was observed for previously reported
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aluminium catalysts.*® Amongst all the additives tested, TBAB proved to be the most
selective and produced polymeric materials with a selectivity towards the formation of
polyester greater than 99%. Furthermore, amongst all the tetrabutylammonium salts,
the selectivity was Br-> CI~ > I~ (Table 2, entries 7-9), indicating that a good balance
between nucleophilicity and leaving group ability was crucial in order to enhance the

catalyst selectivity.

Having determined the optimal catalytic system and reaction conditions, several
polyesters with a range of molecular weights were prepared (Table 3). The molecular
weight (M) and the molecular weight distributions (Mw/Mn) were determined by gel
permeation chromatography (GPC). As can be observed from the results in Table 3,
the molecular weight of the synthesised polyester increased as the [PA]/[CHO]/[35]
was gradually increased from 50:50:1 to 200:200:1, obtaining polymers with high ester

linkages and narrow polydispersities in all cases.

Table 3. ROCOP of CHO and PA in toluene catalysed by complex 35 and TBAB.?

[PA)/[CHQOY/ Conv Polyester
Entry Mn(exp)© PDIC T
[35)/[TBAB] (%)° (%0)°
1 200:200:1:1 82 >09 30297 1.24 103
2 150:150:1:1 89 >09 25599 1.16 102.5
3 100:100:1:1 95 >99 21158 1.06 102
4 50:50:1:1 99 >99 14744 1.04 101.6

aCopolymerisation conditions: 90 umol of complex 35 and 90 umol of TBAB; 2mL of toluene as solvent,
90 °C, 6 hours. ®Conversion relative to PA determined by *H-NMR spectroscopy of the crude reaction
mixture. “Determined by GPC. “Determined by differential scanning calorimetry.

The poly(cyclohexene phthalate) copolymers microstructure was characterised by
'H-NMR, BC-{*H}-NMR and IR spectroscopies (Figure 14). *H-NMR spectrum
(Figure 14a) exhibited a singlet at 5.20 ppm corresponding to the methine proton from
the cyclohexane ring, two singlets at 7.62 and 7.43 ppm corresponding to the aromatic
ring from the phthalate moiety and four different singlets between 2.36-1.40 ppm
corresponding to the methylene protons of the cyclohexene ring. Similarly, it showed
two other singlets with much less intensity at 4.95 and 2.99 ppm which were assigned

to chain end groups. On the other hand, IR spectrum (Figure 16b) exhibited a sharp
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band at 1720 cm™ corresponding to the C=0 stretching resonance from the ester

group, and two sharp bands at 1260 and 1066 cm~' which were assigned to the C—-O

stretching resonance from the ester group.
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Figure 14. a) *H-NMR spectrum for poly(cyclohexene phthalate in CDCls). b) IR spectrum

for poly(cyclohexene phthalate).
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The resulting copolymers were also analysed by matrix-assisted laser desorption/
ionisation time-of-flight mass spectrometry (MALDI-ToF MS) in order to determine
the end groups. The MALDI-ToF spectrum for poly(cyclohexene phthalate) showed
two end-group series of peaks with an m/z interval of 246 mass units, indicating a
controlled alternating microstructure (Figure 15). The major series (blue diamond) is
in good agreement with a polymer chain with two hydroxyl end groups in the polyester
containing trans-cyclohexanediol, and the second major series (green diamond)
containing hydroxyl- and carboxylic acid end groups was also observed, indicating the
existence of chain transfer agents during the copolymerisation.’%
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Figure 15. MALDI-ToF analysis for poly(cyclohexene phthalate).

The thermal properties of the copolymers were determined by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). It was found that all
polymers (Table 3) were stable in the range of temperatures from 0-200 °C. The
percentage weight loss increased from 250 to 350 °C and after this temperature the
remaining weight was almost constant until 800 °C. The single glass temperature (Tg)
for the polymeric materials shown in Table 3 exhibited very similar values ranging
from 101-103 °C, which is similar to those of some commercially available polymers.
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Figure 16 shows the TGA (Figure 16a) and DSC (Figure 16b) analyses for the

polymeric material obtained in Table 3, entry 4.
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Figure 16. a) TGA analysis for copolymer [PA]/[CHO]/[35] 50:50:1, b) DSC analysis for
copolymer [PA]/[CHO]/[35] 50:50:1.
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1.2. Synthesis of polyesters catalysed by aluminium complexes with

heteroscorpionate ligands functionalised with acetamidate groups

In this section, the use of mono- and bimetallic aluminium complexes with
heteroscorpionate ligands functionalised with acetamidate groups (Figure 17) as
catalysts for the ROCOP of different epoxides and cyclic anhydrides will be discussed.
These complexes have been synthesised as previously described by our research group
and have found different applications as catalysts for the ROP of cyclic esters (e-

caprolactone and rac-lactide) and for the synthesis of cyclic carbonates from epoxides
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Figure 17. Mono- and bimetallic heteroscorpionate aluminium complexes for ROCOP of

epoxides and cyclic anhydrides.

Following the same approach for aluminium complexes with heteroscorpionate
ligands functionalised with alkoxide groups, the catalytic activity of complexes 37-40
was evaluated for the ROCOP of CHO and succinic anhydride (SA) as substrates at
80 °C in toluene, for 16 hours (Scheme 10). The initial experiments are shown in table
4,

0 37-40 (0-1.0 mol%)
. Oﬁo Cocatalyst (0-0.5 mol%) 0 0
Toluene, 16 h, 80 °C 0 o)
n

CHO SA

poly(cyclohexene succinate) (41)

Scheme 10. ROCOP of CHO and SA catalysed by complexes 37-40.

Firstly, the ROCOP process of CHO and SA catalysed by aluminium complexes

was investigated in the absence of a co-catalyst (Table 4, entries 1-4). The results
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showed that complexes 37-40 were highly active as catalysts for the ROCOP process
and good conversions were achieved, although low selectivities were obtained. Since
previous works confirmed that the addition of a co-catalyst increased the selectivity of
the process,’3%1% the effect of adding tetrabutylammonium bromide (TBAB) as a
co-catalyst was studied. As can be seen in Table 4, the selectivities towards the
synthesis of the polyester increased up to 91% (Table 4, entries 5-9). These results also
evidenced that bimetallic complexes 37-40 were more active for the ROCOP of CHO
and SA than their monometallic counterparts 37-38. On the other hand, the catalytic
activity of ethyl derivatives 38 and 40 showed to be slightly higher than the methyl
complexes 37 and 39, due to a higher lability of the AI-C bond in ethyl complexes,
which is in agreement with what previously observed for alkyl aluminium complexes
functionalised with alkoxide groups.°* A control test using TBAB as a catalyst showed
that the co-catalyst itself could catalyse the process but less efficiently (Table 4, entry
9).

Table 4. ROCOP of CHO and SA catalysed by complexes 37-40.2

Entry Catalyst Co-catalyst Conversion (%)° Polyester (%)
1 37 - 71 50
2 38 - 74 43
3 39 - 81 52
4 40 - 83 50
5 37 TBAB 93 85
6 38 TBAB 93 88
7 39 TBAB 93 81
8 40 TBAB 100 91
9 - TBAB 25 89

aReactions were carried out at 80 °C in toluene for 16h using 1 mol% of aluminium complexes 37 and
38 or 0.5 mol% of aluminium complexes 39 and 40. "Determined by NMR.
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'H-NMR studies confirmed that the presence of a co-catalyst was crucial in order
to increase the selectivity towards the synthesis of the polyester (Figure 18). A
stoichiometric mixture of complex 40 and CHO in the absence of TBAB showed that
47% of CHO was converted into polyether at room temperature after five minutes
(Figure 18a). However, when a stoichiometric amount of TBAB was added to the
reaction mixture, no CHO was converted into polyether even after four hours of
reaction at 80 °C (Figure 18b).
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Figure 18. (a) *H-NMR spectrum of complex 40 and CHO at t =5 min and 25 °C in toluene-
ds. (b) *H-NMR spectrum of complex 40, TBAB and CHO at t =4 h and 80 °C in toluene-ds.

To optimise the catalytic system comprising complex 40, the influence of the
co-catalyst for the ROCOP of CHO and SA was next investigated (Figure 19). In
general, tetrabutylammonium salts exhibited slightly higher catalytic activity and
selectivity than their corresponding bis(triphenylphosphine)iminium ones (PPNX),
and TBAB showed to be the optimal co-catalyst in terms of activity and selectivity.
Bis(triphenylphosphine)iminium dinitrophenolate also showed good values of
catalytic ~ activity and  selectivity. = N-Methylimidazole  (NMI) and
dimehtylaminopyridine (DMAP) were also tested as co-catalysts, obtaining good

selectivity but lower catalytic activity than that obtained when using TBAB. The
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higher catalytic activity and selectivity obtained when using a bromide counterion can
be due to the good balance between the nucleophilicity and the steric hindrance to

ring-open the epoxide.
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Figure 19. Influence of the co-catalyst on the catalytic activity and selectivity of complex 40
in the ROCOP of CHO and SA at 80 °C in toluene for 16vh using 0.5 mol% of complex 40.

The optimal catalytic system for the ROCOP of CHO and SA was found to be the
combination of complex 40 and TBAB. Then, the solvent effect on the catalytic
process was investigated (Table 5). The ROCOP of CHO and SA was first studied in
the absence of a solvent to maximise the sustainability of the process but complete
conversion of the starting materials to the formation of polyester was not achieved
because of solidification of the reaction mixture due to the homopolymerisation of
CHO which resulted in high polyether formation. Thus, the selectivity towards
polyester formation decreased to 18% (Table 5, entry 1). The optimal catalytic system
acted efficiently in a range of different solvents and the polarity of the solvent did not
affect significantly on the selectivity of the process. However, when using hexane as
the solvent for the process, the conversion decreased to 41% (Table 5, entry 5), due to
the low solubility of the starting materials, which was translated into a heterogeneous

mixture.

The versatility of the catalytic system was further tested towards the synthesis of a
wide range of polyesters derived from the copolymerisation of CHO with SA, PA and
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maleic anhydride (MA). Furthermore, the synthesis of bio-derived polyester materials
from the ROCOP of limonene oxide (LO) with SA, PA and MA was also investigated
(Figure 20).

Table 5. Influence of the solvent in the ROCOP of CHO and SA catalysed by 40 and TBAB.?

Entry Solvent Conversion (%)° Polyester (%0)°
1 Bulk 89 18
2 Toluene 100 91
3 THF 81 89
4 Acetonitrile 75 90
B Hexane 41 88

aReactions were carried out at 80 °C in solvent for 16h using 0.5 mol% of aluminium complex 40 and
0.5 mol% of TBAB. PDetermined by NMR. “The reaction mixture was not homogeneous.
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Figure 20. Polyesters synthesised by complex 40 derived from CHO or LO and SA, PA or
MA.

The results for the copolymerisation of the different substrates catalysed by
complex 40 are given in Table 6. Good selectivities toward the synthesis of the
corresponding polyester were obtained in all cases, except for poly(cyclohexene
maleate) (42), which showed high polyether content (Table 6, entry 2). The

experimental molecular weights obtained for the copolymers were much lower than
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the theoretical values, probably because of the presence of transesterification reactions
or chain transfer agents. These results might be justified by the presence of traces of
water or diols in the starting CHO or diacid from the hydrolysis of the corresponding
cyclic anhydride.®® It is worth noting that under the same reaction conditions,
conversions were higher when using CHO (Table 6, entries 1-6) than those observed
when using LO (Table 6, entries 7-9). These results showed that highly-substituted
epoxides, such as LO, are much more challenging substrates for this reaction than
disubstituted ones. The effect on the [monomers]/[40] ratio was also examined (Table
6, entries 3-6). Thus, the molecular weights of the copolymers obtained decreased
when the [monomers]/[40] ratio decreased from 200 to 50. Also, it is worth
highlighting that the activity of dinuclear acetamidate complex 40 towards the
synthesis of poly(cyclohexene phthalate) (Table 6, entries 3-6) was slightly lower than
its alkoxide analogue 35, which performed similarly in terms of activity and

selectivity, but only after 6 h under the same reaction conditions (Table 3).

Table 6. GPC data for selected copolymers.®

Entry Epoxide/anhydride Conv. (%)® Polyester (%0)° Mn exp® PDI°¢
1 CHO/SA 100 91 1656 1.34
2 CHO/MA 97 62 2109 1.25
3 CHO/PA 100 95 3572 111
4 CHO/PA 100 98 2088 1.09
5 CHO/PA® 100 95 2533 121
6 CHO/PAT 100 94 3114 1.16
7 LO/SA 47 92 1194 1.50
8 LO/MA 50 88 1536 1.49
9 LO/PA 59 93 2856 1.36

aReactions were carried out at 80 °C in toluene for 16 h using [epoxide]/[anhydride]/[40]/[TBAB]=
200:200:1:1. "Determined by NMR. °Determined by GPC. ‘[CHO]/[PA]/[40]/[TBAB]= 50:50:1:1.
¢[CHO]/[PA]/[40])/[TBAB]= 100:100:1:1. TCHO]/[PA]/[40]/[TBAB]= 150:150:1:1.
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a) Copolymers Characterisation

All the synthesised polyesters were characterised by NMR and IR spectroscopy, gel
permeation chromatography (GPC) and MALDI-ToF. The formation of polyester
materials was confirmed by NMR analysis, showing that the ROCOP of epoxides and
anhydrides takes place in a controlled manner. Figure 21 shows the *H-NMR spectrum

for poly(cyclohexene succinate).

Figure 21. 'H.NMR spectrum for poly(cyclohexene succinate) (41).

The resulting copolymers were also analysed by MALDI-ToF MS in order to
determine the chain-end groups. When a combination of complex 40 and TBAB was
used as catalytic system for CHO and SA copolymerisation, the MALDI-ToF spectrum
showed multiple end-group series of peaks with an m/z interval of 198 mass units,
indicating a controlled alternating microstructure (Figure 22). The major series (blue
diamond) is in good agreement with a polymer chain with two hydroxyl end groups in
the polyester containing trans-cyclohexanediol, and the second major series (red
diamond) containing hydroxyl- and carboxylic acid end groups was also observed,
indicating the existence of chain transfer agents during the copolymerisation.’*®
When DMAP was used as a co-catalyst, the MALDI-ToF spectrum (Figure 23) only
showed one end-group series of peaks which corresponded to perfectly alternating
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poly(cyclohexene succinate) chains with DMAP and a hydroxyl group as chain end,
corroborating the previously reported results in which DMAP could act as initiator for
ROCOP processes.’*°!

Finally, analysis of the MALDI-ToF spectrum of the novel poly(limonene
succinate) revealed the existence of three series of peaks with an interval between
consecutive peaks of 252 (Figure 24). These series corresponded to chains with two
hydroxy-limonene end groups (blue diamond) and chains with hydroxyl and
carboxylic acid groups (red diamond). This observation can be explained by the

presence of water and/or limonene-1,2-diol traces in the reaction mixture
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Figure 22. MALDI-ToF spectrum of poly(cyclohexene succinate) (41) obtained using a

combination of complex 40 and TBAB
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Figure 23. MALDI-ToF spectrum of poly(cyclohexene succinate) (41) obtained using a
combination of complex 40 and DMAP
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combination of complex 40 and TBAB.
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The thermal properties of the synthesised polyesters were analysed by DSC and TGA.
The glass-transition temperatures (Tg’s) of the polyesters prepared using the optimal
catalytic system were determined by DSC and the results are shown in Table 7. Figure
25 shows the DSC and TGA analyses for poly(limonene phthalate) (43). As expected,
in all cases, the Tg values for the polyesters derived from CHO (Table 7, entries 1-3)
were higher than those observed when using LO (Table 7, entries 4-6). Similarly, when
varying the cyclic anhydride, the T4 increased in the order PA>SMA>SA. These results
suggest an increase of the Ty values with the rigidity of the monomer used.® TGA
analysis revealed that all polymers are stable in the range of temperatures from 10 to
200 °C except poly(limonene maleate) (45), for which the range of temperatures was
from 10 to 125 °C.

Table 7. DSC data for selected polyesters.?

Entry Polyester M exp® Ty (°C) ¢
1 poly(cyclohexene phthalate) (36) 3572 103
2 poly(cyclohexene succinate) (41) 1656 44
3 poly(cyclohexene maleate) (42) 2109 84
4 poly(limonene phthalate) (43) 2856 50
5 poly(limonene succinate) (44) 1194 26
6 poly(limonene maleate) (45) 1536 27

aReactions were carried out at 80 °C in toluene for 16 h using 0.5 mol% of aluminium complex 40 and
0.5 mol% of TBAB. PDetermined by GPC. °Determined by DSC during the second heating cycle.

b) Kinetic studies and mechanism proposal

In order to gain insight into the copolymerisation process catalysed by complex 40
and TBAB, a kinetic study for the synthesis of poly(cyclohexene phthalate) was
performed using complex 40 as catalyst and TBAB as co-catalyst. The experiments
were performed in toluene at 80 °C. Samples were taken from the copolymerisation
reaction every hour and analysed by *H-NMR to determine the conversion of the

starting materials into the corresponding polyester and the selectivity of the process.
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Experiments carried out under these reaction conditions showed a good fit to first-

order kinetics. The reaction rate equation can be defined as:

v=k [40]}[TBABJ’[CHO][PA]"
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Figure 25. a) TGA analysis for poly(limonene phthalate) (43). b) DSC analysis for
poly(limonene phthalate) (43).
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Considering [CHO] and [PA] constants at the beginning of the process, the equation

can be simplified to:
v= Kobs [40]2 [TBAB]P, where kobs= k[CHO][PA]"

First, the order with respect to the concentration of complex 40 was studied by
carrying out reactions using different concentrations of complex 40, [40] =
0.1-0.75 mol% whilst keeping constant the co-catalyst concentration, [TBAB] = 0.5
mol% (Table 8). The lineal correlation obtained when plotting log[40] vs log(Kobs)
indicated that the reaction was first order with respect to the [40], with a slope value
of 0.84 (Figure 26). This was further confirmed by plotting [40] vs kobs, Which also
fitted to a straight line (Figure 27). Similarly, to determine the order with respect to
the [TBAB], reactions were carried out at different concentration of co-catalyst,
[TBAB] = 2-5 mol% whilst keeping constant the catalyst concentration, [40] = 2
mol% (Table 9). As can be seen in Figure 26, a linear correlation was obtained when
plotting log[TBAB] vs log(kobs), indicating that the reaction was also first order with
respect to the [TBAB], with a slope value of 1.05 (Figure 28). Furthermore, this was
also confirmed by plotting [TBAB] vs kobs (Figure 29).

Thus, the equation rate for the copolymerisation process can be defined as:
v= Kobs [40]* [TBAB]*, where kops= K[CHO]‘[PA]

Table 8. Effect of [40] on the reaction rate.

[40] (mol%o) [40] (mol/L) log [40] Kobs (mol/L-s) log Kobs
0.1 0.00203666 -2.69 0.004748 -1.36
0.25 0.00509165 -2.29 0.112960 -0.98
0.5 0.01018329 -1.99 0.188140 -0.75
0.75 0.01527494 -1.81 0.263520 -0.58
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Table 9. Effect of [TBAB] on the reaction rate.

[TBAB] (mol%o) [TBAB] (mol/L) log [TBAB] Kobs (Mol/L-s) log Kobs
2 0.174736842 -0.75 0.191145 -0.72
3 0.262105263 -0.58 0.261760 -0.58
4 0.349473684 -0.46 0.386555 -0.41
5 0.436842105 -0.36 0.495095 -0.31
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Figure 26. Plot of log (kebs) vs log [40] for the ROCOP of CHO and PA.
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Figure 27. Plot of kovs vs [40] for the ROCOP of CHO and PA.
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Figure 28. Plot of log(koss) vs log[TBAB] for the ROCOP of CHO and PA.
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Figure 29. Plot of kows vs [TBAB] for the ROCOP of CHO and PA.

Following the results obtained, a plausible mechanism for the ROCOP catalysed by
complex 40 and TBAB can be proposed (Scheme 11). In the first step of the
mechanism, the coordination and activation of CHO by one of the aluminium metal
centres of complex 40 would give rise to the intermediate 40a. In a second step, the
bromide anions of TBAB would ring-open the coordinated epoxide to the aluminium
center to generate the alkoxide derivative 40b. This step might be considered as the
rate determining step of the reaction, since in this step both complex 40 and TBAB are
involved, and according to the kinetic studies performed, the reaction rate was first
order with respect to the [40] and [TBAB]. This alkoxide derivative 40b, could ring-
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open an activated monomer of PA coordinated to the second aluminium centre of
complex 40 to yield the carboxylate specie 40c, which could undergo successive
alternating ring-opening reactions of epoxides and anhydrides to generate the desired
polyester materials.

The polyether formation can be explained by the coordination of a second CHO
monomer to the other aluminium centre of complex 40 and subsequent attack of the
alkoxide derivate 40b’, which could undergo successive ring-opening reactions to

generate the undesired polyether material.

Polyether formation

@ Br\bobOH

—Al—Al—

\ (0]
. O
Br \-/<f> o
® —Al A.l_

JASEE:

Scheme 11. Proposed mechanism for the ROCOP catalysed by complex 40 and TBAB

as co-catalyst.
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EXPERIMENTAL SECTION

1. Synthesis of starting materials

Most of the reagents used are commercially available, so in this section it will only

be discussed the synthesis of the co-catalysts which were prepared.

Epoxides CHO and LO, which were purchased from Sigma Aldrich, were predried
over calcium hydride, distilled under vacuum and stored in the glovebox under
nitrogen prior to use. Similarly, anhydrides PA, SA an MA were also purchased from
Sigma Aldrich and sublimed three times and stored in the glovebox prior to use. All
the other reagents were purchased from common commercial sources and used as

received.
1.1. Synthesis of co-catalysts

1.1.1. Synthesis of PPNBr%’

Bis(triphenylphosphine)ammonium chloride (PPNCI) (1.00 g, 1.74 mmol) were
dissolved in 50 mL of ethanol. Then, sodium bromide (2.06 g, 2.00 mmol) was added
to the solution and the suspension was left stirring for 16 hours at room temperature.
After that time, the suspension was left decanting, filtered and dried under vacuum,
affording a white solid. The salt was recrystallised from a dichloromethane/ether
mixture obtaining a crystalline white solid which was further dried under vacuum for

5 hours. The yield of the reaction is 81%.

1.1.2. Synthesis of PPNDNP®’

PPNCI (1.00 g, 1.74 mmol) was dissolved in 50 mL of CH2Cl,. Then, sodium 2,4-
dinitrophenolate (0.36 g, 1.74 mmol) was added and the suspension was left stirring
for 24 hours. After that time, the suspension was left decanting and filtered. Finally,
diethyl ether was added to the reaction mixture obtaining a yellow precipitate

corresponding to the desired product. The yield of the reaction is 80%.
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2. Synthesis of polyesters
2.1. Representative copolymerisation procedure

In the glovebox, complex 40 (20 wmol), co-catalyst (20 wmol), and a cyclic
anhydride (4 mmol) were placed into a 10 mL Schlenk equipped with a small stir bar.
Toluene (2 mL) was added, and the reaction mixture was stirred. Then, the reaction
mixture was placed in a preheated oil bath at the desired temperature and the epoxide
(4 mmol) was added. After the appropriate time, a small aliquot was taken from the
reaction mixture for NMR analysis to determine the monomer conversion and process
selectivity. The viscous mixture was then dissolved in the minimum amount of
dichloromethane or toluene and precipitated in MeOH or pentane. The polymer was

then dried and collected as a white or light-yellow solid.
2.2. Characterisation of polyesters

The synthesised polyesters were characterised by IR, *H-NMR, and *C-NMR
spectroscopy, MALDI-ToF analysis, DSC and TGA.

Poly(cyclohexene phthalate) (36): Obtained as a white solid in 70% yield. *H-NMR
(CDCls, 25 °C): 5 (ppm) = 7.62 (s, 2H); 7.43 (s, 2H); 5.17 (s, 2H); 2.26 (s, 2H); 1.79
(s, 2H); 1.55 (s, 2H); 1.41 (s, 4H). 3C-{*H}-NMR (CDCls, 25 °C): & (ppm) = 166.7;
132.1;131.1; 129.0; 128.2; 125.3; 74.6; 29.9; 23.4. IR: v (C=0) = 1720 cm™%; v (C-0)
=1259 cm™L.

Poly(cyclohexene succinate) (41): Obtained as a light-yellow solid in 76% yield. *H-
NMR (CDCls, 25 °C): 6 (ppm) = 4.75 (s, 2H); 2.51 (s, 2H); 1.94 (s, 2H); 1.64 (s, 2H);
1.30 (s, 4H). 3C-{*H}-NMR (CDCl3, 25 °C): & (ppm) = 171.8; 73.8; 30.1; 29.2; 23.4.
IR: v (C=0)=1729 cm™%; v (C-0) = 1142 cm™L.

Poly(cyclohexene maleate) (42): Obtained as a light-yellow solid in 75% yield. *H-
NMR (CDCl3s, 25 °C): 6 (ppm) = 6.22 (s, 2H); 4.92 (s, 2H); 1.97 (s, 2H); 1.69 (s, 2H);
1.28 (s, 4H). BC-{"H}-NMR (CDCls, 25 °C): 5(ppm) = 166.7; 131.1-125.3; 74.6;
30.0; 23.4. IR: v (C=0) = 1725 cm™%; v (C-0) = 1207;1160 cm™,

Poly(limonene phthalate) (43): Obtained as a white solid in 78% yield. *H-NMR
(CDCl3, 25 °C): 6 (ppm) = 7.72 (s, 2H); 7.59 (s, 2H); 5.55 (s, 1H), 4.73 (s, 2H); 2.7-
1.3 (s, 7TH); 1.73 (s, 6H). *C-{*H}-NMR (CDCls, 25 °C): &§(ppm) = 166.6; 166.2;
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148.8; 133.1-128.9; 109.2; 74.0; 72.7; 38.2-25.9; 21.8; 21.0. IR: v (C=0) = 1720
cm; v (C-0) = 1260 cm™.

Poly(limonene succinate) (44): Obtained as a white solid in 69% yield. *H-NMR
(CDCls, 25 °C): 5 (ppm) = 5.22 (s, 1H); 4.7 (s, 2H); 2.65 (s, 2H); 2.59 (s, 2H); 2.5-1.2
(s, 7TH); 1.69 (s, 3H); 1.58 (s, 3H). *C-{*H}-NMR (CDCls, 25 °C): & (ppm) = 171.2;
170.8; 148.9; 109.2; 75.8; 72.7; 69.9; 38.1-25.9; 21.8; 20.9. IR: v (C=0) = 1730 cm™;
v (C-0) =1155cm™.

Poly(limonene maleate) (45): Obtained as a light-yellow solid in 58% yield. *H-NMR
(CDCl3, 25 °C): 6 (ppm) = 6.18 (s, 2H); 5.22 (s, 1H), 4.66 (s, 2H); 2.65 (s, 2H); 2.5-
1.3 (s, 7H); 1.66 (s, 3H); 1.48 (s, 3H). *C-{*H}-NMR (CDCls, 25 °C): §(ppm) =
164.3; 163.3; 148.8; 130.5; 129.8; 109.3; 82.5; 73.7; 37.5-25.7; 21.8; 21.1. IR: v
(C=0) =1780 cm; v (C-0) = 1158 cm™.

2.3. Representative kinetic procedure

In the glovebox, complex 40 (2-15 umol), TBAB (5-20 uzmol), and PA (4 mmol),
were placed into a 10 mL vial equipped with a small stir bar. Toluene (2 mL) was
added and the vials were placed in a preheated multireactor at the desired temperature.
Then, CHO (4 mmol) was added to the reaction mixture. Small aliquots were taken for
NMR analysis to determine monomer conversions and reaction selectivities at the

desired times.
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Chapter 3 Introduction

Polycarbonates (PCs) are a type of polymer with carbonate group (—O—-CO2R-)
repeat units within their main backbone. During the last few years, polycarbonates
have arisen a great interest within the scientific and industrial community due to their
wide range of applications and properties. Polycarbonate materials can be divided into
aliphatic and aromatic polycarbonates. Aliphatic polycarbonates exhibit poor
mechanical properties which restrict their use to packaging, as a binder in ceramics or
as polyols for the formulation of PHUs foams.! On the other hand, aromatic
polycarbonates are used as engineering plastics in automotive, electrical and electronic
devices and in construction due to their high impact resistance, stiffness, toughness,
good thermal stability, transparency, and flame retardancy. In addition, their
biodegradability and biocompatibility make them useful candidates in the biomedical
sector.! Thus, as an example, the aromatic polycarbonate derived from bisphenol-A,
2,2-bis-(4-hydroxyphenyl)propane, is widely used as “engineering plastic” in different
industries such as automotive, mobile, laptops, photo and video camera, home
appliances, etc. According to Plastics Europe, almost 5 million tons of this

polycarbonate are produced annually worldwide.?

Traditionally, polycarbonates have been prepared on industrial scale from the
polycondensation of a diol, such as bisphenol-A, and phosgene, a highly toxic gas,
whose use is being more restricted (Scheme 1). However, companies such as Covestro,
SABIC, Mitsubishi and LOTTE are currently using this method.®

The development and industrialisation of new processes for the production of this
polymeric materials is a current challenge for the chemical community. Thus, in 2002,
the Japanese company Asahi Kasei, developed the first industrial process of phosgene-
free polycarbonate production based on the reaction between bisphenol-A and
diphenyl carbonate (Scheme 1).% Since the development of this process, the chemical
industry and the scientific community have focused their efforts on the design of new
processes for the synthesis of polycarbonates employing CO> as chemical feedstock.
Thus, new synthetic routes have been developed for the production of polycarbonates
bearing aromatic or aliphatic substituents. Some of the most important are shown in

Scheme 2.
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Scheme 2. New synthetic routes for the synthesis of polycarbonates.

The Ring-Opening Polymerisation (ROP) of a cyclic carbonate as monomer
(Scheme 2a) represents an ideal method for the preparation of high molecular weight
polycarbonate materials. This process requires the use of six-, seven- or eight-
membered cyclic carbonates as monomers in order to perform the reaction under mild
reaction conditions. On the other hand, the polymerisation of most common
five-membered cyclic carbonates is not thermodynamically favoured, and, thus,
require harsher reaction conditions.® Currently, many research groups are focused on
the design of new catalytic systems for the obtention of polycarbonate materials via

ROP of five-membered cyclic carbonates.®

Another strategy for the synthesis of polycarbonates is the polycondensation
reaction between dialkyl/diaryl carbonates, prepared from CO- and diols (Scheme 2b).
In this process, the PC materials are generated from the transcarbonation reaction
between a carbonate and a diol. The polycondensation reaction is performed under
atmospheric pressure at moderate temperatures, in the range of 80-140 °C, to remove

the generated volatile alcohols (such as MeOH or EtOH) by distillation. In a second
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step, high molecular weight PCs are produced by applying higher temperatures to
induce melt chain extension of the oligomers under vacuum so as to allow the
elimination of the co-produced volatile alcohol.!” The inherent advantage of this
process versus the ROP of 5- and 6-membered cyclic carbonates is the access to a
larger variety of both aliphatic and aromatic PCs with tuneable properties. However,
the control over the molecular weight of the polymeric materials obtained and the

design of functional polymeric architectures are more challenging.

The synthesis of polycarbonates by polycondensation between diols and CO>
(Scheme 2c) shares conceptual similarities and comparable bottlenecks as generally
observed for the synthesis of 5- and 6-memebred cyclic carbonates from diols, with
the major difference being the proper selection of diol reagents.!® The
polycondensation reaction can be carried out either by dehydration employing a
desiccant agent,® or by alkylation using an alkylating reagent and an excess of base.*°
Alternatively, terpolymerisation of dihalides, diols and CO2 (Scheme 2d) has also been
used to synthesize PCs. However, this process requires the use of a base and is highly

dependent on the nature of the dihalide employed.**?
1. Ring-opening copolymerisation of epoxides and COz2

Despite the enormous progress that has been made on the development of
CO»-sourced PCs obtained from COz-derived building blocks, environmentally more
friendly and economical synthetic routes have been explored to avoid the additional
steps associated with the preparation of CO2-sourced monomers that decrease time and
resource efficiency. Among these strategies, the CO2/epoxide copolymerisation has
been the most studied process in the last 20 years.m**'* The formation of cyclic
carbonate and polyether fragments as subproducts is usually observed in this process
(Scheme 3). Thus, the design of catalytic systems has been focused not only to increase

the catalytic activity, but also the selectivity to polycarbonate formation.

The ring-opening copolymerisation of epoxides and CO: requires the use of a
catalyst. This catalyst is often a metal complex of the form L,MX, where M is a metal
centre acting as a Lewis acid, L is the ancillary ligand coordinated to the metal atom
providing stability to the complex, and X is the initiating group in the catalytic process.
The latest can also be an external nucleophile, such as DMAP or PPNCI, which are

amongst the most used co-catalysts in these reactions.*
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Scheme 3. Copolymerisation of CO; and epoxides to obtain polycarbonates.

The copolymerisation process generally proceeds through a well-established
coordination-insertion mechanism (Scheme 4).%*® Firstly, a Lewis acidic metal centre
activates the epoxide through coordination, after which the activated monomer
undergoes ring-opening via nucleophilic attack of the initiating species (X). The
resulting metal-alkoxide is then transformed into a metal carbonate by a formal CO>
insertion (Scheme 4, initiation). In a second step, chain propagation occurs by
repetitive and sequential insertion of epoxides and CO> leading to fully alternating
PCs. Depending on the metal centre, the ligand and/or epoxide structure, the chain
propagation is accompanied by potential reactions which may include: (i) two or more
consecutive chain enchainments that involve epoxide monomers resulting thus in the
formation of ether linkages (Scheme 4, propagation); (ii) intramolecular back-biting
reactions that involve alkoxide- or carbonate-terminated chain-ends producing
thermodynamically more stable five-membered cyclic carbonates as by-products; (iii)
the presence of protic impurities (such as H20) may induce chain transfer reactions

that affect the molecular weights and the polydispersity values of the produced PCs.

The PC properties are also influenced by the regioselectivity of the epoxide ring-
opening and the stereochemistry of the carbonate sequences. The ring-opening of
terminal epoxides depends on several factors such as the type and the stereochemistry
of the catalyst as well as the presence and structure of co-catalysts. Thus, depending
on the regioselectivity in terminal epoxide ring-opening reactions, head-to-head (H-H)
and tail-to-tail (T-T) carbonate linkages can be produced by sequential ring-opening
of the epoxide with the substituents in consecutive carbon atoms, or head-to-tail (H-
T) linkages, obtained by successive ring-opening reactions at the same carbon centre
of the epoxide monomer.2® The stereochemistry of the PC is also affected by the
regiochemistry of the epoxide ring-opening. Thus, three different stereochemistries
can be operative affording either isotactic, syndiotactic or atactic polymer domains
(Scheme 5).4%
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The copolymerisation of CO2 has been studied for a great number of epoxides.
Propylene oxide (PO), cyclohexene oxide (CHO) and limonene oxide (LO) are the
most commonly used, and to a lesser extent, styrene oxide (SO) (Figure 1). The
copolymerisation of CHO and CO> to generate poly(cyclohexene carbonate) (PCHC)
has been widely studied by a great number of research groups. A wide variety of
catalysts has been reported to perform this copolymerisation under mild reaction
conditions and the resulting polycarbonate shows very high COz incorporation into the
polymeric material.'* On the other hand, the use of propylene oxide is more
challenging since it is much more prone to the formation of cyclic carbonate. Hence,
careful choice of reaction conditions and catalyst play a key role in the obtention of

poly(propylene carbonate) (PPC).1

Currently, there is a great interest in the preparation of bio-derived polycarbonates
from their corresponding epoxides to produce polycarbonate materials from renewable
feedstocks. In this context, poly(limonene carbonate) (PLC) has been prepared from
LO and CO- using different metal complexes as catalysts for the copolymerisation

process. 1819

o Me x 0
v O
Me/A
Me
Propylene Cyclohexene Limonene Styrene
oxide (PO) oxide (CHO) oxide (LO) oxide (SO)

Figure 1. Common epoxides used for the synthesis of polycarbonates by

copolymerisation with CO,.

A wide range of AI(I11), In(I11), Co(l11), Cr(111), Fe(111) and Zn(I1) metal complexes
has been developed as catalysts for the copolymerisation of epoxides and CO.1131420
In this context, it is worth highlighting few Zn(I1) complexes reported during the last

decades, whose structure is depicted in Figure 2.
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Figure 2. Zn(11) catalysts for the copolymerisation of epoxides and CO.

Coates and co-workers reported in 1998 a highly active zinc acetate catalyst
featuring a S-diiminate ligand (Figure 2a) for the copolymerisation of CHO and COx,
obtaining PCHC with high selectivity and molecular weights up to 38 kg mol~ under
mild reaction conditions.?! It was shown that the catalytic activity of these complexes
was highly dependent on the steric and electronic properties of the p-diiminate
ligand.?*2* More recently, these complexes have also been used for the
copolymerisation of PO and CO., affording polycarbonate materials with molecular
weights up to 35 kg mol-1.2° Poly(limonene carbonate) was prepared for the first time
using a S-diiminate zinc acetate catalyst, obtaining TOF values up to 33 h-%, molecular

weights up to 9.3 kg mol-! and narrow polydispersities ranging from 1.13-1.34.18

More recently, Rieger and co-workers reported the use of another g-diiminate zinc
complex featuring an amide ligand as initiating group (Figure 2b) for the
copolymerisation of a wide range of epoxides and CO», demonstrating the great
versatility of these complexes for this process.?® This catalyst afforded the synthesis of
PLC with a 100% selectivity under mild reaction conditions (40 °C and 30 bar)
obtaining polycarbonate materials with molecular weights up to 145 kg mol-2. It is
worth highlighting that this complex is the most active catalyst known so far for the

copolymerisation of LO and CO,.%

Williams and co-workers have described a broad range of air-stable dinuclear zinc
complexes in which the two metal centres were supported by a bridging diphenolate

ligand (Figure 2c).?” These complexes exhibited high catalytic activity towards the
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synthesis of PCHC at one bar CO, pressure in the absence of a co-catalyst.?® The
substituents on the para position of the phenol moiety showed to be decisive in the
catalyst activity, being the tert-butyl analogue the most active. In addition, the synergy
between both metal centres and the macrocyclic structure of the phenolate ligand also

proved to play a key role in the catalytic activity of these complexes.?®

1.1. Ring-opening copolymerisation of epoxides and CO:2 catalysed by group 13

metal complexes

As it has been previously discussed, the increasing growth in the polycarbonate’s
market has arisen a great interest for the development of new catalysts for the
copolymerisation of epoxides and CO>. In this context, metal complexes based on
group 13 elements such as aluminium and indium have proven to be highly active as
initiators for the synthesis of polycarbonates due to their Lewis acidity and their
biocompatibility, which confer them an added value, since one of the applications of
these materials lies within the biomedical industry.

Takeda and Inoue reported in 1978 the first aluminium porphyrin complex (Figure
3a) as catalyst for the copolymerisation of PO and CO». Reactions required 19 days to
achieve complete conversion and only 40% carbonate linkages were found within PPC
produced, with molecular weight of 3900 g mol-* and polydispersity value of 1.15.%°
This system led to the discovery of related porphyrin aluminium catalysts (Figure 3b,
¢).3-*2 Wang and co-workers developed bifunctional aluminium porphyrin complexes
possessing tethered quaternary ammonium salts.®32 The aluminium complex shown
in Figure 3b exhibited the highest catalytic activity for poly(propylene carbonate)
synthesis at 80 °C and 30 bar pressure of CO> achieving a TOF value of 560 h~* and
molecular weight of 96 kg mol-. Several aluminium complexes containing shorter
alkane linkers, different counterions and different functionalisation at the
bromophenyl moiety were also investigated, exhibiting TOF values up to 485 h,
obtaining polycarbonates with molecular weights up to 36 kg mol*.3! Recently, Ema
and co-workers developed bifunctional porphyrin aluminium complexes featuring
ammonium halides on the phenyl moieties and different aluminium halides for the
copolymerisation of CHO and CO; (Figure 3c).*° Both complexes showed TOF values
up to 10000 h-?, one of the highest values for the solvent-free copolymerisation of

CHO and CO2 among the monometallic catalysts reported so far. In addition, both
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complexes displayed a selectivity higher than 99% towards the formation of
poly(cyclohexene carbonate), obtaining the corresponding polymeric materials with

molecular weights of 230 kg mol-* and polydispersity values of 1.02.%°

Ph

Ph

C) R

M = AICI, R = O(CH,)¢N"Bu,CI-
M = AIBr, R = O(CH,)¢N"Bu;Br-

Figure 3. Porphyrin aluminium catalysts for the copolymerisation of epoxides and CO..

Other aluminium complexes that have been reported as catalysts for the
copolymerisation of epoxides and CO> are depicted in Figure 4.
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Figure 4. Aluminium catalysts for the copolymerisation of epoxides and CO..

Firstly, a chloride aluminium complex containing an N2O> ligand (Figure 4a) in

combination with tetrabutylammonium halide salts (TBAX, X = Br, Cl, I) or DMAP
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as co-catalysts has been reported for the copolymerisation of CHO and C0O,.2® The
catalyst system allowed the production of PCHC in good yields at 80 °C and 50 bar
CO, after 20 hours. The polycarbonate materials obtained exhibited moderate
molecular weights ranging from 11.1 to 14.5 kg mol-* under these reaction conditions,
with polydispersities between 1.47 and 1.63. TOF values were moderate (average of
23 h™Y) but polycarbonate content ranged from 98 to 100%. Copolymerisation was
observed at lower CO> pressure while maintaining high carbonate linkage formation,

but yields decreased significantly even after 48 h of reaction.

Bisaminophenolate chloride aluminium complexe (Figure 4b) bearing morpholinyl
groups has also been found active for the copolymerisation of CO2 and CHO in the
absence of a co-catalyst.3* Poly(cyclohexene oxide)-poly(cyclohexene carbonate)
(PCHO-PCHC) was obtained in 67% conversion and with 54% carbonate linkages at
60 °C and 40 bar CO> pressure using 0.2 mol% of catalyst loading. The polymeric
materials obtained displayed molecular weight up to 29 kg mol-! with broad
polydispersity values of 3.16. In order to increase the selectivity towards
polycarbonate formation, the aluminium complex was tested in combination with a co-
catalyst, however, no catalytic activity was observed when a co-catalyst was added.
This finding may be attributed to a strong coordination of the co-catalyst to the metal
centre, blocking the active site. It was later reported that this type of catalysts and their
derivatives were effective for the ROP of CHO yielding to polyethers with molecular
weights up to 500 kg mol! and polydispersities values between 1.08 and 1.36,

explaining the inhibition of polycarbonate formation.®

The asymmetric alternating copolymerisation of CHO and CO; has also been
reported in literature using chiral, Co—symmetric aluminium complexes containing
SALEN-type Schiff base and ketoiminate ligands (Figure 4c, d).3® Chiral SALEN
aluminium complex (Figure 4c) in combination with [EtaN][OAc] as co-catalyst at 40-
80 °C and 50 bar of CO, afforded PCHC with moderate catalytic activity (TOF = 6.3
h-1), obtaining PCHC with molecular weights up to 6800 g mol-! and PDI values of
1.22. Several aluminium complexes were reported, including SALCY-type ligands
varying the substitution at 3 and 5 positions of the phenolate groups. All polymers
were obtained in 31 to 73% isolated yield after 24 h, containing more than 94% of

carbonate linkages, but with low molecular weights (1.9-6.8 kg molt) and
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polydispersities in the range of 1.22-1.98. Stereochemical characterisation of the diols
resulting from the hydrolysis of the polymers showed a moderate bias for the R,R
isomer, obtaining the highest enantioselectivity when the aluminium complex depicted
in Figure 4c was used. Achiral and chiral aluminium f-ketoiminate complexes (Figure
4d) were also investigated for the CHO/CO2 copolymerisation. These complexes
displayed slightly higher activities with TOF values ranging from 6.7-15 h™* and the
polycarbonate materials obtained showed high carbonate content (96-99%). Polymer
molecular weights, polydispersity values and enantioselectivity were similar to those
observed for the SALEN complexes. Isolated yields of the polymers were lower than
those obtained for SALEN-type aluminium complexes, ranging from 16 to 36%.

Finally, a series of amino-tris(phenolate) aluminium complexes (Figure 4e) in
combination with suitable nucleophiles as co-catalysts have also been described for
the copolymerisation of LO and CO- to afford alternating PLC.'° In general, the
aluminium complex featuring methyl substituents on the phenyl moieties and a THF
molecule coordinated to the aluminium centre was the most effective catalyst to
produce PLC in combination with [PPN][X] (X = ClI, Br) as co-catalysts, with the CI~
nucleophile giving higher percentage of trans polycarbonate units. Molecular weights
of the copolymers ranged from 2.4 to 10.5 kg mol-!, with narrow to moderate
polidispersities from 1.3 to 1.6. The ability to maintain effective stirring of the reaction
mixture was found to be important due to mass transfer issues, which arose from
increasing viscosity during the polymerisation, and, thus, affected the molecular
weights of the polycarbonate materials. The PLC obtained was epoxidised using 3-
chloroperbenzoic acid (MCPBA) in CH2Cl> to afford poly(limonene carbonate oxide)
(PLCO) with no change in the polycarbonate backbone.®” The epoxide groups of the
PLCO were further coupled with CO to afford poly(limonene dicarbonate), PLDC,
using [PPN][CI] or [PPN][Br] as catalyst. It is worth noting that the PLDC obtained
exhibited glass transition temperatures (Tq) up to 180 °C (Scheme 6).
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cis/trans-LO
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OAO

PLC PLCO PLDC

Scheme 6. Sequential synthesis of PLDC.

Recently, new heterobimetallic complexes Zn/M (M= Al, Ga, In) have also been
developed for the copolymerisation of CHO and CO: in the absence of a co-catalyst,
at 80 °C and one bar CO, pressure for 2-3 days (Figure 5).3 Heterobimetallic
complexes Zn/M showed to be much less efficient than the homometallic counterparts
Zn/Zn. All heteronuclear complexes showed high selectivity (88-95%) with low cyclic
carbonate by-product formation. In terms of polymerisation selectivity,
heterobimetallic complexes showed lower ether linkages when descending the group
13 series and Ga(lll) and In(111) complexes showed reasonable to good selectivity (68-
85%) towards the synthesis of PCHC. However, the cationic heterobimetallic Zn/In
complex (Figure 5c¢) displayed a selectivity higher than 99% towards PCHO, which
was attributed to the increased Lewis acidity of the In(lll) site. Amongst them,
heterobimetallic Zn/In complex (Figure 5a) proved to be the most active and selective
catalyst for PCHC formation with a TOF value of 6 h* and molecular weight of 16.8
kg mol-! followed by its analogue featuring a p-(trifluoromethyl)benzoate group
(Figure 5b) with a TOF value of 3 h~* and molecular weight of 11.2 kg mol-1, and their
Zn/Ga and Zn/Al counterparts (Figure 5a) with TOF values of 1 and 0.3 h

respectively.
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CF,
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a) b) )

Figure 5 Heterobimetallic Zn/M (M = Al, Ga, In) catalysts for CO, and epoxide

copolymerisation.

On the other hand, few examples have been reported on heavier group 13 metal
complexes for the copolymerisation of CO, and epoxides to generate polycarbonates.
In 2020, Williams and co-workers reported the use of indium SALEN and
PHOSPHASALEN complexes as catalysts for the copolymerisation of CHO and CO;
at 60 °C and one bar CO; pressure using 0.1 mol% of catalyst loading (Figure 6).3° In
general, all catalysts displayed moderate to high selectivity towards the formation of
polymer (60-95%), with high carbonate linkages (>99%) except for the chloride and
nitro PHOSPHASALEN catalysts, with 66 and 61% carbonate linkages respectively.
Tert-butoxide PHOSPHASALEN indium complex featuring cumy! substituents on the
phenol moieties turned to be the most active catalyst, with a TOF value of 350 h2.
Thus, PCHC was obtained with molecular weights up to 197 kg mol* and

polydispersity values ranging from 1.2-2.0.

R="Bu,Z=C,X=Cl

)

Z=N N=Z R ='Bu, Z = PPh,, X = Cl
N, ) :
PN R =Bu, Z = PPhy, X = Br
R o) ‘ O] R R='Bu,Z=PPh,, X = OAc
X R =Bu, Z = PPhy, X =NO,
R R R =By, Z = PPh,, X = O'Bu

R = Amyl, Z = PPh,, X = O'Bu
R = Cumyl, Z = PPh,, X = O'Bu

Figure 6. SALEN/PHOSPHASALEN indium catalysts for CHO and CO,

copolymerisation.
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As for the mechanism, an unexpected mononuclear pathway was proposed (Scheme
7).%° The initiation occurs by the coordination of a cyclohexanediol (CHD) molecule
to the indium centre. Since a dynamic gas atmosphere is applied, low levels of water
ingress resulted in the hydrolysis of CHO to obtain CHD. The alkoxide intermediate
In-CHD reacts rapidly with CO; to form a stable indium carbonate intermediate
INO,COCHD. Next, the indium carbonate intermediate coordinates a new epoxide
molecule to form a monomer bound intermediate. Monomer coordination should occur
cis to the carbonate group to enable carbonate attack and ring-opening to reform the
alkoxide intermediate. After epoxide ring-opening, the five-coordinate alkoxide

intermediate is regenerated and the catalytic cycle continues.

Initiation

T\ <‘:> N
&/|

—HOtBu

Propagation Catalytic
Cycle

77N

P=N,,
& /In\
Rate determining

o

*P

Scheme 7. Proposed mononuclear mechanism for CO,/epoxide ROCOP using

indium catalysts. R = growing polymer chain.
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2. Catalytic processes for the synthesis of terpolymers

During the last few years, great advances have been made in the development of
copolymerisation processes to obtain polymers with a specific composition and
microstructure.®®#! In this context, a great variety of new terpolymers have been
developed, whose polymeric chain contains, at least, three different monomers.
Therefore, the synthesis of new terpolymers allows the preparation of polymeric
materials with enhanced mechanical and thermal properties, better behaviour towards
biodegradability and better delivery of drugs compared to the corresponding
homopolymers or copolymers obtained from two monomers. Two different structures

can be obtained during terpolymerisation processes:

1. Random copolymerisation: The monomeric units are arbitrarily distributed
along the polymeric chain (Figure 7a).

2. Block copolymerisation: The monomeric units are separated in different
sections or blocks forming the polymeric chain (Figure 7b).

a) Random terpolymer O OOOO OO OO
b) Block terpolymer O O O OOOOOO

Figure 7. Possible structures generated during terpolymerisation processes.

The development of new block copolymers has recently arisen a great interest since
the block structure has a strong influence on the morphology and the properties of the
resulting polymeric material. Thus, the same terpolymer can be used in different
applications such as the plastic, microelectronic and optic industries and as drug
delivery systems, depending on the block structure.*#* As an example, acrylonitrile-
butadiene-styrene (ABS) block terpolymer is widely used in the automotive industry

due to its extraordinary rigidity and toughness.*?

Traditionally, olefins have been employed for the preparation of terpolymers.*?
However, the low biodegradability of the obtained polymers as well as the increase of
the CO> levels in the atmosphere, have directed the scientific community towards the
synthesis of new polymeric materials using CO2 as one of the monomers, 144145

Generally, the copolymerisation between epoxides and CO; affords polymers with
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poor mechanical properties. In this context, and as it has been previously commented,
the addition of a third monomer might improve the mechanical and/or thermal
properties of the resulting polymers and increase their applications in different fields.
An example is the terpolymer recently synthesized by Rieger et al. using CHO, CO>
and p-butyrolactone as monomers, which exhibited better mechanical properties than
PCHC.%

Up to date, different terpolymers have been synthesised from CO,, epoxides and a
third monomer consisting of a cyclic ester, another epoxide, or a cyclic anhydride
(Scheme 8).1% Thus, the terpolymerisation of CO, with two different epoxides
(Scheme 8a) has been explored in order to modify the properties of the polycarbonate
materials, as well as to introduce a functional group within the main backbone such as
alkenes or halogens, with the objective of post-functionalisation.?®474® The choice of
the catalyst employed for this process plays a key role to guarantee the incorporation
of both monomers, especially if both of them exhibit different reactivity (i.e. CHO and
PO).4"4930 The best results for terpolymerization processes have been obtained when

using SALEN and aminotriphenolate metal catalysts.*%°!

The terpolymerisation of CO., epoxides and cyclic esters (Scheme 8b) involves two
different copolymerisation processes: the copolymerisation of CO2 and epoxides
(ROCOP) and the ring-opening polymerisation (ROP) of cyclic esters. As can be seen
in Figure 8, two different terpolymers can be obtained during this terpolymerisation: a
random microstructure with the monomers incorporated in the polymeric chain or a
polymeric chain with a block polycarbonate-polyester microstructure. The formation
of both structures is highly dependent on the reaction conditions, the catalytic system

employed for the process and the synthetic method used. %5253

Finally, another method for the preparation of polycarbonate-polyester terpolymers
is the use of cyclic anhydrides with epoxides and CO2 (Scheme 8c). In this case, two
copolymerisation processes which include the epoxide as monomer are combined.
Scheme 9 shows the most common cyclic anhydrides used for the synthesis of
terpolymers from CHO and PO. It is worth highlighting that the polymer properties
are highly dependent on the cyclic anhydride used. Thus, the presence of bi- or tricyclic
anhydrides often lead to more rigid and tougher polymeric structures with enhanced

thermal properties.*!
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Scheme 8. Terpolymer synthesis using CO>, epoxide and: a) a cyclic ester, b) another

epoxide, c) a cyclic anhydride.

41

a) Random terpolymer O O OO% OOO O = epoxide

O = cyclic ester
b) Block terpolymer O O O OOOO% = CO,

Figure 8. Possible structures generated by terpolymerisation of epoxides, cyclic esters and
CO..

As it has been previously described, zinc and aluminium complexes are amongst
the most effective and selective catalysts for the copolymerisation of CO, and
epoxides. Besides, these complexes have also been proved to be highly active for the
synthesis of terpolymers from a wide variety of monomers. Figure 9 shows some of

the best catalyst reported for these processes.

A p-diiminate zinc catalyst (Figure 9a) has been recently reported for the one-pot
terpolymerisation of g-butyrolactone (BBL), different epoxides (CHO or LO) and
CO0,.%¢ Two different polymerisation pathways during the terpolymerisation process
were observed depending on the CO> pressure. At 40 bar CO- pressure, it was observed
that the polymerisation began with the exclusive formation of PCHC and only when
the CO2 pressure was released, the ROP of BBL to afford poly(hydroxybutyrate)
(PHB) started. On the other hand, when the CO. pressure was decreased to 3 bar, the

two polymerisation processes proceeded at similar rates, thereby enabling a statistical
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incorporation of both monomers. Statistical terpolymers were Tq-tunable whereas the

block structures showed enhanced mechanical properties.

A 0<0._0 0 ; 2 g 2
catalyst (0] (0] (0] (0]
a) + + C02 |
(0] L0 R

[éo
-
\_<O
ﬁo
Cr

Me Me
0 05-Oc0 ! ! g ol o o
catalyst
b AN 4 + CO, > |
Me 0

Scheme 9. Most common anhydrides used for terpolymerisation processes using a)

cyclohexene oxide (CHO); b) propylene oxide (PO).

Et
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M = Zn, X = OAc
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M = Zn, X = Ph
M = Mg, X ="NM2penzoate
M = Mg, X = C4Fs

Figure 9. Aluminium and zinc catalysts used in the synthesis of terpolymers.

Similarly, different homobimetallic Zn-Zn and heterobimetallic Zn-Mg complexes
(Figure 9b) have also been reported for the synthesis of terpolymers from different

monomers (lactones, epoxides, anhydrides and CO2).53°8 As an example, bimetallic
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Zn catalyst featuring phenyl ligands was reported for the terpolymerisation of
CHO/VCHO, PA/NA, e&-decalactone (DL) and CO. to generate pentablock
copolymers.® Initial experiments were carried out in the presence of the four
monomers. However, the reaction only yielded a PC-PE-PC triblock polymer formed
by ROCOP processes. To perform the ROP of DL, CO2 was completely removed from
the reaction mixture, however, poly(e-decalactone) (PDL) was not observed even after
long reaction times. Rather, the trans-cyclic carbonate by-product slowly evolved,
evidencing that backbiting reactions from the metal alkoxide intermediate occured
faster than the initiation of the ROP of DL. Thus, this problem was overcome by a
simple change in monomer addition. First, the catalyst was reacted with PA/CHO/DL
under N, forming the desired PDL-PE-PDL copolyester. Thereafter, the N
atmosphere was replaced with one bar of CO», resulting in the selective formation of
PC-PDL-PE-PDL-PC pentablock copolymer, with molecular weights up to 22.7 kg
mol-! and polydispersity values ranging from 1.05-1.16. The mechanism proposed for

the terpolymerisation is shown in Scheme 10.

As for aluminium complexes, an aminotriphenolate aluminium complex (Figure 9c)
has been recently developed in combination with PPNCI for the terpolymerisation of
CHO, LO and CO. to generate the di-block PCHC-PLC polymer>* The
copolycarbonates obtained showed molecular weights up to 11.9 kg mol and
polydispersity values ranging from 1.24-1.49. In addition, the terpolymers obtained
were further post-functionalised and cross-linked wusing 2,2’-azobis(2-methyl-
propionitrile) (AIBN) obtaining polymeric materials with Tq ranging from 74-150 °C.
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Relative rates
Zn Zn
NS ky>ky> ks> ky
\ 7
(0]
(0]
[0)
0=~ -0
’_\V zinc-carboxylate (‘ anhydride
epoxide
ky slowest ROCOP k; fastest
anhydride/epoxide
"Bu.__O 0
U\y o,

lactone k; fast

k3 slow

ROP ROCOP
lactone epoxide/CO,

Zn /Zn Zn  Zn
S S
O A2
o 0]
"Bu 0
L ~®)
@O O epoxide

ky slowest zinc-carbonate

zinc-alkoxide

Scheme 10. Proposed mechanism for the polymerisation of anhydride, epoxide, lactone
and COy, highlighting the central role of the zinc alkoxide intermediate (P = growing
polymer chain).
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1. Alternating copolymerisation of epoxides and CO:2 catalysed by group 13 metal

complexes

As it has been previously described in Chapter 1, one of the main objectives of the
synthesis of group 13 metal complexes has been the study of their catalytic activity for
the synthesis of polycarbonate materials by copolymerisation reaction between
epoxides and COz. In this section, the results obtained for the synthesis of PCHC by
copolymerisation reaction between CHO and CO: employing group 13 metal

complexes described in Chapter 1 as catalysts, are presented.

A first screening using all the chloride group 13 metal complexes synthesized
(Figure 10) was carried out in order to evaluate their catalytic activity for the synthesis
of PCHC by copolymerisation reaction between CHO and CO; (Table 1). The initial
experiments were performed using 0.5 mol% of metal complex at 60 °C and 40 bar of
CO2 without the use of a co-catalyst under solvent-free conditions (Scheme 11). As it
has been previously mentioned, the reaction is not always selective towards
polycarbonate formation and trans-cyclic carbonate by-product and polyether chains

can also be obtained.
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Figure 10. Chloride group 13 metal complexes tested as catalyst for the
copolymerisation of CHO and CO..
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Scheme 11. Synthesis of poly(cyclohexene carbonate) catalysed by chloride group 13

metal complexes 2-14.

As it can be seen from Table 1, complexes 2-14 displayed from low to good
catalytic activity and selectivity towards the synthesis of polymeric materials in the
absence of a co-catalyst, indicating the absence of back-biting reactions to generate
the trans-cyclic carbonate by-product. Higher Lewis-acidic aluminium and gallium
complexes containing non-planar alkoxide scorpionate ligands (Table 1, entries 1, 4,
5, 8) displayed lower selectivity towards the synthesis of poly(cyclohexene carbonate)
than their analogous complexes featuring planar alkoxide ligands (Table 1, entries 2-
3; 6-7), which exhibited higher selectivity values ranging from 92 to 99% towards the
synthesis of PCHC. In contrast, lower Lewis acidic indium complexes (Table 1, entries
9-13) showed to be the best catalysts for this process, achieving good conversion and
excellent selectivity values, except for complex 11 (Table 1, entry 11), which did not
display catalytic activity, which was attributed to the low solubility of the catalyst in
CHO. Bimetallic indium complexes 10-14 afforded the best conversion values, due to
the synergetic effect between both metal centres, in agreement with previously
reported results. Thus, indium complex 10 (Table 1, entry 9) was selected as the
optimal catalyst for the copolymerisation of CHO and CO, reaching 72% conversion
and 99% selectivity towards the synthesis of PCHC in 16 hours at 60 °C and 40 bar

COz pressure.
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Table 1. CO,/CHO ROCOP catalysed by chloride group 13 metal complexes 2-14.2

Entry Catalyst Conv. (%)P v .carbonate v pollyr.ner
linkages® selectivity®
1 [AI{ x*-bpzbe},]*[AICIs] (2) 415 71 >99
2 [Al{x2-bpzte},] TAICL] (3) 17 >99 >99
3 [Al{ x2-bpzappe}.][AICIL] (4) 17 >99 >99
4 [AI{ x*-bpzFerr}2] [AICL] (5) 50 75 >99
S [Ga{x3-bpzbe}2]*[GaCla] (6) 45 50 >99
6 [Ga{x3-bpzte}2]*[GaCld] (7) 42 92 >99
7 [Ga{x*-bpzappe}]*[GaCld] (8) 55 93 >99
8 [Ga{x3-bpzFerr}]*[GaCla] (9) 21 37 >99
9 [{InCl(x*-bpzbe)}.(u-0);] (10) 77 >99 >99
10 [{InCla(x3-bpzte)}»(u-0)2] (11)
11 [{InCly(x*-bpzappe)}2(u-0)2] (12) 72 >99 >99
12 [{InCly(x3-bpzFerr)}2(u-0):] (13) 26 >99 >99
13 [{InCly(x*-bpzbe)}»(u-H20)] (14) 70 >99 >99

aCopolymerisation conditions: 25 umol of complex; [CHO]/[complex]= 200:1, 16 hours, 60 °C, 40 bar
CO.. "Determined by *H-NMR spectroscopy of the crude reaction mixture.

Once chloride indium complex 10 was found to be the most active and selective
catalyst for the copolymerisation process, the catalytic activity of alkyl and amido
indium complexes containing the same alkoxide ligand (Figure 11) was also
investigated and the results are shown in Table 2. As can be seen in Table 2, chloride
indium complex 10 proved to be the most active catalyst for the process.
Trimethylsilylamide complex 28 (Table 2, entry 5) and alky| heterobimetallic lithium-
indium complex 18 afforded moderate conversions (54 and 48% respectively) and
selectivity values higher than 99% towards the synthesis of PCHC, followed by the
mononuclear chloride alkyl complex 23, which afforded the lowest conversion of 20%
(Table 2, entry 4).
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Figure 11. Alkyl (18 and 22) and amido (28) indium complexes tested as catalyst for the
CHO and CO; copolymerisation.

Table 2. CO,/CHO ROCOP catalysed by indium metal complexes.?

Conv. % carbonate % polymer
Entry Catalyst ) o
(%0)° linkages® selectivity
1 [{InCl,(x3-bpzbe)}»(u-0).] (10) 77 >99 >99
2 [{InCly(x-bpzbe)}2(u-H20)] (14) 70 >99 >99
3 [Li(Et,0){ x>-bpzbe}(1-0O)InMe,Cl] (18) 48 >99 >99
4 [InMe,CI{ x3-bpzbeH}] (23) 20 >99 >99
5 [InCI(N(SiMes),){ x*-bpzbe}(u-0)]2 (28) 54 >99 >99

aCopolymerisation conditions: 25 umol of complex; [CHO]/[complex]= 200:1, 16 hours, 60 °C, 40 bar
CO>. PDetermined by *H-NMR spectroscopy of the crude reaction mixture.

Once complex 10 was selected as the optimal catalyst for the copolymerisation
process, the effect of the reaction temperature was studied, keeping constant the CO>
pressure at 40 bar and the reaction time at 16 h. As it can be seen from Figure 12, the
temperature showed to have a great influence in the catalytic performance of complex
10. However, the selectivity of the process remained almost constant for all the range
of temperatures tested, decreasing to 95% when increasing the reaction temperature to
100 °C, at which the formation of trans-cyclohexene carbonate by-product is favoured.
The catalytic activity of complex 10 remained almost constant in the range of
temperatures 60-100 °C. However, it decreased notably to 25 % when decreasing the

temperature to 50 °C.
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Figure 12. Effect of the reaction temperature on the catalytic activity of complex 10.

The effect of the CO. pressure on the copolymerisation process was then
investigated at the optimal reaction temperature of 60 °C for 16 h (Figure 13, Table 3).
It is worth highlighting that complex 10 showed to be active for the copolymerisation
process even at one bar CO> pressure, achieving 47% conversion and a selectivity
towards the formation of the polycarbonate material higher than 99%. The selectivity
of the process remained constant for all the range of pressures tested and the catalytic
performance of complex 10 increased as the pressure increased, reaching 77%
conversion at 40 bar.
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Figure 13. Effect of the CO, pressure on the catalytic activity of complex 10.
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Table 3. Effect of the reaction pressure on the synthesis of PCHC catalysed by complex 10.?

Entry Pressure (bar) Conv (%) % PCHC Mn.exp.® PDI®
1 1 47 >99 2865 1.16
2 10 53 >99 2840 1.13
3 20 61 >99 2800 1.10
4 30 73 >99 2770 1.20
5 40 77 >99 2621 1.15

aCopolymerisation conditions: 25 umol of complex; [CHO]/[complex]= 200:1, 16 hours, 60 °C.
bDetermined by *H-NMR spectroscopy of the crude reaction mixture. “Determined by GPC.

As it can be seen from Table 3, the molecular weight of the polycarbonate material
slightly increased when decreasing the reaction pressure while the polydispersity
values remained almost constant ranging from 1.13 to 1.20. As an example, Figure 14
shows the GPC traces for PCHC synthesised at 1 bar and 40 bar CO; pressure after
16h time.
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Figure 14. GPC traces for poly(cyclohexene carbonate) at one (blue) and 40 bar (red)

CO; pressure.
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In order to maximise the sustainability of the process and perform the
copolymerisation process under the mildest reaction conditions, the reaction
temperature and pressure were set at 60 °C and one bar CO> pressure, respectively.
Then, the effect of the reaction time on the copolymerisation process was also studied
(Figure 15), obtaining TOF values ranging from 4 to 11 h~* for reaction times between
2 and 24 hours (Table 4). It is worth highlighting that conversion increased linearly
until reaching 42% after 8 hours. Then, the conversion increased much slower reaching
52% after 24 hours, which can be attributed to mass transfer issues, due to the increase
of the viscosity of the reaction mixture. The molecular weights of the polycarbonate
materials synthesised increased as the conversion of the copolymerisation process
increased, obtaining in all cases narrow polydispersity values ranging from 1.15-1.20
(Figure 16). Generally, the molecular weights obtained for the polycarbonate materials
proved to be approximately 5 times lower than the theoretical values calculated from
the conversion obtained (Table 4), which was indicative of the presence of water or
cyclohexenediol acting as chain-transfer agents, and, thus, reducing the molecular
weight of the polycarbonates obtained. This was further confirmed by MALDI-ToF
analysis.

99 99 99 99 99 99 99 99
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80
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1 2 3 4 6 8 16 24
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Figure 15. Effect of the reaction time on the catalytic activity of complex 10.
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Table 4. Effect of the reaction time on the synthesis of poly(cyclohexene carbonate) catalysed

by complex 10.%

Conv PCHC TOF Mn,theod. Mn,exp.('3

ety ) eep e (e (gmol)  (gimo  OF
1 1 2.5 >99 4.6 653 - -
2 2 9 >909 8.8 2556 - -
3 3 15 >99 10 4260 850 1.21
4 4 20 >99 10.1 5680 1150 1.20
5 6 32 >99 10.7 9088 1800 1.20
6 8 42 >99 10.5 11928 2400 1.18
7 16 47 >99 6 13348 2865 1.16
8 24 52 >99 4.3 14768 3100 1.15

aCopolymerisation conditions: 25 umol of complex; [CHO]/[complex]= 200:1, 16 hours, 60 °C.
®Determined by *H-NMR from the reaction mixture; TOF = (mol product) / (mol catalyst x time);
9Mn,theo. = (Monomer’/initiator) x (% conversion) x (My, CHC). Determined by GPC using polystyrene
standards in THF.
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Figure 16. Plot of molecular weight (M,) of the polycarbonate vs conversion and

polydispersity (Mw/M») vs conversion for reactions catalysed by complex 10.

The polycarbonate materials synthesised were characterised by IR, *H-NMR and

B3C-{*H}-NMR spectroscopy, as well as MALDI-ToF mass spectrometry. The
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determination of molecular weights was performed by gel permeation chromatography
(GPC), while the thermal properties were evaluated by thermogravimetric analysis

(TGA) and differential scanning calorimetry (DSC).

The polycarbonate microstructure was determined by *H-NMR and 2*C-{*H}-NMR
(Figures 17 and 18 respectively).™® *H-NMR spectrum exhibited five signals with high
intensity corresponding to the methylene and methine (CH2, CH) groups of the
cyclohexyl ring, and low intensity signals corresponding to chain-end groups (Figure
17). Similarly, *C-{*H}-NMR study (Figure 18) allowed to determine the tacticity of
the synthesised polycarbonate materials.! Thus, an atactic structure was proposed since
both signals corresponding to the isotactic dyad at 153.8 ppm and syndiotactic dyad at
153.3 and 153.2 ppm, were observed.

The MALDI-ToF spectrum for PCHC showed two end-group series of peaks with
a m/z interval of 142 mass units, indicating a controlled alternating microstructure
(Figure 19). The major series (blue diamond) is in good agreement with a polymeric
chain with two hydroxyl end-groups in the polycarbonate material. A second major
series (green diamond) also containing two hydroxyl end groups corresponding to
trans-cyclohexanediol was also observed, indicating the existence of chain transfer
agents during the copolymerisation, as expected due to the low molecular weights

obtained for the polycarbonate materials synthesised.

¢ CHaq CHane
(.
CHap CHayg, ¢ | |‘
A I I |
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‘ l‘ |‘ l‘ [l e" ‘l
| IV
i II | /I} kﬂ‘l \

8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5
ppm

Figure 17. *H-NMR spectrum for poly(cyclohexene carbonate) in CDCls.
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Figure 18. *C-{*H}-NMR spectrum for poly(cyclohexene carbonate) in CDCls.
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Figure 19. MALDI-ToF spectrum for poly(cyclohexene carbonate) obtained employing

complex 10.

Finally, the thermogravimetric analysis of PCHC showed that it is stable in the
range of temperatures between 0-200 °C (Figure 20), while the differential scanning

226



Chapter 3 Results and Discussion

calorimetry (DSC) exhibited only one value of T4 at 65 °C (Figure 21). This T4 value
is slightly lower than others found in the literature for atactic PCHC, probably due to
the low molecular weight of the PCHC obtained.*
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Figure 20. TGA thermogram for poly(cyclohexene carbonate).
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Figure 21. DSC thermogram for poly(cyclohexene carbonate).
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2. Synthesis of terpolymers catalysed by complex 10

Once the catalytic activity of some of the group 13 metal complexes synthesised in
this dissertation were tested for the copolymerisation process of CHO/CO: and
complex 10 was determined to be the most active and selective for this process, the
scope of application of this compound was further extended and was studied as catalyst
for the synthesis of terpolymers. As it has been previosuly discussed, block
terpolymers have received great attention during the last years since their composition
has a strong influence on the morphology and properties of the resulting polymer, and,
therefore, on their potential applications. In this section, the results obtained for the

synthesis of terpolymers using complex 10 are presented.

0O -0 0
O 10 (0.5 mol%) 1)
co-cat (0.5 mol%) 0 O
7 + + CO, >
60 °C, 40 bar, 16 h
m n

CHO PA

PE-PCHO

Scheme 12. Synthesis of terpolymers derived from CHO, PA and CO; catalysed by 10.

Firstly, the catalytic activity of complex 10 towards the synthesis of terpolymers
derived from CHO, COz and phthalic anhydride (PA) was investigated. Reactions were
carried out in the absence of a solvent, at 60 °C and 40 bar CO pressure for 16 hours,
and using 10:co-catalyst:PA:CHO of 0.5:0.5:100:700 molar ratio (Scheme 12).

Initially, the catalytic activity of complex 10 for terpolymerisation processes was
studied in the absence of a co-catalyst (Table 5, entry 1), obtaining 65 % selectivity
towards the synthesis of PCHO and 35% selectivity towards the formation of
poly(cyclohexene phthalate). No formation of the desired PCHC was observed. Thus,
the addition of different co-catalysts was investigated next in order to increase the
selectivity of the process towards the synthesis of polycarbonate (Table 5, entries 2-4).
The selectivity towards the synthesis of polyester increased up to 100% when DMAP
or KO'Bu were used as co-catalysts, and to 65% when using PPNCI. However, PCHC
formation was not detected. Finally, in order to determine whether the presence of CO>
could influence and drive the homopolymerisation of CHO towards the formation of

PCHO, two different experiments in the absence of CO> were carried out in neat
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conditions (Table 5, entry 5) and using toluene as solvent (Table 5, entry 6). Both
experiments showed similar selectivity towards the formation of polyester (PE) (33
and 36 % respectively), which followed the same trend as the experiment carried out
in the presence of CO> (Table 5, entry 1), indicating that CO. did not affect the

selectivity of the process towards the formation of PCHO.

In order to gain a further insight into the reaction mechanism and determine the
catalytic active species for the terpolymerisation process, a stoichiometric reaction
between complex 10, CHO and PA was performed (Figure 22). The addition of one
equivalent of CHO and PA resulted in the appearance of two signals at 7.45 and 7.36
ppm, indicating that the first step of the copolymerisation process is the coordination
of the cyclic anhydride by the catalyst and possible ring-opening to generate a
carboxylate species. On the other hand, the signal corresponding to the CHO remained
unchanged. After warming up at the reaction mixture to 60 °C during 16 h, new signals
corresponding to the polyester (5.00 ppm) and polyether (3.55 ppm) moieties were
observed.

Table 5. Synthesis of terpolymers from CHO, CO, and PA catalysed by complex 10.2

Conv. (%) Conv. (%)

Exp. co-cat. chos oAb PE (%)° PCHO (%) PCHC (%)P
1 - 93 65 35 65
2 DMAP 225 100 100
3 PPNCI 52 73 74 26
4 KO'Bu 19 100 100
5¢ ) 48 100 33 67
6o d - 70 100 36 64
7° DMAP 23 100 100

aCopolymerisation conditions: 25 umol of complex 10; [CHO]/[PA]/[10]/[co-cat.] = 700:100:0.5:0.5,
16 hours. *Determined by *H-NMR from the reaction mixture; °No CO, added; 92 mL toluene added
and 1 eq. of CHO used.
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Figure 22. a) *H-NMR spectrum of complex 10 in CDCl3; b) *H-NMR spectrum of complex
10 + CHO + PA at 25 °C; c) *H-NMR spectrum of complex 10 + CHO + PA at 60 °C after
16 h.

Since complex 10 was not able to perform the terpolymerisation of CHO, CO, and
PA, the terpolymerisation of CHO, CO. and L-lactide was also explored. First
experiments were carried out in the absence of a solvent, at 60 °C and 40 bar CO>
pressure for 16 hours, using 10:L-lactide:CHO of 0.5-1:100:700 molar ratio (Scheme

13) and the results are given in Table 6.

0 D Q
S)a 0 sLoll 0 o)
0 10 (0.5 - 1 mol%)
7 + o + COZ -
S 60 °C, 40 bar, 16 h O
O n m

CHO L-LA PLA-PCHC

Scheme 13. Synthesis of terpolymers derived from CHO, L-LA and CO, catalysed by

complex 10.

As it can be seen in Table 6, an increase of the catalyst loading resulted in a higher

COz incorporation into the polymeric material, producing a higher PCHC content in
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the terpolymer synthesised. On the other hand, the ROP of L-lactide to afford poly(L-
lactide) (PLA) was achieved quantitatively in both scenarios. In addition, no

homopolymerisation of CHO to produce PCHO was observed in any case.

Table 6. Effect of the [10] on the synthesis of terpolymers derived from CHO, COz and L-LA.#

Conv. (%)  Conv. (%) PLA

Exp.  cat (%). PCHO (%) PCHC (%)°
CHOP L-LA® (%)P
1 05 2.7 100 91 - 9
2 1 17 100 60 - 40

3Copolymerisation conditions: [CHO]/[L-LA] = 700:100, 16 hours, 60 °C, 40 bar CO,. ®Determined by
IH-NMR from the reaction mixture.

The effect of the reaction pressure on the terpolymerisation process was then
investigated using both 0.5 and 1.0 mol% of catalyst loading, and the results are given
in Tables 7 and 8. As it can be seen, the same trend was observed in both cases, with
the highest PCHC content obtained at 10 bar CO> pressure. The increase of the reaction
pressure resulted in a lower PCHC content in the resulting terpolymer. As discussed
before, an increase of the [10] used resulted in PCHC content in the polymeric

material, when the same reaction pressure was used (Figure 23).

Table 7. Influence of the reaction pressure on the PCHC content in the resulting polymer

using 0.5 mol% of complex 10.%

Ent Pressure Conv (%) Conv (%) PLA PCHO PCHC
ntry
(bar) CHO® L-LAP (%0)° (%0)° (%0)°

1 1 0 100 100 - -

2 5 55 100 80 - 20

3 10 9 100 78 - 22

4 20 7.5 100 83 - 17

5 30 5.8 100 86 - 14

6 40 2.7 100 90 - 10

2Copolymerisation conditions: [CHO]/[L-LA]/[10] = 700:100:0.5, 16 hours, 60 °C. ®Determined by *H-
NMR from the reaction mixture.
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Table 8. Influence of the reaction pressure on the PCHC content in the resulting polymer

using 1 mol% of complex 10.%

Pressure Conv (%)  Conv (%) PCHO PCHC
Entry PLA (%)°
(bar) CHOQOP L-LAP (%)P (%)P

1 1 0 100 100 - -

2 5 16 100 60 - 40
3 10 27 100 42 - 58
4 20 23 100 48 - 52
5 30 20 100 54 - 46
6 40 17 100 60 - 40

3Copolymerisation conditions: [CHO]/[L-LA]/[10] = 700:100:1, 16 hours, 60 °C. ®Determined by H-
NMR from the reaction mixture.
70
60 P
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(=]
S40{ e .
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20
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0 10 20 30 40 50

pressure CO, (bar)

® 1 mol% catalyst

PCHC

0.5 mol% catalyst

Figure 23. Influence of the reaction pressure on the PCHC content in the terpolymer at

0.5 and 1.0 mol% content of complex 10.

Once the [10] and CO2 pressure were optimised, the optimal ratio CHO:L-LA for
the terpolymerisation process was investigated and the results are presented in Table
9. When the CHO:L-LA ratio used was 1:1, only 75 % conversion of L-LA toward the
formation of PLA was achieved (Table 9, entry 1) with no formation of polycarbonate.
This result led us to think of a mechanism in which the first step of the

terpolymerisation would be the ROP of L-LA, and, only when all the L-LA monomer
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is consumed, the ROCOP between CHO and COg, takes place. As expected, the
increase in the CHO:L-LA ratio resulted in the complete consumption of L-LA towards
the formation of PLA and the increase of the PCHC content in the resulting terpolymer
(Figure 24). As can be seen in Figure 24, there is a linear correlation between the
CHO:L-LA ratio and the PCHC content in the terpolymer, with the highest PCHC
content of 60% when the CHO:L-LA ratio was 7:1.

Table 9. Influence of the CHO:L-LA ratio on the PCHC content in the resulting terpolymer.?

. Conv (%) Conv (%) PLA PCHO PCHC
Entry Ratio CHO: L-LA

CHO® L-LAb (%)P (%)P (%)P
1 1:1 0 75 100 - -
2 2:1 18 100 81 - 19
3 3:1 20 100 71 - 29
4 41 21 100 64 - 36
5 5:1 24 100 55 - 45
6 7:1 27 100 40 - 60

aCopolymerisation conditions: 1 mol% complex 10, 16 hours, 60 °C. "Determined by *H-NMR from the
reaction mixture.
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Figure 24. Plot of % PCHC content in terpolymer vs ratio CHO:L-LA.
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Molecular weights and polydispersity values for the different terpolymers
synthesised using different CHO: L-LA ratios are presented in Table 10. Figure 25
shows the GPC traces for different CHO:L-LA ratios employed. As it can be seen from
Figure 25, the molecular weights of the resulting terpolymers slightly increased as the
ratio CHO:L-LA increased due to the higher PCHC content in the resulting terpolymer.

Table 10. Influence of the CHO:L-LA ratio on the molecular weight in the resulting

terpolymer.?

Entry Ratio CHO:L-LA M, exp.? PDIP
1 1:1 5100 1.68
2 2:1 5295 1.80
3 3:1 5307 1.70
4 4:1 5344 1.67
5 5:1 5468 1.75
6 7:1 5523 1.60

3Copolymerisation conditions: 1 mol% complex 10, 16 hours, 60°C. "Determined by GPC using
polystyrene standards in THF.
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2000 A
0 1 T T T 1
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Figure 25. GPC traces for terpolymers synthesised using different CHO:L-LA ratios.
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The terpolymer materials synthesised were characterised by *H-NMR and *3C-
{*H}-NMR spectroscopy, as well as DOSY NMR studies. The determination of
molecular weights was performed by gel permeation chromatography (GPC), while
the thermal properties were evaluated by thermogravimetric analysis (TGA) and

differential scanning calorimetry (DSC).

The microstructure of the terpolymeric materials was determined by NMR
spectroscopy. *H-NMR spectrum (Figure 26) exhibited two different sets of signals
with high intensity corresponding to the PLA and the PCHC moieties and low intensity
signals corresponding to chain end and junction groups. PLA exhibited a quartet at
5.17 ppm corresponding to the methine proton CH?* and a doublet at 1.57 ppm
corresponding to the methyl group. Following the same tendency, PCHC moiety
exhibited five signals with high intensity corresponding to the methylene and methine
(CHz, CH) groups of the cyclohexyl ring. *C-{*H}-NMR spectrum (Figure 27)
suggested the formation of a block copolymer since different signals in the C=0 region
are observed, corresponding to both polycarbonate (169.6 ppm) and polyester (154.3,

153.8 ppm) blocks, in agreement with previously reported results.*®

Q b
a_O O.c ¢ O
d e
8
n f g m
PLA-PCHC
a
c
d,e M
|
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

ppm

Figure 26. *H-NMR spectrum for poly(L-lactide)-poly(cyclohexene carbonate)
(PLA-PCHC) terpolymer in CDCls.

235



Chapter 3 Results and Discussion

C=0 (PCHC)

U C=0 (PLA)
rJ‘ Lj‘ fl‘u
[ A ot A 0 o o

R R L L R oo R R T R T T
172 170 168 166 164 162 160 158 156 154 152 150
ppm

Figure 27. C-{*H}-NMR spectrum for poly(L-lactide)-poly(cyclohexene carbonate)
(PLA-PCHC) terpolymer in CDCls.

The formation of a block copolymer was also confirmed by 2D-DOSY NMR
spectroscopy. As it can be seen from Figure 28, a single diffusion coefficient was
observed for all signals, indicating the existence of only one block polyester-
polycarbonate (PLA-PCHC) copolymer.
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Figure 28. 2D-DOSY-NMR spectrum for poly(L-lactide)-poly(cyclohexene carbonate)
(PLA-PCHC) terpolymer in CDCls.
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Finally, the different terpolymers synthesised using different CHO:L-LA ratios
were analysed by thermogravimetric analysis and differential scanning calorimetry.
TGA analysis revealed that all terpolymers were stable in the range between 0-200 °C.
Terpolymer with the highest ratio CHO:L-LA (Table 11, entry 6) showed to be stable
up to 244 °C, due to the higher PCHC content. DSC studies revealed that the Tq
obtained for each of the terpolymers increased as the ratio CHO:L-LA increased, and
thus, with the polycarbonate content in the terpolymer, obtaining values ranging from
47 °C and 74 °C. As it can be seen from Table 11, the highest increase in the Tq is
observed when increasing the ratio of CHO:L-LA from 5:1 to 7:1 (Table 11, entries 6
and 7), for which the polycarbonate content in the terpolymer increased from 45% to
60% exhibiting T4 values of 59 °C and 74 °C, respectively. On the other hand, the Tq
remained almost constant when 3:1, 4:1 and 5:1 ratios were used (Table 11, entries 3-
5), with Tg values of 58 °C, 59 °C and 59 °C and 29%, 36% and 45% polycarbonate
content respectively in the resulting terpolymer. As an illustrative example, Figure 29
shows the comparison of the DSC thermograms for terpolymers with CHO:L-LA ratios
of 1:1, 4:1 and 7:1, and Figure 30 shows the TGA thermogram for terpolymer CHO:L-
LA 7:1.

Table 11. DSC and TGA data for selected terpolymers.®

Entry Ratio CHO:L-LA T4 (°C)° Tas% (°C)°
1 1:1 47 197
2 2:1 55 201
3 3:1 58 205
4 4:1 59 205
5 5:1 59 222
6 7:1 74 244

2Copolymerisation conditions: 1 mol% complex 10, 16 hours, 60°C. ®Determined by Different Scanning
Calorimetry (DSC). °Determined by Thermal Gravimetric Analysis (TGA). Reported as temperature at
5% mass loss.
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Figure 29. DSC thermograms for terpolymers with CHO:L-LA ratios of 1:1, 4:1 and 1:7.
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Figure 30. TGA thermogram for terpolymer with CHO:L-LA ratio 1:7.
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EXPERIMENTAL SECTION

1. Synthesis of poly(cyclohexene carbonate) (PCHC)

As a mode of example, the synthesis of PCHC using chloride indium complex 10
is described. In a vial, freshly distilled cyclohexene oxide (0.50 g, 5.09 mmol) and
complex 10 (24.0 mg, 25.0 umol) were added. The reaction mixture was then placed
in a stainless-steel reactor, pressurised at the desired CO> pressure, warmed up at the
desired temperature and left stirring for 16 hours. After that time, an aliquot was taken
for 'H-NMR analysis and the conversion was calculated by integration of the
remaining cyclohexene oxide, poly(cyclohexene oxide) and trans-cyclohexene
carbonate. Once the conversion was determined, the polymeric materials obtained

were purified using a MeOH/Hexane mixture, filtered, and dried over vacuum.
2. Synthesis of terpolymers

In a vial, freshly distilled cyclohexene oxide (0.75 g, 7.64 mmol), freshly sublimed
L-LA (0.157 g, 1.09 mmol) and complex 10 (10.4 mg, 10.9 pumol) were added. The
reaction mixture was then placed in a stainless-steel reactor, pressurised at the desired
CO; pressure, warmed up at 60 °C and left stirring for 16 hours. After that time, an
aliquot was taken for 'H-NMR analysis and the conversion was calculated by
integration of the remaining cyclohexene oxide, L-LA and the signals corresponding
to the terpolymeric material. Once the conversion was determined, the polymeric
materials obtained were purified using a MeOH/Hexane mixture, filtered, and dried

over vacuum.
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Chapter 4 Introduction

Polyurethanes (PUs) are a type of polymer which include a urethane group
(~O—CO-NH-) within their structure. In the last few years, the plastic industry has
seen a growing interest in the development of novel polyurethane materials. According
to PlasticsEurope, 51.2 million tons of plastics were produced in Europe in 2018, from
which, 4 million tons were polyurethanes.! Currently, PUs are one of the most common
and researched materials in the world. These materials combine the durability and
toughness of metals with the elasticity of rubbers, making them suitable to replace
metals, plastics, and rubbers in several engineered products.? Thanks to their physical
properties such as hardness, elongation, strength, abrasion resistance, light weight etc.,
they have been widely used in biomedical, building and construction applications,
automotive, textiles and several other industries.>” They also find applications as

coatings due to their specific properties.®°

Due to the wide variety of starting materials from which PUs can be synthesised
and given the broad range of different applications for which they can be used, they
can be divided in different classes depending on their properties: rigid, flexible,
thermoplastic, waterborne, binders, coatings, adhesives, sealants, and elastomers
(Figure 1).1°

Rigid PU
Thermal and sound
insulators.
Flexible PU Thermoplastic PU
Cushion materials, carpet Keyboard protector for laptop,
underlays, furniture, bedding, outer cases of mobile electronic
automotive interior parts, devices, automotive instrument
packaging, biomedicine and panels, power tools, sporting
nanocomposites. goods, medical devices, drive
belts, films, etc.
Water-borne PU PUI (Polyurethane jonomers)
Coatings, adhesives, Artificial hearts, connector tubbing
sealants, binders. for heart pacemakers and haemodialysis

tubes.

Figure 1. Important types of polyurethanes and common examples of their uses and

applications.

Polyurethane materials can be obtained in multiple ways. Professor Otto Bayer et
al. reported the first route for their synthesis in the late 1940’s consisting in the

polyaddition of a diol (or polyol) onto a diisocyanate (or poly isocyanate).!! However,
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isocyanates are known to be highly toxic,'? since they are directly produced from the
corresponding amine and phosgene, a gas which is highly toxic too. Therefore,
alternative pathways for PU synthesis involving greener intermediates and processes
have become more and more attractive for industrial and academic research. Figure 2
presents an overview of the main synthetic routes to polyurethanes according to their
dependence on phosgene and isocyanates.'® They can broadly be divided into six
different categories: polycondensation, Ring-Opening Polymerisation (ROP),
rearrangement reactions, polyaddition of diamines into cyclic carbonates,
transurethanisation and  reductive  carbonylation of nitro compounds.
Polycondensation routes,***> have found difficulties for industrialisation since the
synthesis of the PU precursors involved the use of phosgene or derivatives. Besides,
the need of a catalyst to perform the reaction and the high temperatures required (c.a.
150-220 °C) together with the release of side products, such as alcohols and HCI, are
other obstacles that have restricted the extension of polycondensation processes to
industrial scale. Another method to synthesise non-isocyanate polyurethanes (NIPU)
is the Ring-Opening Polymerisation of cyclic carbamates.®” Although no side by-
products are formed using this pathway, the cyclic carbamates precursors are often
synthesised from phosgene and the reactions are performed at high temperature.
Recently, new strategies for the synthesis of five and six-membered cyclic carbamates
have been reported by reaction of alkylene diamines or aminoalcohols with reagents,
such as dialkyl carbonates,'3° or with pressurised carbon dioxide in the absence of
catalysts.?® However, not all these cyclic carbamates are easy to synthesise, and the
ones that are easily generated are thermodynamically stable, and thus, less reactive for

polymerisation.

A phosgene-free method frequently used for the synthesis of PUs is the
rearrangement reaction, in which a carboxylic acid derivative is transformed ultimately
into a carbamate, which, in presence of a diol, gives rise to the desired PU. However,
this method also uses isocyanates, even if they are generated in situ, but more
importantly, other toxic reactants such as acyl azides, carboxiamides and hydroxamic

azides.?27
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PHOSGENE
+
ROP Polycondensation
bt
NH ﬁ ﬁ R HCI1 Classical Route
a oo™l +H,NRNE,~ - o
¥ Polychlorofi Pol i Cl)kcl 9
It olyamine
olyehlorotormate - Foly R-NH, Rt Lom RNCO
0] 0 0 HCl H
CIACI CI)LN'R‘NKCI + HO’R‘OH NV Synthesis of isocyanate
Phosgene H H from phosgene
\Polycarbamoyl Chloride ~ Polyol o o
)Ok )Ok p ROH 0:C:N. N:C-0 , HO., OH OAERHKO’R\O}
R, R, R+ N n
0" 070" 0 N NH, Polycondensation diisocyanate
Polycarbonate Polyamine and diol
Transurethanisation
0 0 Routes
s~ HOROH * RoAy Ry AR to + ISOCYANATE
H H PUs . . .
Polycarbamate Redutive carbonylation of nitro compounds
. NO, N=C-0
AN @ Metal + Ligand @
“7/%4 R +3C0 R
Azidirine Route ¢ -2¢0,
H .
Rearrangement reactions
N +co,
Cyclic Carbonate Route )?\ )OL Curtius
— Ny RNy, ————— 0=C-N R,N:C:O
(0} (0} Acyl Azide
L I ' Water
O\_? ())_/0 +H2N'R‘NH2 -~ ﬁ )(i Hoffmann
R HNRONH, — > O:C:N‘R,NiCZO
Carboxamides
0 0 Lossen
HO (A p b OH ———  O0-C:N_N:C-0
H H
Hydroxamic azides

Figure 2. Overview of synthetic routes to polyurethanes.

A promising and a more sustainable pathway for the obtention of aryl isocyanates
is the reductive carbonylation of nitro compounds.?2° It was firstly reported by Hardy
and Benett in 1967, who described the direct conversion of aromatic nitro compounds
with carbon monoxide at high pressure and temperatures using Rh/C as catalyst.*® The
reaction is thermodynamically favoured and is highly exothermic. Normally, non-toxic
transition metals are applied, but also sulphur, selenium, and tellurium compounds
catalyse this reaction.?® However, highly-toxic catalyst residues were detected among
the final products and, thus, this route became inapplicable for and industrial
polyurethane synthesis.

The greenest pathways for the synthesis of NIPUs are the transurethanisation
polycondensation between a bis-carbamate and a diol,®° the copolymerisation
between aziridines and CO2%%-*8 and the polyaddition of bis(cyclic carbonates) and

diamines.3940
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Transurethanisation processes are condensation reactions of diols onto carbamates.
Three different types of carbamates can be distinguished using phosgene-free routes
for their synthesis: bis-alkyl carbamates, bis-hydroxyalkylcarbamates, and AB-type
synthons (Scheme 1).

O O

Polycondensation e} 0
R ARy Ao R O R IR
H H R" o II:IJ E © R'OH
Bis-alkylcarbamates HO™ OH
ano®
)OL i poW cox\de(‘Sa
HO/R‘O N'RN O/R‘OH
H H Se]pr] r )OL i
TQl ch[] ' '
Bis-hydroxyalkylcarbamates de“Sathn R‘O N’RN o +HO/R‘OH
| H H
X - 9
R'< R. Self polycondensation r
0" "N OH O)LN,R% +ROH
AB-type synthon L H

Scheme 1. Three main routes to PU via transurethanisation processes.

Bis-alkyl carbamates can be synthesised by reacting diisocyanates with alcohols,
such as methanol or phenol.*! To avoid the use of diisocyanates, bis-alkylcarbamates
can also be prepared reacting dialkylcarbonates with diamines (Scheme 2).
Dimethylcarbonate (DMC) is the most used dialkylcarbonate, which was originally
synthesised by phosgenation of methanol. Nowadays, DMC is synthesised via a
phosgene-free route from carbon monoxide (CO), methanol and dioxygen,*? although
it can also be synthesised using carbon dioxide (CO2) and methanol.*® Other alkyl-
carbamates have been synthesised, such as ethyl carbamates and phenyl carbamates,

using similar reaction conditions to dimethyl carbonate.*+4°

o
-2MeOH H H
2 Me\O)J\O’Me + HzN/ﬁn\NHz > Me/O\ﬂ/N(\/)T\ﬂ/O\Me

O O

DMC
bis-alkyl carbamate

Scheme 2. Methoxycarbonylation of diamines with dimethylcarbonate.

Bis-hydroxyalkylcarbamates (BHCs) can be easily generated by the addition of a
diamine on cyclic carbonates such as ethylene or propylene carbonate (Scheme 3).4’
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Ethylene carbonate is an attractive precursor to use since it can be easily obtained from

ethylene oxide and CO>. The reaction is catalyst-free and highly exothermic.

(0]
A 0 o Nl o
2 O O I~ ~
P+ manPh, KO PN on
(0] (0]
ethylene BHCq
carbonate

Scheme 3. Synthesis of a bis-hydroxyalkylcarbamate from ethylene carbonate and 1,6-

hexanediamine.

BHCs can be self-polymerised to synthesise polyurethanes since they bear both bis-
alcohol and bis-carbamate functionalities.*® On the other hand, their reaction with diols
allows the fine-tuning of the properties of the resulting PU to bring hard or soft
segments, and thus, modify the Ty and the crystallinity of the PU depending on the
needs and the future application.*®->C

As it has been described, difunctional monomers are needed to perform the
polymerisation. An interesting route to prepare PUs is the synthesis of AB-type
monomers bearing both carbamate and alcohol functionalities. The advantage of such
monomers is that the stoichiometry between both functionalities is always achieved,
and thus, the polymerisation is not limited by the stoichiometry. There are few

examples of these monomers in literature (Figure 3).4546:51

HO X _N._0._>X _N.__OPh HO_~~ Ay
\”/ \”/ N "N~ TOPh
5 5 H H
PCa n=2-5 PCb
o)
H H
HO., ,N._ _O
*4/“ \”/ \/\OH HO\M/HN\”/\/\/\HJJ\O/\/OH
n=34 O HCa n=2-6 o HCb

Figure 3. AB-type monomers: phenylcarbamates and hydroxycarbamates.

There are not many examples in the literature of bio-based polyurethanes obtained
by transurethanisation processes. In this context, Meier et al. used limonene as bio-

based raw material for the synthesis of bis-methylcarbamates and diols (Figure 4).%?

257



Chapter 4 Introduction

The replacement of phosgene by CO:, which is abundant, renewable, and
environmentally friendly, is another emerging route for the synthesis of NIPUs.
Aziridines, nitrogen analogues of epoxides, can react with supercritical CO; to give
cyclic urethanes, and polymers containing urethane and amine units. This pathway is
one of the least dependent in terms of phosgene and isocyanate content. However, the
toxicity of aziridines still remains an issue.*’

Bis-methylcarbamates Diols

\@ O O
( N0 N0 \G\(
N ~ N ~
sy sy C

Figure 4. Limonene-based monomers for fully bio-based PU synthesis.
1. Polyaddition reaction of bis(cyclic carbonates) and diamines

Amongst the greenest and most-studied pathways for the synthesis of PUs, the
polyaddition reaction of bis(cyclic carbonate)s and diamines is the most studied
process (Scheme 4).1* This reaction leads to the formation of linear poly-

(hydroxyurethane)s (PHUs) with primary or secondary alcohols within the main
polymer chain.

(0] (0]
AO/YD\/\O)Lg/O\E*
OH OH
i A oMM
A 0 Y

= o oo
H,N _O_NHz

H H
N N
o\[(o WO\(DTO\H/ Dk
0 ° OH HO ©
(0]
10 O)LEQ@
¢} OH
OH
polyhydroxyurethanes

Scheme 4. Synthesis of poly(hydroxyurethane)s from bis(cyclic carbonates) and

diamines.
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One of the pioneers in this field were Grozsos et al., who patented the preparation
of oligo hydroxyl-urethanes by the reaction of bis(cyclic carbonates), diamines and
urea in 1957. Since then, several reviews on the synthesis of polyurethanes have been
reported by several research groups.31:33-353%4054 The PHUs obtained using this route
present various advantages such as the bypass of isocyanates and phosgene as starting
materials, making the process safer and greener since the synthesis of cyclic carbonates
allows CO: capture. Besides, the presence of hydroxyl groups in the structure gives
specific chemical and physical properties to the polymer.3*>* Moreover, the reactive
pendant hydroxyl groups enable the polymer to undergo post-functionalisation

reactions with chemical and biological functionalities.®

Different routes have been developed to synthesise bis(cyclic carbonates)
precursors for the obtention of poly(hydroxyurethane)s by polyaddition reactions
(Scheme 5). Amongst them, the most used and well-studied route is the insertion of

CO into epoxides.>®>8

0
o)ko
0
\_K/OH 1) ROP with TMC Base, O\—K/OH

2) Succinic anhydride,

DMAP, Et;N, bis 6CC
DCC, DMAP, ;
o 9 ’ ’ dioxane, 24h, rt 0]
)k )k rt, 12h, )k
HO” "R” "OH Na,SO,, CH,Cl, Me A\ Me
)(L H,N-R-NH,
o~ o
\—K/OH HS-R'-SH
UV with or without O
DMAP or AIBN
)‘i i E4N, DCM, 0°C o OJKO
cl” "RT Yl o / 60 °C \—(R/\
o o CO,,
\—K/OH catalyst

Trichlorophosgene,
dialkylcarbonate, or

O 0 ethylene carbonate HO OH HO OH
in diluted media

Scheme 5. Synthesis of 5-membered bis(cyclic carbonates).

The reactivity of cyclic carbonates with amines have been studied to have a better
understanding of the nucleophilic addition and the mechanism of the reaction. Thus, a
three-step reaction involving a tetrahedral intermediate has been proposed. (Scheme
6)_59761
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Lo+ M .
0 R" (0] R"
O ® S) @
Ryop0 H R\ R_o o0 R H
—--N-R 4+ NH T N+ HNR
O Rn Rn O Rn Rn

©
YN R O R O
16 R" \ )J\ R’ H® )J\ R‘
o N R" O N R"
0 OH
©

Scheme 6. Mechanism involving a tetrahedral intermediate for the reaction between 5-

membered cyclic carbonates and amines.

In general, the ring-opening reaction of the cyclic carbonate by the amine takes
place without the use of a catalyst. However, the reaction rate can be accelerated
through activation of the monomers. For this purpose, either weakly Lewis acid or
oxophilic additives may be added to increase the electrophilicity of the cyclic
carbonate group.®? Basic additives can be used to increase the nucleophilicity of the
amine or even deprotonate it. Another option is the use of a Lewis Base to attack the

carbonyl group of the cyclic carbonate.

Although Garipov et al. reported that the aminolysis reaction performed better
using protic solvents,%°®! the polyaddition of cyclic carbonates onto diamines is mostly
carried out in polar aprotic solvents such as DMF, DMSO, DMAC etc. due to the better
solubility of the starting materials.5>>®3-6° Nevertheless, some research groups have also

prepared the NIPUs in bulk conditions, to obtain higher molecular weights (Mn).5-68

The temperature also has an influence on the outcome of the polyaddition reaction.
Endo et al. studied deeply this influence and quantified the effect of the temperature
on the polymerisation process.®®"® It was observed that higher yields were obtained
when increasing the reaction temperature and calculated the effect of the temperature
on the reaction rate constant. The higher rate at higher temperatures was explained by
the decrease of the viscosity of the reaction mixture when the temperature was

increased.”®
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As it has been previously discussed in Scheme 4, the polyaddition reaction of
bis(cyclic carbonates) and diamines leads to the formation of poly(hydroxyurethane)s
with pending primary and secondary hydroxyl groups along the polymeric chain. In
all reported examples in literature, authors have found that more secondary alcohols
are generated during the polymerisation rather than their primary alcohols
counterparts. Ratios between primary and secondary alcohols ranged from 38:62 to
6:94.556371 However, only a few studies have reported or investigated the potential

side products generated during the reaction (Scheme 7).7%®

The use of bis(cyclic carbonates) containing ester functionalities can lead to
amidation reactions if the diamine reacts with the ester moiety instead of the carbonyl
group of the cyclic carbonate. Thus, urea groups can be generated. Cramail et al.
observed that the formation of amide groups depended on the structure of the diamine
used.” The same group reported a complete study showing the formation of ureas,
oxazolidinones synthesis by dehydration processes and amidification products when
undecanoic bis(cyclic carbonate) ester and hexylamine (Scheme 7) were used.’
Finally, and following the previous studies, Sardon, Cramail et al. reported a new
mechanism for the formation of urea derivatives using 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD) as catalyst, which is different to the well-established amidation side-

reaction of hydroxyurethane with primary amine.”™

/\Wo HzNM;
o) HO
©) HOH\OJ\O)OLE@S\ OJOLNH; + H,0

Scheme 7. Possible side reactions between UndCC-ester and hexylamine: (a) urea

formation, (b) amidification and (c) dehydration.
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1.1. Towards bio-based poly(hydroxyurethane)s

The depletion of fossil resources has provoked a growing interest within the
scientific community and research groups in developing new routes for the synthesis
of cyclic carbonates from bio-based resources. Thus, biomass-derived wastes
including vegetable oils, lignin or polysaccharides represent an attractive source for
producing polymers. In this context, several research groups have worked on the
synthesis of poly(hydroxyurethane)s from bio-based cyclic carbonates to replace
petroleum-based PHUSs, using fatty acids and glycerol from transesterification of
vegetable oils or other interesting natural molecules such as limonene, furane, D-

mannitol or sorbitol.

Glycerol carbonate derivatives have been used as precursors for the synthesis of 5-
membered bis(cyclic carbonates). For instance, Carpentier and co-workers used
a,w-dyhydroxy telechelic prepolymers such as poly(propyleneglycol) (PPG),
poly(ethyleneglycol) (PEG) and polybutadiene (PB) and further reacted them with
tosylated-glycerol carbonate (GC) in alkaline conditions to obtain bis(cyclic
carbonate) prepolymers (Scheme 8). Polyaddition reactions onto different grade
Jeffamines afforded the corresponding PHUs with the highest molecular weights ever
reported (M= 68000 g mol-1).%

prepolymer j/\OH
poly(propylene glycol)

PPG
1) NaH, THF
2)Ge-ots ) Ge-oTs
0

glycerol bis carbonate (GC)

functionalised prepolymer
T/\O

R.
H,N"" 'NH,

Jeffamine

ﬁ ﬁL fOlOAN

Scheme 8. Synthesis of NIPUs derived from PPG functionalised with GC.

PHUSs/NIPUs
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Vegetable oils can also be used as raw materials to produce carbonated oils and
therefore they are potential building blocks for NIPU synthesis (Scheme 9). However,
the uncontrolled functionality of triglycerides restrains the control of PHUs structure
and properties. Thus, the use of such poly(cyclic carbonates) can lead to thermosets
PHUs when the cross-linking density is high. In this context, several vegetable oils

have been used for the synthesis of PHUs.”"82

The first example of a vegetable oil-derived NIPU was reported by Wilkes et al. in
2003. Carbonated soybean oil (CSBO) was firstly synthesised and further reacted with
several alkyl diamines to produce a range of PHUs.”” Dubois et al. used CSBO
(carbonated at 30%, 40% and 100%) and monomeric or oligomeric diamines to
achieve thermosets or thermoplastic PHUs, depending on the carbonate/amine ratio
used.®% When the NIPUs were prepared from 100% CSBO and short diamines, the
materials exhibited low mechanical properties attributed to a high cross-linking
density due to the high cyclic carbonate functionality of CBSO. However, when using
amino-telechelic oligoamides, NIPUs kept softness with T4 values close to 0 °C and a

thermoplastic behaviour due to the limited reactivity of partial carbonated soybean oil.

SR H,0, or MCPBA o)LMAR
RWO<OM = RVHWO<OWH;/R
n

$
TZ
~
=z
=0
3
§
/ I \
)
=
ZT O

Scheme 9. Generic synthesis of PHUs from vegetable oils.

Sunflower oil has also been used as a precursor for PHU synthesis. Dolui et al.
reported the bulk polyaddition of carbonated sunflower oil (CSFO) onto
ethanediamine (EDA), diethylenetriamine (DETA) and isophorone diamine (IPDA).8!
As expected, the structure of the diamine and the carbonate/amine ratio affected the
properties of the resulting PHU. In all CSFO/amine compounds, along with the ester

and urethane groups, an amide group was present due to the hydrolysis of ester groups
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along with the ester and urethane groups, except for IPDA, in accordance to previously

studies reported studies.’

Finally, the synthesis of carbonated canola oil and its polyaddition reaction onto
different diamines such as EDA, 1,6-hexanediamine (HDMA), IPDA and
paraphenylenediamine (PPDA) has also been reported.®? Thermal stability,
mechanical strength and chemical resistance studies were performed to the produced
PHUs. The TGA analysis for the different samples revealed that the NIPU from EDA
showed the best thermal stability. Tensile strength was found to be higher when
aliphatic amines were used. Chemical resistance for the obtained NIPUs was studied
by observing its swelling behaviour in toluene and water. The least swelling was
observed in case of EDA-based polyurethane. The formulation containing aromatic
moieties showed lesser extent to solvent uptake as compared to the formulation having

a cyclic amine.

To overcome the ill-defined cross-linked PHUs obtained from high carbonated
triglycerides, well-defined bis-carbonated vegetable-based fatty acids have emerged
as an alternative for the synthesis of linear PHUSs. In this context, the first example was
reported by Cramail et al. in 2010.”* The fatty acid-based 5-membered bis(cyclic
carbonate) was synthesised in a three-step process composed of (i) a transesterification
reaction of fatty acid methyl esters, (ii) an epoxidation of the double bonds, and (iii) a
carbonation of the resulting epoxides. Two 5-membered bis(cyclic carbonates),
internal and terminal carbonated fatty acid diester were prepared from methyl oleate
and methyl undecenoate and polymerised with EDA or IPDA to obtain linear PHUs
with hydroxyl moieties. More recently, the same group reported the synthesis of
several fatty acid-based 5-membered bis(cyclic carbonates) following the already

mentioned epoxidation/carbonation strategy.®’

As it has been previously mentioned, other natural products have also been
employed for the synthesis of NIPUs. In this context, D-mannitol has been used to
obtain bis carbonated derivatives which were later reacted with aliphatic diamines to
afford NIPUs with molecular weights up to 87000 g mol-1.%® Similarly, North et al.
reported the synthesis of sorbitol-derived bis carbonate and subsequent reaction with

simple diamines such as cadaverine to generate NIPU foams.®3
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Other research groups have converted limonene into a bis(cyclic carbonate) by
epoxidation/carbonation strategy (Scheme 10).84%° Novel linear and cross-linked
NIPUs and prepolymers were obtained by reaction with aliphatic diamines and
isophorone diamine. Tg values as high as 70 °C were obtained when the two

polymerised monomers were cycloaliphatic.

More recently, isosorbide diglycidyl ether oligomers have been synthesised by
reaction of epichlorohydrin on the hydroxyl functions of the bio-based diol.
Carbonation afforded an isosorbide-based bis(cyclic carbonate) which was further
reacted with different diamines to obtain the corresponding NIPUs (Scheme 11).8¢

30 bar CO, o _ _
0 TBAB OAO ong ©
- O ’R
120-140 °C H,N""'NH, HO o)k
— A . -~ |H H
Epoxidation Carbonation N...N_O
R
0 O\ffo 0

3 L J

Scheme 10. Limonene-based NIPUs synthesis.
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Scheme 11. Isosorbide-based NIPUs synthesis.

m

Despite the ongoing interest for the development of biopolymers, the cyclic
carbonate/amine routes suffer from a lack of bio-based amines, and more specifically,

vegetable-oil based diamines, restraining the access to fully bio-based PHUs.
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Chapter 4 Results and discussion

1. Polyaddition of 5-membered bis(cyclic carbonates) and diamines for the

synthesis of non-isocyanate polyurethanes

As it has been discussed in the introduction of this section, one of the main
applications of cyclic carbonates is their use as chemical intermediates to produce
high-value added industrial products such as polyurethanes. These polymers exhibit
multiple applications and can be easily obtained by polyaddition reactions of bis(cyclic
carbonates) onto diamines. In this section, the synthesis of PHUs from either

petroleum-based or fully bio-based bis(cyclic carbonates) will be described.
1.1. Synthesis of NIPUs from petroleum-based bis(cyclic carbonates)

In this section, the synthesis of PHUs derived from the polyaddition reaction of 1,4-
butanediol bis(glycidyl ether carbonate) (BGDC) onto a range of diamines will be
discussed.

Firstly, the commercially available 1,4-butanediol bis-glycidyl ether (BGDE) was
carbonated using 1% of the previously reported hydroxy-containing imidazole
organocatalyst designed by our group at 10 bar of CO, and 80 °C for 2 hours.®” Under
these reaction conditions, 1,4-butanediol bis(glycidyl ether carbonate) (46) was

synthesised in 90% vyield as shown in Scheme 12.

N
O N
Bu 0
g 10 bar CO,, 80 °C, 2 h 0«0
BGDC (46) Y

Scheme 12. Synthesis of 1,4-butanediol bis(glycidyl ether carbonate) (46).

Initially, the reaction conditions to synthesise NIPUs were optimised using BGDC
and 1,4-diaminobutane (BDA) as substrates in a 1:1 molar ratio (Scheme 13). Firstly,
the solvent effect on the conversion was investigated (Table 1, entries 1-4). However,
all solvents afforded the desired PHU quantitatively. Amongst them, MeCN was
chosen as the optimal solvent to perform the polyaddition reactions due to its low
toxicity, high polarity to increase the solubility of the starting materials and easy
accessibility. The effect of the reaction temperature was also studied (Table 1, entries

5-9). As expected, the conversion decreased as the temperature was descreased.
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Polyaddition of BGDC to BDA at room temperature afforded the corresponding PHU
in 67% conversion after 16 h of reaction (Table 1, entry 7). Since previous works
confirmed the addition of strong bases catalysed the process,® the addition of TBD
was also investigated (Table 1, entries 8-9), showing the conversion toward the

synthesis of the NIPU increased to 93% at room temperature.

0
P HaN e~ n oo
\/\\/O\/\/\O/\(\O NH; o O\/\/\O/j/OT H4
0~( rt-80 °C, 16 h 0 o~ ©
BGDC (46) 0o (47a) n

Scheme 13. Synthesis of PHU 47a.

Table 1. Optimisation of reaction conditions for the polyaddition of BGDC and 1,4-

diaminobutane.

Entry Solvent t (h) T (°C) Conversion (%)?
1 DMF 16 80 100
2 MEK 16 80 100
3 EtOAc 16 80 100
4 MeCN 16 80 100
5 MeCN 16 60 93
6 MeCN 16 40 83
7 MeCN 16 r.t. 67
gv MeCN 16 rt. 92
9° MeCN 16 r.t. 93

aDetermined by NMR. 5 mol% of TBD was added. 10 mol% of TBD was added.

Once the optimal conditions for the polyaddition of BGDC to BDA were
determined to be 80 °C and MeCN as solvent for 16 hours, several PHUs were prepared
using a wide range of commercial diamines to obtain a variety of polymers with

different physical properties (Scheme 14) and the results are given in Table 2.
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All PHUs were obtained quantitatively after 16 h (Table 2, entries 1-6), except when
L-lysine was used, in which case, no reaction was observed (Table 2, entry 7). This
result can be explained based on the low nucleophilicity of L-lysine, which is not able
to ring-open the cyclic carbonate, and no polyaddition occurs. Thus, the addition of
DBU or TBD as a catalyst to the reaction mixture resulted in the obtention of the
desired PHU (Table 2, entries 8 and 9). However, the presence of strong bases led to
the formation of PHU-polyurea materials, as has been previously observed in similar

reactions.”

H H
)0 o MeCN {\WO 0__N_ N
O O + /Rl\ \R/ \R/
\)\/O\R/O\/k/ H,N NH, 80 °C. 16h 5 2 \[O]/ 1 .
BGDC (46) 47a-f
R= -(CH,)4-
NH, NH,
~
Me
¢ NH,
BDA Isophorone ) )
a b diamine ¢ 1,3-Ciclohexanebis
Ri= < (methylamine)
H,N NH, HZN/\/N\/\NH2 N
ﬁ 2 YV\NHZ
NH, COOH
~ d m-Xylene diamine € tris(2-aminoethyl)amine f L-lysine

~ O\(\O/R . O/\[O
OH OH
O\(\O/R . O/\/\O
Ry= < OH

OH

OH

O/\/\O/R‘O/\/\O
OH
-

Scheme 14. Synthesis of poly(hydroxyurethane)s (47a-f).

In order to synthesise a cross-linked polyurethane, the reaction of 1 eq. of BGDC
(46) with 0.66 eq. of tris(2-aminoethyl)amine was carried out (Table 2, entry 6). The

formation of the cross-linked PHU was confirmed by the increase on the glass
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transition temperature of the obtained PHU, due to the increased rigidity and

crystallinity of the resulting polymer.

Table 2. GPC data obtained for selected PHUs®.

o Conv. Primary OH:
Entry Diamine M exp® PDI®
(%)®  Secondary OHP

1 1,4-diaminobutane (47a) 100 32:68 5350 3.2
2 Isophorone diamine (47b) 100 36:64 6520 35
1,3-cyclohexanebis(methylamine)
3 100 36:64 6740 3.6
(47¢)

4 m-Xylene diamine (47d) 100 38:62 9050 2.2
5 tris(2-aminoethyl)amine (47¢) 100 28:72 5720 3.1
6d tris(2-aminoethyl)amine (47¢) 100

7 L-lysine (47f) 0

8¢ L-lysine (47f) 88 . 39200 41
of L-lysine (47f) 90 - 40325 4.2

3Reactions were carried out at 80 °C in MeCN for 16h. PDetermined by NMR. °Determined by GPC.
90.66 eq. of tris(2-aminoethyl)amine were used. ¢1 eq. of DBU was used. "1 eq. of TBD was used.

The chemical structures of PHUs were characterised by *H-NMR, $3C-{*H}-NMR,
Diffusion Ordered Spectroscopy (DOSY) NMR and IR spectroscopy, MALDI-ToF
analysis and Gel Permeation Chromatography (GPC). Figure 5 shows the FT-IR
spectra of BGDC (46) and PHUs 47c and 47f. Bis(glycidyl ether carbonate) (46)
exhibited two characteristic bands at 1781 and 1050 cm~ corresponding to the cyclic
carbonate groups. However, those signals disappeared in the PHUs IR spectra, and two
new bands were observed at 1695 and 1537 cm-tand 1699 and 1538 cm-* for PHUs
47c and 47f, respectively, confirming the formation of urethane groups. However, a
band at 1646 cm~*was observed for PHU 47f which corresponds to the C=0 stretching
vibration of the urea group, indicating the formation of polyurethane-polyurea
chains.” The *H-NMR spectrum of the PHU 47a synthesised from BGDC and 1,4-

diaminobutane is shown in Figure 6. The signals at 7.11 ppm and 6.74 ppm were
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assigned to the protons of the urethane groups, confirming the urethane structure of
the final product. The pair of resonances at 2.95 ppm; 1.37 ppm and 3.39 ppm; 1.52
ppm were assigned to the methylene protons of the alkyl groups of the diamine and
the BGDC respectively. As it has been previously mentioned, it is known that both
primary and secondary hydroxyl groups can be formed in the PHU backbone
depending on the ring-opening pathway of the cyclic carbonate moiety. In Figure 6,
two signals are observed at 4.89 and 4.75 ppm, corresponding to the formation of the
secondary and primary hydroxyl groups, respectively. Following previously reported
results,>>®3" the PHUs synthesised in this work exhibited a primary:secondary OH
ratio ranging from 28:72-38:62 (Table 2, entries 1-5).

BGDC (46)

1781

Transmitance (%0)

1646

| | I
3000 2000 1000

Wavenumber (cm)

Figure 5. IR spectra for BGDC and PHUs 47c and 47f.
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As can be seen from Table 2, molecular weights obtained for PHUs 47a-e exhibited
values between 5350 and 9050 g mol~* with high polydispersity values ranging from
2.2 to 3.6. This was attributed to the fact that no catalyst was used during the
polymerisation process. Thus, there is not a good control over the polyaddition reaction
and multiple chains with different molecular weights can be generated, hence, the high
PDI values obtained. On the other hand, molecular weight increased notably for PHU
47f, since DBU/TBD were used as catalysts for the polyaddition process, with values
of 39200 g mol~*and 40325 g mol-* respectively. As an example, Figure 7 shows the
GPC trace for PHU 47d.

ﬁ b 4 c e f |
(47a) HO 5 "
f g)°
] a
il |
NH OH | H
ﬂ OH c d w H H
\‘| e It il
J S UL UL JUL
810 7‘.5 7‘.0 615 610 5‘.5 5.0 4‘5 4‘.0 315 3‘.0 2‘.5 210 1‘.5 ll.O

‘ppm

Figure 6. *H-NMR spectrum for poly(hydroxyurethane) 47a in DMSO-db.
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Figure 7. GPC trace for PHU 47d.
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MALDI-ToF mass spectrometry was used to determine the end groups of the
obtained PHUSs. Figure 8 exhibits the MALDI-ToF spectrum for PHU 47b. It showed
a series of peaks with an m/z interval of 460 mass units, indicating a controlled
alternating microstructure, which is in good agreement with a polymer chain with one
isophorone diamine group in one end and a protonated urethane group in the other end

of the polymeric chain.

0% 1092139
&
2
£
HO
. - OH (0] I
N _O 0._..0 )L N_ O
¢ un R N ]
0 O
R=—(CH,)4— n
39 47b
1162288 1562749
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1622835
1 2084363 2473944 2035165
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. MIM M—‘,‘ A A padrid b st b Pt Aol ﬁ‘. |
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miz

Figure 8. MALDI-Tof spectrum for PHU 47h.

2D-DOSY NMR studies were also carried out to further confirm the obtention of
PHUSs. As an example, Figure 9 shows the DOSY-NMR spectrum for PHU 47f. As it
is shown in Figure 9, three diffusion coefficients were observed, corresponding to the
solvent, DBU, and the polymer chain. This indicated that, even polyurea was formed
during the polymerisation process, only one segmented poly(hydroxyurea-urethane)

polymer was obtained.

The effect of the [diamine]/[BGDC] ratio on the polyaddition reaction of BGDC
onto 1,4-diaminobutane was also studied (Scheme 15). Thus, when 0.5 eq. of 1,4-
diaminobutane were used, a hydroxycarbamate with two cyclic carbonate ending
groups was obtained (48). On the other hand, when 2 eq. of diamine were added, a
hydroxycarbamate with two amine ending groups was obtained (49). The structures

for compounds 48 and 49 were characterised by NMR spectroscopy, IR and MALDI-
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ToF analysis. Figure 10 shows the H-NMR spectrum for compound 48. The
resonances at 4.92 ppm, 4.52 ppm and 4.27 ppm confirmed the presence of cyclic
carbonate groups. Besides, the IR spectrum for hydroxycarbamate 48 exhibited two
bands at 1787 and 1048 cm~!, which correspond to the cyclic carbonate groups as well
as two bands at 1692 and 1525 cm~! corresponding to the urethane group generated.
MALDI-ToF spectrum for compound 48 is shown in Figure 11. A single peak with a
m/z of 691 mass units is observed, which corresponds to the molecular weight of
hydroxycarbamate 48 and Na*.

|

|
e ol MJ nuL L L

# FE-05
f:f_"_"j | \ Solvent
“‘\\\ . r1E-06
‘|
J
_:—_f:f—f;_ """""""""""""""""""""""" F —--j-----ﬂ-]-DB-U F1E-07
) N Hurethane N Hurea
y | ] |
-  TTTTtTTtYo 70T i T““#ﬁ"‘i“g “““““ ‘J - 1608
W Segmented poly(hydroxyurea-urethane) polymer 47f
F1E-09

L e e e L S L L s S S S S S S S B p
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Figure 9. DOSY NMR spectrum for PHU 47f in DMSO-ds.

BDA/BGDC (1:1) ﬁoﬁﬂo’[{‘o OTE\R}\{I}\
OH /j/ 0 n (47a)
O R 0, 0
0= 0T 0T o on oA
0 o J; 0
(46) BDA/BGDC (1:2) 0= fo OMO)LN R NkO 0. /O\)\/

+

(48)
H,N TN,

L OH
H
R=—(CH,),— BDA/BGDC (2:1) R Eko O\R,OJVOWI\LR,NH2
)

(49)

Scheme 15. Synthesis of hydroxycarbamates 48 and 49 and PHU 47a.

276



Chapter 4 Results and discussion
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R=—~(CH,)4~ (48)
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Figure 10. *H-NMR spectrum for hydroxycarbamate 48 in DMSO-ds.

(0]
(6] (0] J/\O/H O/<O
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48 (668.30) + Na* (23.00) = 691.30

Figure 11. MALDI-ToF spectrum for hydroxycarbamate 48.
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Table 3. DSC and TGA analyses for selected PHUSs.

Entry Diamine Ty (°C)? Td, 5% (°C)P
1 1,4-diaminobutane (47a) 11 252
2 Isophorone diamine (47b) 22 272
3 1,3-cyclohexanebis(methylamine) (47c) 22 263
4 m-Xylene diamine (47d) 22 231
5 tris(2-aminoethyl)amine (47¢) -3 229
6° tris(2-aminoethyl)amine (47¢) 43 261
7 L-lysine (47f) -13 128

aDetermined by Different Scanning Calorimetry (DSC). "Determined by Thermal Gravimetric Analysis.
(TGA). Reported as temperature at 5% mass loss. €0.66 eq. of tris(2-aminoethyl)amine were used.

Thermal properties of the PHUs synthesised from BGDC and diamines were
investigated by DSC and TGA analyses (Table 3). TGA showed that all PHUs were
stable in the range of temperatures from 0 °C to 230 °C (Table 3), except for the PHU
derived from L-lysine (Table 3, entry 7), which was found to be stable between 0 °C
and 128 °C. The glass transition phenomenon was observed in the DSC thermograms.
As can be observed from Table 3, the T4 of the PHUs ranged from —13 to 43 °C (Table
3, entries 1-7), depending on the chemical structure of the diamines used. Most studies
agreed that high molecular flexibility between the hydroxyurethane groups led to
lower Ty of PHUs.8-% Thus, PHUs derived from rigid amines such as isophorone
diamine (Table 3, entry 2), 1,3-cyclohexanebis (methylamine) (Table 3, entry 3) or m-
xylene diamine (Table 3, entry 4) exhibited higher T4 values than PHUs derived from
aliphatic diamines such as BDA (Table 3, entry 1), tris(2-aminoethyl)amine (Table 3,
entry 5) or L-lysine (Table 3, entry 7). On the other hand, the cross-linked PHU derived
from tris(2-aminoehtyl)amine exhibited the highest T4 due to the formation of a
polymeric structure with higher rigidity and crystallinity (Table 3, entry 6). For
instance, Figure 12 shows the DSC thermogram for PHU 47e and Figure 13 exhibits
the TGA thermogram for PHU 47d.
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Figure 12. DSC thermogram for PHU 47e using 0.66 eq. of tris(2-aminoethyl)amine.
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Figure 13. TGA thermogram for PHU 47d.

279



Chapter 4 Results and discussion

After the successful multi-step synthesis of PHUs 47a-f, their direct synthesis from
BGDE, TBAB, CO: and a diamine in a one-pot process was investigated. For that
purpose, BDA, 1,3-cyclohexanebis(methylamine) and m-xylene diamines were used
as starting materials. In all cases, full conversion of BGDE to BGDC (46) and
subsequent polyaddition onto the corresponding diamine to generate the corresponding
NIPU was achieved under the same reaction conditions previously mentioned.
However, the obtained polymeric materials were insoluble in all standard solvents
Notably, the formation of cross-linked poly(aminoalcohols) from bis-epoxides and
diamines in the absence of CO; has been previously reported.®% Additionally to the
polymer, a white precipitate was also obtained and was identified as the corresponding

carbamate salt from the corresponding diamine and CO; (Scheme 16).%

B“ OH
o \> o \%/\0/\/\/0\)\5,1{‘%/

W/\O/\/\/O\/Q o
Ie} +
MeCN, 10 bar CO,, 2h H
R O N
HZN/ \NHZ 1%/ \(\0/\/\/ \)\/ T }
OH 47a,c¢,d n
O
H,N—(CH),—NH Ol ®
R= 2 (CH)4 2 /\©/\ OkN'R‘NHZ
a BDA b m-Xylene d 1,3-Ciclohexanebis :
diamine (methylamine)

Scheme 16. One-pot synthesis of PHUs 47a, c, d.

IR analysis of the resulting mixture confirmed the presence of poly(aminoalcohol),
carbamate salt and poly(hydroxyurethane). Figure 14 shows the comparison of the IR
spectra of a blank sample containing 1,4-diaminobutane and BGDE (Figure 14a),
1,4-diaminobutane and CO> (Figure 14b), and the one-pot reaction mixture (Figure
14c). As it can be observed from Figure 14, the one-pot reaction mixture (Figure 14c)
shows a sharp band at 3315 cm~! corresponding to the frequency of the carbamate salt
as well as bands at 1555 and 1326 cm~! which correspond to the N—H bending and
C-N stretching frequencies of the amine group, confirming the presence of the
carbamate salt. Similarly, the presence of poly(aminoalcohol) was confirmed by the
presence of two peaks at 1108 and 1454 cm~! corresponding to the C—O stretching and
O—H bending from the alcohol group. The obtention of the PHU was confirmed by the

presence of a band at 1699 cm~! corresponding to the urethane moiety.
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Figure 14. IR spectra for a) 1,4-diaminobutane + BGDE, b) 1,4-diaminobutane + CO, and
c) one pot synthesis of PHU 47b.

Finally, to avoid undesired reactions such as the formation of poly(aminoalcohol)
or carbamate salt, a sequential one-pot method was developed for the synthesis of
PHUs. Therefore, bis(cyclic carbonate) BGDC (46) was prepared from BGDE as
shown in Scheme 12. Subsequent addition of the corresponding diamine to the reaction
mixture afforded the formation of PHUs 47a,c,d. It is worth noting that polyurea
formation was observed by NMR and IR when using primary and less steric hindered
diamines such as 1,4-diaminobutane and 1,3-cyclohexanebis(methylamine). This can
be attributed to the presence of the hydroxy-containing imidazole organocatalyst, used
for the carbonation of BGDE, in the reaction mixture, which could act in the same

manner as TBD, and, thus, produce the formation of polyurea.
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1.2. Synthesis of NIPUs from bio-based bis(cyclic carbonates)

In this section, the synthesis of PHUs derived from the polyaddition reaction of
bio-based glutaryl- and carvyl-derived bis(cyclic carbonates) and a range of diamines

will be discussed.

Firstly, bis(oxiran-2-ylmethyl) glutarate (50) and carvyl acetate bis-epoxide
(CABE, 51) were synthesised as shown in Scheme 17. Commercially available
glutaryl chloride was reacted with glycidol in dichloromethane at 0 °C for 16 hours,
and after the appropriate work up, afforded compound 50 in high yield. On the other
hand, bis-epoxide 51 was synthesised by reacting commercially available (-)-carvyl
acetate with 3-chloroperbenzoic acid (MCPBA) in dichloromethane at 0 °C for 24
hours, and after the appropriate work up, carvyl acetate bis-epoxide was obtained in

good yield.

O
0 0 £\ OH 0O 0

CH,Cl,, 0°C I !
16 h
(50)
9 by
O)LMe O Me
MCPBA Me
Me .
0
Me
Me 24 h
CABE (51)

Scheme 17. Synthesis of bis(oxiran-2-ylmethyl) glutarate (50) and carvyl acetate
bis-epoxide (51).

Then, glutaryl bis(cyclic carbonate) (BGLBC, 52) and carvyl acetate-derived
bis(cyclic carbonate) (CABC, 53) were synthesised as shown in Scheme 18.%
Compounds 50 and 51 were carbonated using the previously reported
heteroscorpionate aluminium complex [AlMez(x?-bpzbdeape)] in combination with
TBAB as the catalytic system at 80 °C and 10 bar of CO; for 3 hours to synthesise
BGLBC (52) or 66 hours for CABC (53).%°
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Scheme 18. Synthesis of bioderived bis(cyclic carbonates) 52 and 53.
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Figure 15. 'H-NMR of CABC (53) a) 8 diasteroisomers b) 4 diasteroisomers c) single

diastereoisomer obtained by crystallization in CDCls.
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The structural characterisation of bis(cyclic carbonates) BGLBC (52) and CABC
(53) was performed by 'H-NMR and BC{'H}-NMR spectroscopy and X-Ray
Diffraction Crystallography. As can be seen from Scheme 18, CABC (53) exhibits
four different stereogenic centres. Thus, up to 16 stereoisomers (8 pairs of
diastereoisomers) can be obtained. During its purification procedure by flash
chromatography, three different fractions of CABC (53) were obtained, corresponding
to different mixtures of diastereoisomers. Figure 15 shows the *H-NMR spectra for the
different fractions of CABC obtained during its purification. White crystals of CABC
(53) were obtained by slow evaporation from a solution of Hex/EtOAc (2:1) and the
ORTEP diagram is represented in Figure 18. In solid state, CABC (53) crystallizes as

an enantiopure estereocisomer RSSR and its structure is depicted in Figure 16.

Figure 16. ORTEP diagram for CABC (53).

Once BGLBC (52) and CABC (53) were synthesised, they were used as building
blocks for the preparation of different PHUs using a wide range of commercial
diamines with different physical and electronic properties (Scheme 19). The optimised
reaction conditions for the synthesis of PHUs derived from BGDC (46) previously
described were firstly used as standard conditions. However, due to the low solubility
of BGLBC (52) in MeCN, reactions to synthesise PHUs 54a-e were carried out in
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dimethylformamide (DMF). The results are given in Tables 4 and 5. All PHU’s were
obtained in 100% conversion after 16 h. It is worth highlighting that all the NIPUs
54a-e and 55a,c-f from bio-derived bis(cyclic carbonates) have been firstly

synthesised in this work.

O>\\0 0J<O oo N_ N
DMF ~p— ~p~
o o) Ry ) TR
0.,.0 — 2 1
AN OO 80 °C, 16h 0 0
n
R= —CO—(CH,),-CO- 54a-e
BGLBC (52)
or + Rig — or
H,N”  NH,
X
(0]
é\/[e 0" Me
HO O° Me
O# Me Me 0
0 MeCN 0 o
6] _— R J\ Me
O0—( 80°C, 16h N R0 o
(6] H H OH
CABC (53) .
55a-c, f
-~ NH, NH,
Me (o R 0
H,N—(CH,),~NH, Me NH \(\O O/\[
Me ’ NH, OH OH
a BDA b Isophorone ¢ Ciclohexanebis o N
R1:< (1,3-dimethanamine) Ry= < \(\O ‘O/\/\O
AN NH, OH OH
HzN/\©%NHz H,N H NH, MOH
H,N
NH, 0 O/\AO/R‘O/\AO
N d m-Xylene e tris(2-aminoethyl)amine f L-lysine _ OH OH

Scheme 19. Synthesis of PHUs 54a-e and 55a,c-f.

The chemical structures of all PHUs were characterised by *H-NMR, *C-{*H}-
NMR, 2D-DOSY-NMR, and IR spectroscopy, and GPC analysis. Figure 17 shows the
FT-IR spectra of BGLBC (52) (Figure 17a) and PHU 54e (Figure 17b). The spectrum
for BGLBC (52) exhibited two characteristic bands at 1780 and 1737 cm™
corresponding to the C=0 vibration of the cyclic carbonate and the ester group
respectively. Similarly, two bands were observed at 1047 and 1146 cm~* corresponding
to the C-O stretching vibration. However, in the PHU spectrum, two new bands at
1652 and 1542 cm™! corresponding to the urethane/urea groups were observed. In
addition, the obtention of PHU 54e was confirmed by the observation of a broad band
at 3294 cm, corresponding to the O—H vibration after the ring-opening of the cyclic
carbonate groups. The presence of a band at 1723 cm~ corresponds to the amide group
due to the presence of amidification byproducts. Similarly, Figure 18 shows the FT-
IR spectra of CABC (53) and PHU 55e. CABC (53) exhibited two characteristic bands
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at 1791 and 1050 cm~* corresponding to the C=0 vibrations of the cyclic carbonate
groups and acetate groups respectively. In addition, two bands at 1240 and 1027 cm™
corresponding to the C—O stretching frequencies were also observed. However, those
bands disappeared in the IR spectrum for PHU 55c¢ (Figure 18b), and two new bands
at 1700 and 1534 cm~* appeared, which correspond to the urethane group, confirming

the formation of the poly(hydroxyurethane) chain.

Table 4. GPC data for selected PHUs derived from BGLBC (52).?

L Conv. Primary OH:
Entry Diamine Mn exp® PDI¢
(%0)° Secondary OH"
1 1,4-diaminobutane (54a) 100 32:68 4800 2.8
2 Isophorone diamine (54b) 100 - 5370 3.0

1,3-cyclohexanebis
3 ) 100 - 5260 3.1
(methylamine) (54c)

4 m-Xylene diamine (54d) 100 36:64 7430 2.4

5 tris(2-aminoethyl)amine (54¢) 100 36:64 4680 2.7

3Reactions were carried out at 80 °C in DMF for 16h. "Determined by NMR. °Determined by GPC.

Table 5. GPC data for selected PHUs derived from CABC (53).?2

o Conv. Primary OH:
Entry Diamine Mn exp® PDI¢
(%0)° Secondary OH

1 1,4-diaminobutane (55a) 100 - 2500 2.1
2d 1,4-diaminobutane (55a) 100 - 2460 2.2
2 m-Xylene diamine (55d) 100 - 3500 2.7
3 tris(2-aminoethyl)amine (55e) 100 - 4630 25
4 L-lysine (55f) 100 - - -

5¢ L-lysine (55f) 100 - 43900 2.8
6' L-lysine (55f) 100 - 42650 2.9

3Reactions were carried out at 80 °C in MeCN for 16h. "Determined by NMR. °Determined by GPC.
dDiastereoisomerically enriched CABC was used. 1 eq. of DBU was used. "1 eq. of TBD was used.
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Figure 17. IR spectrum for a) BGLBC (52), b) PHU 54e.
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Figure 18. IR spectrum for a) CABC (53), b) PHU 55c.
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The *H-NMR spectra of the PHU derived from BGLBC and 1,4-diaminobutane (54a)
and the PHU derived from the diastereoisomerically enriched CABC and 1,3-
diaminobutane (55a) are collected in Figures 19 and 20, respectively. As can be seen
from Figure 19, three resonances at 7.11 ppm, 7.09 ppm and 6.79 ppm are observed,
which were assigned to the protons of the urethane groups, confirming the urethane
structure of the final product. The resonance pairs at 2.96 ppm; 1.37 ppm and 2.37
ppm; 1.78 ppm were assigned to the methylene protons of the alkyl groups from the
diamine and the BGLBC (52) respectively. As it has been previously mentioned, it is
known that both primary and secondary hydroxyl groups can be formed in the PHU
backbone depending on the ring-opening pathway of the cyclic carbonate moiety. In
Figure 19, two resonances were observed at 5.18 ppm and 4.91 ppm, corresponding to
the formation of the secondary and primary hydroxyl groups, respectively.
Amidification reaction, taking place during the BGLBC (52) polymerisation, was
detected with the characteristic labile protons at 7.76 ppm and 7.99 ppm as well as the
formation of urea with the characteristic proton at 5.76 ppm.’® Similarly, the *H-NMR
spectrum of the PHU synthesised from diastereoisomerically enriched CABC and 1,4-
diaminobutane (55a) (Figure 20) followed the same pattern as its analogous 54a. The
signals at 7.13 ppm and 6.84 ppm were assigned to the protons of the urethane groups,
confirming the formation of polyurethane 55a. Resonances at 3.02 ppm and 1.61 ppm
were assigned to the methylene protons of the alkyl groups from 1,4-diaminobutane
and signals at 2.11 ppm, 1.46 ppm and 1.06 to the methyl groups from the carvyl
acetate-derived bis(cyclic carbonate). In this case, signals corresponding to
amidification byproducts and urea formation were also detected with the labile protons

at 7.85 ppm and 7.53 ppm as well as at 5.88 ppm respectively.’®

As an illustrative example, Scheme 20 shows the possible byproducts that can be
generated during the polyaddition reaction of BGLBC (52) onto the different diamines
employed to synthesise the corresponding PHUs 54a-e.
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The molar masses for PHUs 54a-e and 55a-c,f were determined by GPC and their
results are presented in Tables 4 and 5. As it can be seen, the molecular weight values
range from 2460 to 7430 g mol-! except for PHU 55f, with molecular weights of 42650
and 43900 g mol~! (Table 5, entries 5 and 6), which was attributed to the fact that a
catalyst (TBD and DBU respectively) was used for the polymerisation process.
Generally, PHUs synthesised from BGLBC (Table 4) exhibited higher molecular
weights than their analogues synthesised from CABC (53) (Table 5). In terms of
polydispersity, PHUs exhibited values between 2.1 and 3.1. These high dispersity
values were attributed to the low control of the polymerisation since it proceeds
without a catalyst. For instance, the GPC chromatogram for PHU 54d is shown in
Figure 21.

10 ~

mV

0 T T T
10 15 20 25

time (min)

Figure 21. GPC trace for PHU 54d.

Diffusion Ordered Spectroscopy NMR studies were also carried to further confirm
the obtention of PHUSs. Figures 22 and 23 show the DOSY-NMR spectrum for PHU
54d and 55a. As it can be observed from the spectrum, three diffusion coefficients are
present for PHU 54d, which correspond to the solvent, and two different polymers
which exhibited very similar diffusion coefficients. As it can be deduced from the
spectrum, a major polymeric chain contained amide, urea and urethane linkages, while
the other polymeric chain exhibited only amide-urethane groups. On the other hand, a
single diffusion coefficient is present in PHU 55a which corresponds to a single

polymeric chain containing amide, urea and urethane linkages.
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The effect of the [diamine]/[BGDC] ratio was also studied for the polyaddition of
CABC (53) onto different diamines (Scheme 21). Thus, when 0.5 eq. of the
corresponding diamine were used, hydroxycarbamate products with two cyclic
carbonates ending groups were obtained (56a,d). On the other hand, when 2 eq. of
diamine were used, hydroxycarbamate products with two amine ending groups were
obtained (57a,d,e). The structures for these compounds were characterised by *H-
NMR, C-{*H}-NMR and IR spectroscopy and MALDI-ToF analysis. Figure 24
shows the *H-NMR for compound 56a. Resonances at 5.11 ppm; 5.02 ppm and 4.50
ppm; 4.25 ppm confirm the presence of cyclic carbonate ending groups. On the other
hand, the *H-NMR spectrum for compound 57d (Figure 25) exhibited resonances at
7.20 ppm and 4.16 ppm for the aromatic and methylene protons of the corresponding

ending m-xylene diamine moieties.
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Scheme 21. Synthesis of hydroxycarbamates 56a,d and 57a,d,e.
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Figure 25. *H-NMR spectrum for hydroxycarbamate 57d in DMSO-ds.
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The MALDI-ToF spectrum for compound 57e is shown in Figure 26. Different
peaks with different m/z mass units are observed, corresponding to the fragmentation
of compound 57e. The peak with m/z of 607.65 was attributed to compound 57e. On
the other hand, the peak at m/z of 565.6 was assigned to a new compound obtained
from the fragmentation and hydrolysis of the acetate group and the peak at m/z of 393.5

to a new compound obtained from the hydrolysis of both acetate and urethane groups.
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Figure 26. MALDI-ToF spectrum for hydroxycarbamate 57e.
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Thermal properties of the PHUs synthesised from BGLDC (51) or CABC (53) and
diamines were investigated by DSC and TGA analyses (Tables 6 and 7). In both cases,
TGA thermograms showed that less rigid PHUs derived from aliphatic diamines
(Table 6, entries 1 and 5; Table 7, entries 1 and 4) were stable in a lower range of
temperatures than their more rigid PHUs counterparts derived from aromatic/cyclic
diamines (Table 6, entries 2-4, Table 7, entry 3). However, PHU 55a derived from
diastereisomerically enriched CABC and 1,4-diaminobutane (Table 7, entry 2)
exhibited a higher value than its PHU 55d analogue derived from m-xylene diamine
(Table 7, entry 3), due to the higher crystallinity of the enantiomerically pure CABC
employed. In general terms, PHUs 54a-e derived from BGLBC exhibited higher
stability against decomposition than their PHUs 55a,d-f derived from CABC
analogues since they exhibited higher molecular weights.

The glass transition phenomenon was observed in the DSC thermograms. As can
be observed from Table 6, PHUs derived from BGLBC exhibited Tqvalues between 7
°C and 49 °C depending on the chemical structure of the diamines used. As previously
mentioned, several studies agreed that the high molecular flexibility between the
hydroxyurethane groups leads to lower Tq of PHUs.88°° Thus, PHUs derived from
rigid amines such as isophorone diamine (Table 6, entry 2), 13-
cyclohexanebis(methylamine) (Table 6, entry 3) or m-xylene diamine (Table 6, entry
4) exhibited higher T4 than PHUs derived from aliphatic diamines such as BDA (Table
6, entry 1) or tris(2-aminoethyl)amine (Table 6, entry 5). Similarly, the same tendency
was observed for PHUs derived from CABC (Table 7). Therefore, PHUs derived from
aliphatic diamines 1,4-diaminobutane (Table 7, entry 1) and L-lysine (Table 7, entry
5) exhibited lower Tg4 values than their PHUs counterparts derived from more rigid
diamines such as m-xylene diamine (Table 7, entry 3), except for PHU 55e derived
from tris(2-aminoethyl)amine (Table 7, entry 4), which exhibited a slightly higher Tq
of 62 °C, probably due to a light cross-linking of the polymeric chains. Finally, PHU
derived from diasteroisomerically enriched CABC and 1,4-diaminobutane exhibited
the highest Tq with a value of 64 °C, which was attributed to the higher crystallinity of
the CABC used. In general terms, PHUs 54a-e derived from BGLBC (52) exhibited
lower Tg values than their PHUs analogues 55a,d-f derived from CABC (53) with
values ranging from 7-49 °C and 42-64 °C respectively, probably due to the higher
rigidity and crystallinity of the cyclic CABC compared to the aliphatic BGLBC. As an
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example, Figures 27 and 28 show a comparison between the T4 obtained for PHUs
54a-e and PHUs b55a,d-f respectively, and Figures 29 and 30 exhibit the
thermogravimetric analysis for PHU 54b and 55d respectively.

Table 6. DSC and TGA analyses for selected PHUs derived from BGLBC (52).

Entry Diamine Tg(°C)® T4 5% (°C)°
1 1,4-diaminobutane (54a) 7 177
2 Isophorone diamine (54b) 49 228
3 1,3-cyclohexanebis(methylamine) (54c) 28 226
4 m-Xylene diamine (54d) 17 220
5 tris(2-aminoethyl)amine (54¢) 11 96

aDetermined by Different Scanning Calorimetry (DSC). PDetermined by Thermal Gravimetric Analysis
(TGA). Reported as temperature at 5% mass l0ss.

Table 7. DSC and TGA analyses for selected PHUs derived from CABC (53).

Entry Diamine T4 (°C)? Td, 5% (°C)P
1 1,4-diaminobutane (55a) 57 119
2¢ 1,4-diaminobutane (55a) 64 184
8 m-xylene diamine (55d) 58 152
4 tris(2-aminoethyl)amine (55€) 62 111
5 L-lysine (55f) 42 163

aDetermined by Different Scanning Calorimetry (DSC). ®Determined by Thermal Gravimetric Analysis
(TGA). Reported as temperature at 5% mass loss. °Crystals of BCDC used. 90.66 eg. of
tris(2-aminoethyl)amine were used.
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EXPERIMENTAL SECTION

1. Synthesis of starting materials

The epoxide 1,4-butanediol bis-glycidyl ether (BGDE), alkene (—-)-carvyl acetate
and glutaryl chloride were purchased from SIGMA-ALDRICH. Hydroxy-containing
imidazole organocatalyst and [AlMez(x?>-bpzbdeape)] were prepared according to
previously reported procedure.8”-% The rest of the epoxides and cyclic carbonates

derived from the commercial reagents were prepared as follows.
1.1 Synthesis of starting epoxides

1.1.1. Synthesis of glutaryl bis epoxide (50)%

In a 250 cm® round bottom flask, glycidol (45 mL, 67.5 mmol),
diisopropylethylamine (12.9 mL, 74.3 mmol) and glutaryl chloride (4.75 mL, 37.2
mmol) were added, and the resulting solution was left stirring for two hours at room
temperature. After that time, 50 mL of an agueous solution of NaOH (50%) were added
and the solution was left stirring for further two hours at room temperature. Then, the
reaction mixture was extracted with 100 mL of Et2O and the organic layer was washed
3 x 20 mL of water. The organic layer was then dried over MgSOs, filtered and the
solvent removed under vacuum obtaining a brownish oil, which, after purification by
column chromatography (EtOAc/Hex 1:6), afforded epoxide 50 as a yellowish oil in
81% vyield.

1.1.2. Synthesis of carvyl acetate bis epoxide (51)%

In a 500 cm? round bottom flask, (—)-carvyl acetate (15.0 mL, 75.0 mmol) was
dissolved in 200 mL of CH2Cl> and the solution was cooled down to 0 °C. Then,
3-chloroperbenzoic acid (22.8 g, 0.17 mol) was added in small portions, maintaining
the resulting mixture 24 hours at room temperature. After that time, the mixture was
washed with 50 mL of an aqueous solution of NaOH 1M, 50 mL of a saturated solution
of NaHCOz3 and 50 mL of a saturated solution of NaCl. The organic layer was then
dried over MgSQ4 and the solvent removed under vacuum, obtaining a yellowish oil,
which, after purification by column chromatography (EtOAc/Hex 1:6) afforded
epoxide 53 in 93% vyield.
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1.2. Synthesis of starting bis(cyclic carbonates)

1.2.1. Synthesis of BGDC (46)

1,4-butanediol diglycidyl ether (10.0 g, 49.5 mmol) and hydroxy-containing
imidazole organocatalyst (0.2 g, 0.5 mmol) were placed in a stainless reactor equipped
with a stirring bar. The reactor was then pressurised at 10 bar of CO» and the reaction
mixture was stirred at 80 °C for 2 h. After that time, the remaining sample was filtered
through a plug of silica, eluting with CH2Cl, to remove the catalyst used. The eluent
was then removed in vacuo affording a white solid corresponding to 2,4-butanediol
diglycidyl carbonate (BGC, 46).

1.2.2. Synthesis of BGLBC (52)%

In the glovebox, glutaryl bis-epoxide (7.4 g, 30.1 mmol), [AlMez(x2-bpzbdeape)]
(43.8 mg, 75.0 pmol) and tetrabutylammonium bromide (TBAB) (24.2 mg, 75.0 umol)
were placed in a stainless reactor equipped with a stirring bar. The reactor was then
pressurised at 10 bar and the mixture was stirred for 3 hours at 80 °C. After that time,
the remaining sample was filtered through a plug of silica eluting with CH2Cl> to
remove the catalyst used. The eluent was then removed in vacuo affording a white

solid corresponding to glutaryl bis-carbonate (BGLBC, 52).

1.2.3. Synthesis of CABC (53)%

The synthesis of CABC (53) was carried out in a similar way to BGLBC (52), using
carvyl acetate bis-epoxide (51) (15.8 g, 69.8 mmol), [AlMez(x?>-bpzbdeape)] (0.4 g,
0.70 mmol) and tetrabutylammonium chloride (TBAC) (1.0 g, 3.5 mmol) and stirring
the mixture for 66 h. After that time, the remaining sample was purified by flash
chromatography using as solvent system of first hexane, then hexane:EtOAc (9:1),
then hexane:EtOAc (6:1), then hexane:EtOAc (3:1),then EtOAc to afford a white solid
corresponding to CABC (53) in 38% yield.

2. Synthesis of poly(hydroxyurethane)s (PHUs) and hydroxycarbamates
2.1. General procedure for the synthesis of PHUs 47a-e

As a mode of example, the synthesis of polyurethane 47a is described. In a 10 mL
Schlenk equipped with a small stir bar, BGDC (46) (250.0 mg, 0.86 mmol),
1,4-diaminobutane (86 pL, 0.86 mmol) and 0.75 mL of MeCN, were added. The
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reaction mixture was then warmed up at 80 °C and left stirring for 16 hours. After that
time, solvent was removed in vacuo affording the corresponding PHU as a rubbery

material or a solid depending on the diamine used in 80-95% yields.
2.2. Synthesis of PHU 47f

The synthesis of PHU 47f was carried out in a similar manner to PHUs 47a-¢e, using
BGDC (46) (250.0 mg, 0.86 mmol), L-lysine (126.0 mg, 0.86 mmol) and TBD (120.0
mg, 0.86 mmol) or DBU (131 mg, 0.86 mmol), and was obtained as a white-yellowish
solid in 93 % yield.

2.3. General procedure for the synthesis of PHUs 54a-e

As a mode of example, the synthesis of polyurethane 54a is described. In a 10 mL
Schlenk equipped with a small stir bar, BGLBC (52) (250.0 mg, 0.75 mmol),
1,4-diaminobutane (76.0 pL, 0.75 mmol) and 0.75 mL of DMF, were added. The
reaction mixture was then warmed up at 80 °C and left stirring for 16 hours. After that
time, solvent was removed in vacuo affording the corresponding PHU as a rubbery
material or a solid depending on the diamine used in 80-95% yields.

2.4. General procedure for the synthesis of PHUs 55a,d,e

As a mode of example, the synthesis of polyurethane 55a is described. In a 10 mL
Schlenk equipped with a small stir bar, CABC (53) (250.0 mg, 0.80 mmol),
1,4-diaminobutane (80.5 pL, 0.80 mmol) and 0.75 ml of MeCN, were added. The
reaction mixture was then warmed up at 80 °C and left stirring for 16 hours. After that
time, solvent was removed in vacuo affording the corresponding PHU as a white solid
in 90-95% vyields.

2.5. Synthesis of PHUs 55f

The synthesis of PHU 55f was carried out in a similar manner to PHUs 55a,d,e,
using CABC (53) (250.0 mg, 0.80 mmol), L-lysine (111.0 mg, 0.80 mmol) and TBD
(120.0 mg, 0.80 mmol) or DBU (122 mg, 0.80 mmol) and was obtained as a white-
yellowish solid in 93 % vyield.
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2.6. General procedure for the synthesis of hydroxycarbamates 48, 56a,d

In a 10 mL Schlenk equipped with a small stir bar, BGDC (46)/CABC (53) (0.90
mmol), the corresponding diamine (0.45 mmol) and 0.75 ml of MeCN, were added.
The reaction mixture was then warmed up at 80 °C and left stirring for 16 hours. After
that time, solvent was removed in vacuo affording the corresponding
hydroxycarbamate as a rubbery material or a solid depending on the bis(cyclic
carbonate)/diamine used in 85-90% vyields.

2.7. General procedure for the synthesis of hydroxycarbamates 49, 57a,d,e

In a 10 mL Schlenk equipped with a small stir bar, BGDC (46)/CABC (53) (0.90
mmol), the corresponding diamine (1.80 mmol) and 0.75 ml of MeCN, were added.
The reaction mixture was then warmed up at 80 °C and left stirring for 16 hours. After
that time, solvent was removed in vacuo affording the corresponding
hydroxycarbamate as a rubbery material or a solid depending on the bis(cyclic

carbonate)/diamine used in 85-90% vyields.
3. Structural characterisation of PHUs

The synthesised PHUs and hydroxycarbamates were characterised by IR, *H-NMR,
13C-NMR and DOSY-NMR spectroscopy, MALDI-ToF analysis, DSC, TGA and
GPC.

PHU 47a: *H-NMR (500 MHz, DMSO-ds): 7.11 (d, Ju-n = 5.7Hz, 1H, NHuyrethane), 4.89
(d, Ju-H=5.1 Hz, 1H, secondary OH), 4.75 (t, Ju.n = 5.5 Hz, 1H, primary OH), 4.67
(m, 1H), 3.89 (m, 2H), 3.73 (dd, Ju-n = 10.4, 5.2 Hz, 1H), 3.46 (m, 2H,), 3.39 (m, 4H,
CH2%scpc), 3.33 (M, 4H), 2.96 (s, 4H,CH2"spa), 1.51 (s, 4H, CH2’scpc), 1.37 (s, 4H,
CH2%spa). BC-NMR (500 MHz, DMSO-dg): 156.7 (C=Ouretnane), 73.6 (5), 72.4 (6),
70.9 (C%scpc), 69.7 (3), 68.3 (4), 66 (7), 60.6 (3), 40.4 (Cspa), 27.2 (C’spn), 26.4
(C’s6pc). IR: v (C=0)amide = 1699 cm; v (NH) amide = 1533 cm™1, v (C—O)urethane= 1252
cm1.

PHU 47b: *H-NMR (400 MHz, DMSO-dg): 7.11 (s, 1H, NHurethane), 4.90 (s, 1H, OH),
4.67 (s, 1H), 3.88 (m, 2H), 3.74 (s, 2H), 3.57 (s, 1H, CH*NHisophorone), 3.46 (s, 2H),

3.39 (s, 2H, CH2%senc), 3.32 (s, 2H), 2.72 (d, Jn-+= 5.7 Hz, 2H, CH’-NHisophorone), 1.52
(s, 2H, CHgapc), 0.93 (M, 11H, CHa, CH2 isophorone). **C-NMR (400 MHz, DMSO-
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de): 157 (C=Ouretrane), 73.7, 72.4, 70.9 (Csepnc), 69.7, 68.3, 66, 60.6, 55 (C-
NHisophorone), 47.4 (Cisophorone), 43.9 (C*-NHisophorone), 35.5 (Cisophorone), 28.4 (Cisophorone),
26.4(C’a6pc), 23.7 (Cisophorone). IR: v (C=O)amice = 1695 cm™ v (NH)amice = 1537 cm-1,
v (C—O)urethane = 1243 cm~1.

PHU 47c: *H-NMR (500 MHz, DMSO-dg): 7.11 (s, 1H, NHurethane), 4.89 (s, 1H,
secondary OH), 4.75 (s, 1H, primary OH), 4.67 (m, 1H), 3.88 (ddd, , Ju.-+ = 15.2,
10.9, 6 Hz), 3.73 (m, 2H), 3.46 (s, 2H), 3.39 (s, 2H, CH2%apc), 3.32 (s, 2H), 2.95 (d,
Jn-n=5.1 Hz, 1H), 2.80 (d, Jn-+ = 3.6 Hz, 4H, CH?-NHdiamine), 1.67 (d, Jn-n= 12.9 Hz,
2H), 1.51 (d, Ju-+= 5.9 Hz, 4H, CH/scbc), 1.37 (s, 2H, CH2-NHaiamine), 1.27 (dd, Ju-
n=13, 8.1Hz, 1H), 1.13 (m, 1H), 0.73 (m, 1H), 0.47 (9, Ju-+ = 12.2 Hz, 1H). **C-NMR
(500 MHz, DMSO-ds): 156.9 (C=Ourethane), 73.5, 72.4, 70.9 (C”scpc), 69.7, 68.3, 66,
60.6, 47.3 (C*NHagiamine), 38 (C’-NHiamine), 30.8 (Ciamine), 26.4 (C’sepc). IR: v
(C=0)amide = 1695 cm™; v (NH)amide = 1538 cm~1, v (C—O)urethane = 1251 cm-1.

PHU 47d: 'H-NMR (400 MHz, DMSO-de): 7.67 (s, 1H, NHurethane), 7.26 (t, JH-H =
7.7Hz, 1H, Phyxyiene), 7.13 (d, Jn-1 = 7.2 Hz, 3H, Phyxyiene), 4.92 (s, 1H, secondary
OH), 4.78 (s, 1H, primary OH), 4.72 (m, 1H), 4.16 (d, Ju-v = 5.8 Hz, 2H,
CH2%NH,-xytene), 3.93 (ddd, , Ju.n=17.2, 11, 5.3 Hz, 2H), 3.76 (s, 1H), 3.48 (s, 2H),
3.39 (s, 2H, CH2%scpc), 3.34 (s, 2H), 1.52 (s, 4H, CHX’sepc). *C-NMR (500 MHz,
DMSO-ds): 157 (C=Ourethane), 140.3 (Phyyxyiene), 128.7 (Phyxytene), 126.7 (Phyyxylene),
126 (Phyy-xylene), 73.9, 72.4, 70.9 (C”sepc), 69.7, 68.3, 66.2, 60.6, 44.3 (C*-NH,)-xylene),
26.4 (C’sepc). IR: v (C=0)amide = 1695 cm™; v (NH)amide = 1533 cm™1, v (C—O)urethane
=1247 cm1.

PHU 47e: 'H-NMR (500 MHz, DMSO-ds): 7.15 (s, 1H, NHurethane), 4.68 (dt, Jn-+ =
10; 4.9 Hz, 1H), 3.90 (ddd, , Ju-n = 17.8, 10, 7 Hz, 2H), 3.75 (m, 1H), 3.46 (s, 2H),
3.39 (s, 2H, CH2%sepc), 3.32 (d, Jun= 5.4Hz, 2H), 3.01 (d, Ju-w= 5.6Hz, 4H,
CH2*-NHurethane), 2.55 ( M, 2H, CH2*NHiriamine), 2.45 (M, 4H, CH2’-NHurethane), 2.38
(dd, Jn-n=13.1, 6.7 Hz, 2H, CH2’-NHuriamine), 1.52 (M, 2H, CHscoc). *C-NMR (500
MHz, DMSO-ds): 156.9 (C=Ourethane), 73.9, 72.4, 70.9 (C%scnc), 69.7, 68.2, 66.2, 60.6,
58.4 (CP-NHurethane), 54.4 (CP-NHiriamine), 40 (C*NHiriamine), 39.5(CH2%NHurethane),
26.4 (C’sepe). IR: v (C=0)amide = 1696 cm™; v (NH)amide = 1532 cm™1, v (C—O)urethane
=1251 cm1.
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PHU 47f: 'H-NMR (500 MHz, DMSO-de): 7.13 (s, 1H, NHurethane), 6.21 (s, 1H,
NHurea), 4.65 (s, 1H), 3.86 (m, 2H), 3.82 (m, 1H, CH*NHiysine), 3.75 (M, 1H), 3.46
(s, 2H), 3.39 (s, 2H, CH2%scpc), 3.32 (d, Jn-H= 5.4Hz, 2H), 3.26-3.3.20 (m, 8H, DBU),
2.91 (d, Ju-n=5.4 Hz, 4H, CH2*-NH.iysine), 2.61 (d, Jn-+= 5.4 Hz, 2H, DBU), 1.85 (m,
2H, DBU), 1.64-1.60 (m, 4H, DBU), 151 (s, 2H, CH#’sepc), 1.32 (m, 4H,
CH2-NHL-ysine), 1.19 (s, 2H, CH2”-NHL-ysine) . **C-NMR (500 MHz, DMSO-ds):
174.1(C=OL-iysine), 164.7 (DBU), 156.7 (C=Ourethane), 155.8 (C=Ourea), 73.9, 72.4, 70.9
(C%sepc), 69.7, 68.2, 66.0, 60.6, 56.0 (C*-NHL-iysine), 53.4 (DBU), 48.22 (DBU), 40.9
(C*NHLysine), 32.9 (CP-NHL-ysine), 32.7 (DBU), 30.0 (C#-NHLiysine), 27.0(DBU), 26.4
(C”sepe), 24.5 (DBU), 22.8 (C’-NHL-iysine), 20.2 (DBU). IR: v (C=0)amide = 1697 cm™*
;v (C=0)urea = 1646 cm™*, v (NH)amide = 1537 cm~1, v (C—O)urethane = 1245 cm~1.

PHU 54a: 'H-NMR (500 MHz, DMSO-de): 7.99; 7.76 (s, 1H, NHamige), 7.14, 7.09 (s,
1H, NHamide), 6.79 (s, 1H, NHurea), 5.18 (s, 1H), 4.91 (s, OH), 4.76 (s, OH), 4.64-4.04
(m, chain ends and residual monomers), 3.95 (m, 2H), 3.84 (m, 1H), 3.49 (s, 1H), 3.34
(s, 2H), 2.96 (s, 4H, CH2*-NHgpa), 2.37 (m, 4H, CH>*-COOgcLpc), 1.78 (m, 4H,
CH2’-COOgcLpc), 1.37 (5, 4H, CH2-NHgpa). C-NMR (500 MHz, DMSO-ds):
172.9-171.8 (C=Oester BoLDc), 161.4 (C=Oamide), 156.9-156.6 (C=Ourethane), 155.8
(C=Ourea), 77.5, 72.4, 70.3, 69.7, 67.0, 66.0-65.2, 63.5-63.1, 61.0, 60.6, 40.4 (C’spA),
32.9 (C%sgLpc), 27.2 (CPspAa), 20.2 (CPseLpc). IR: v (C=0)ester = 1722 cm™, v (C=0)amide
= 1660 cm™; v (NH)amide = 1544 cm=1, v (C—O)urethane = 1237, 1042 cm~1.

PHU 54b: H-NMR (400 MHz, DMSO-de): 8.05-7.63 (s, 1H, NHamidge), 7.19-7.06 (s,
1H, NHurethane), 5.20 (s, 1H, OH), 4.90 (s, 1H, OH), 4.78 (s, 1H), 4.67 (s, 1H), 4.64-
4.04 (m, chain ends and residual monomers), 3.91 (m, 2H), 3.60 (s, 2H), 3.49 (s, 1H,
CH*NHisophorone), 2.72 (d, Ju-n = 5.1 Hz, 2H, CH*NHisophorone), 2.35 (M, 4H,
CH2*-COOscLpc), 1.76 (m, 4H, CH»*-COOsggcLpc), 1.09-0.87 (m, 11H, CHa,
CHa,isophorone). 3C-NMR (400 MHz, DMSO-ds): 172.9 (C=Oester), 160.4 (C=Oamide),
73.0,69.7, 67.1, 66.1, 65.7, 63.5-63.1, 55 (C*~NHisophorone), 47.4 (Cisophorone), 44.3 (C*-
NHisophorone), 35.4 (Cisophorone), 32.9 (C”scLoc), 28.0 (Cisophorone), 23.7 (Cisophorone), 20.2
(CPsoLpc). IR: v (C=0)ester = 1720 cm™, v (C=0)amide = 1665 cm™; v (NH)amige = 1533
cm=1, v (C—O)urethane = 1236, 1045 cm~1.

PHU 54c: *H-NMR (500 MHz, DMSO-ds): 8.00-7.78 (s, 1H, NHamice) 7.18 (s, 1H,
NHurethane), 580 (S, lH, NHurea), 520 (S, 1H, OH), 492 (S, 1H, OH), 478 (d, JH-H = 46
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Hz, 1H), 4.60-4.05 (m, chain ends and residual monomers), 3.88 (m, 4H), 3.46 (s,
2H), 3.32 (s, 2H), 2.91 (m, 1H), 2.80 (s, 4H, CH?-NHudiamine), 2.37 (m, 4H,
CH2*-C0O0sgcLbc), 1.75 (M, 4H, CH*-CO0gcLDC), 1.67 (d, Ju-n = 12.9 Hz, 2H), 1.37
(s, 2H, CH2-NHdiamine), 1.27 (s, 1H), 1.13 (s, 1H), 0.73 (m, 1H), 0.47 (m, 1H). C-
NMR (500 MHz, DMSO-ds): 172.8-171.8(C=Oester), 161.4 (C=Oamice), 156.7
(C=Ourethane), 73.0, 72.1, 69.7, 67.0, 66.1-65.2, 63.5-63.1, 60.6, 47.3 (C*-NHadiamine),
43.8, 37.7 (CP-NHagiamine), 32.8 (C*scLoc), 30.8 (Cdiamine), 25.4, 20.3 (C’goLoc). IR: v
(C=O)ester = 1715 cm™?, v (C=O)amice = 1660 cm™; v (NH)amice = 1540 cm1, v
(C—O)urethane = 1239, 1052 cm~1.

PHU 54d: 'H-NMR (400 MHz, DMSO-ds): 8.50-8.13 (s, 1H, NHamige) 7.75-7.67 (s,
1H, NHurethane), 7.26 (S, 1H, Phyxyiene), 7.13 (S, 3H, Phyyxyiene), 5.23 (s, 1H, OH), 4.92
(s, 1H, OH), 4.81 (s, 1H), 4.70-4.30 (m, chain ends and residual monomers), 4.29-
4.23 (m, 2H), 4.16 (d, Ju-+ = 5.7 Hz, 2H, CH2*-NH,;-xytene), 3.95 (d, , Ju-x = 4.8 Hz,
2H), 3.65 (s, 1H), 3.51 (s, 1H), 3.34 (s, 2H), 2.37 (s, 4H, CH2*-COOgcLDC), 1.75 (M,
4H, CH/-COOsgcLpc). *C-NMR (500 MHz, DMSO-dg): 173.2-172.0 (C=Oester),
161.5 (C=0Oamide), 157.1-156.9 (C=Ourethane), 139.5 (Phiy-xylene), 128.8-125.8 (Phy-xylene),
73.9,72.4,70.3, 69.7, 67.0-66.5, 63.5-63.1, 44.3 (C*-NH,;-xylenc), 32.8 (C”scLDC), 20.3
(C’s6Loc). IR: v (C=0)ester = 1718 cm, v (C=0)amide = 1662 cm™; v (NH)amide = 1539
cm1, v (C—O)urethane = 1233, 1043 cm~1.

PHU 54e: *H-NMR (500 MHz, DMSO-ds): 8.01-7.71 (S, NHamice), 7.05 (s, 1H,
NHurethane), 5.93 (S, 1H, NHurea), 5.28 (s, OH), 4.91 (s, OH), 4.66 (t, Ju-1= 5.1 Hz, 2H),
4.49 (d, Ju-n= 5.1 Hz, 2H), 4.41 (t, Ju-n= 5.3 Hz, 2H), 3.96 (m, 6H), 3.65 (m, 2H),
3.46 (m, 2H), 3.29 (d, Ju-+= 5.4Hz, 2H), 3.07 (M, 4H, CH2*NHurethane), 2.59 ( m, 2H,
CH2*NHiriamine), 2.45 (M, 4H, CHZ’-NHurethane), 2.36 (dd, Jun = 7.2, 2.9 Hz, 2H,
CH2’-NHiriamine), 2.34 (M, 4H, CH2*-COOsgcLoc), 2.08 (dd, Jn-+= 12.8, 7.3 Hz, 2H),
1.77 (m, 4H, CH-COOsgcipc). *C-NMR (500 MHz, DMSO-dg): 173.2-172.9
(C=Oester), 161.6 (C=Oamicge), 158.7 (C=Ourethane), 157.0 (C=Ourea), 73.0, 70.2, 69.7,
67.0-66.1, 65.4, 63.5, 63.1, 61.1, 60.2, 54.6 (C’~NHurethane), 53.6 (C’-NHiriamine), 38.0
(C*NHiriamine), 37.2 (CH2%NHurethane), 35.9, 35.2, 34.7, 33.1-32.6 (C%scLoc), 22.0,
21.1, 20.4 (C’soLpc), 17.0. IR: v (C=0)ester = 1722 cm™?, v (C=0)amice = 1662 cm™; v
(NH)amige = 1542 cm~1, v (C—O)urethane = 1249, 1045 cm~1.
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PHU 55a: H-NMR (400 MHz, DMSO-de): 7.85-7.31 (s, NHamice), 7.13 (s, 1H,
NHurethane), 5.88 (S, NHurea), 5.01 (s, OH), 4.75 (s, OH), 4.67-4.40 (m, 3H), 3.85 (m,
2H), 3.73 (dd, Ju-n = 10.4, 5.2 Hz, 1H), 3.46 (m, 2H,), 3.39-3.33 (m, 4H), 3.02 (s,
4H,CH2%pa), 2.11 (s, 3H, CHacawi), 1.61 (s, 4H, CH2%spa), 1.46 (s, 3H, CHa.canyi),
1.06 (s, 3H, CHs cary1). **C-NMR (400 MHz, DMSO-ds): 170.4-169.4 (C=Oester, amide),
156.8 (C=Ourethane), 154.6 (C=Ourea), 85.5, 84.3, 82.4, 80.8, 76.5, 75.6, 73.8, 72.9, 71.7,
69.7-69.4, 41.8 (C%pa), 31.7-30.9, 27.4-27.2 (C’spa), 26.6, 23.1 (CHs, caryl), 22.0
(CH3, carvy), 21.3. IR: v (C=0)amide = 1696 cm™; v (NH)amige = 1539 cm~1, v (C—O)urethane
=1245, 1026 cm~1.

PHU 55d: *H-NMR (400 MHz, DMSO-deg): 8.33 (S, NHamide), 7.63 (s, 1H, NHuyrethane),
7.21 (M, 4H, Phyoglenc), 4.83-4.34 (m, 4H), 4.19 (m, 2H, CH2*NHyxylens), 3.85 (m,
2H), 3.76 (s, 1H), 3.48-3.34 (M), 2.03 (5, 3H, CHs, caryl), 1.39 (s, 3H, CHs, canvy1), 1.04
(s, 3H, CHs, canyt). *C-NMR (400 MHz, DMSO-dg): 170.6-169.5 (C=Oester, amice),
157.1 (C=Ourethane), 144.2 (Phyosytene), 140.1-139.8 (Ph,yxytene), 128.7-128.2 (Ph,y-xytene),
126.5-125.4 (Phyxyiene), 85.9, 73.6, 72.9, 71.6, 69.9, 46.1 (C*NH,-xylene), 44.3
(C*NHyyxylene), 42.6, 23.0 (CH3, carwy1), 22.5 (CHS3, carvyt), 21.4. IR: v (C=0)amice = 1699
cm™t; v (NH)amide = 1535 cm1, v (C—O)urethane = 1243, 1042 cm~1.

PHU 55e: *H-NMR (400 MHz, DMSO-dg): 7.88-7.79 (s, NHamice), 7.08-6.74 (s, 1H,
NHurethane), 4.74-4.29 (m, opening CABC), 3.81-3.77 (m, 4H), 3.07 (m, 4H,
CH2"-NHurethane), 2.56 ( M, 2H, CH2*NHiriamine), 2.40 (M, 4H, CH2’-NHurethane), 2.35
(m, 2H, CHZ-NHiriamine), 2.08 (s, 2H), 2.04 (s, 3H, CHscany1), 1.56 (S, 3H, CH3 carvy1),
1.01 (s, 3H, CHacarvyl). *C-NMR (400 MHz, DMSO-ds): 170.4-169.5 (C=Oester),
156.9-156.7 (C=Ourethane), 77.2-75.8, 73.7-72.9, 71.7, 69.7-69.5, 58.4-58.0
(CP-NHurethane), 54.4-54.1 (C#-NHiriamine), 37.8 (C*~NHiriamine), 37.6 (CH2%-NHurethane),
23.1 (CHa, carwy1), 22.0 (CH3, carvyt), 21.3. IR: v (C=0)amice = 1690 cm™; v (NH)amige =
1538 cm1, v (C—O)uyrethane = 1247, 1070 cm1.

PHU 55f: 'H-NMR (400 MHz, DMSO-dg): 7.72, 7.36 (S, NHamice), 6.97 (s, 1H,
NHourethane), 6.23 (S, 1H, NHurea), 4.90-4.10 (m, opening CABC), 3.70 (m, 1H, CH*-NH_-
lysine), 3.55 (S, 2H), 3.29 (s, 2H), 3.16 (d, Ju-+=5.2 Hz, 4H, TBD), 3.06 (d, Ju-+=4.8
Hz, 4H, TBD), 2.85 (s, 4H, CH2*NHL-ysine), 1.95 (5, 3H, CH3 carvy1), 1.79 (d, Jn-n= 4.7
Hz, 4H, TBD), 1.58 (s, 3H, CHscay1), 1.31 (M, 4H, CH2’-NH_iysine), 1.12 (s, 2H,
CH2-NH_-ysine), 0.93 (s, 3H, CHacanvyl). *C-NMR (400 MHz, DMSO-dg): 174.1
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(C=OL-iysine), 170.5-169.3 (C=Oester), 156.8 (C=Ourethane), 154.8 (C=Ourea), 151.6
(TBD), 77.0, 75.7, 73.6-73.1, 72.4, 71.8, 70.8, 69.7, 68.2, 66.0, 60.6, 56.0 (C*-NH-
lysine), 46.4 (TBD), 40.9 (C*NHiiysine), 37.6 (TBD), 32.9 (C’-NHiiysine), 30.0
(CP-NHL-iysine), 23.1 (CHs, carvy1), 22.5 (C7-NHLiysine), 21.4 (CH3, cany1), 21.0 (TBD). IR:
v (C=0)amice = 1695 cm™; v (NH)uwrea = 1639 cm1, v (NH)amice = 1538 cm1, v
(C—O)urethane = 1247, 1055 cm™1.

4. Structural characterisation of hydroxycarbamates

Hydroxycarbamate 48: *H-NMR (400 MHz, DMSO-de): 7.11 (d, Ju-+ = 5.5Hz, 1H,
NHurethane), 4.94 (m, 2H, CH cyclic carbonate), 4.75 (t, Ju-n=5.5 Hz, 1H, primary OH), 4.67
(m, 1H), 4.52 (t, Ju-n= 8.4Hz, 2H, CH2cydlic carbonate), 4.25 (dd, Ju-n= 8.2, 5.9Hz, 2H,
CHoa,cyclic carbonate), 4.09 (q, Ju-H = 5.2 Hz, 1H, secondary OH), 3.89 (dd, Jx.n= 27.1,
5.3Hz, 2H), 3.74 (m, 1H), 3.59 (ddd, Ju.n= 15.6, 11.5, 3.4Hz, 4H), 3.46 (m, 2H), 3.39
(m, 4H, CHx%scpc), 3.33 (M, 2H), 2.95 (s, 4H, CH2%pa), 1.53 (s, 4H, CHXsenc), 1.37
(s, 4H, CH2"spa). ¥C-NMR (400 MHz, DMSO-ds): 156.7 (C=Ourethane), 155.4
(C=Ocyclic carbonate), 76 (CHecyclic carbonate), 73.6, 72.4, 71.0, 70.9 (C’sspc), 70, 68.3, 66.6
(CHa, cyclic carbonate), 66.0, 60.6, 40.4 (C%spa), 27.2 (CH2’spA), 26.1 (CH/’scDC). IR: v
(C=0)cyclic carbonate = 1787 cm2, v (C=0)amide = 1692 cm™; v (NH)amide = 1525 cm1, v
(C—O)urethane = 1249, 1049 cm,

Analysis found: C:505% H:75% N:3.9%
Calculated: C:50.3% H:7.2% N: 4.2 %

Hydroxycarbamate 49: 'H-NMR ( 400 MHz, DMSO-dg): 7.11 (s, 1H, NHurethane),
4.68 (m, 1H), 3.88 (ddd, , Ju-w= 17.1, 11, 5.4Hz, 4H, 2), 3.73 (m, 1H), 3.46 (m, 2H,
11), 3.39 (m, 4H, CH2"gepc), 3.32 (M, 4H), 2.95 (dd,Jn-+=12.6, 6.5Hz, 4H, CH2%8pA),
2.5 (m, 4H, CH2"spAurethane), 1.51 (d, Ju-n= 4.6Hz, 4H, CHX’scpc), 1.35 (m, 4H,
CH2’8pABDA urethane 3). *C-NMR (400 MHz, DMSO-dg): 156.7 (C=Ourethane), 73.5,
72.4, 70.9 (C"sspc), 69.7, 68.3, 66.0, 60.6, 41.9 (C“spA, urethane), 40.4 (C’spa), 31.1
(CPsoA, urethane) 27.5 (CPspa), 26.4 (CPsapc). IR: v (O—-H) = 3340 cm2, v (C=0)amide =
1687 cm'Y; v (NH)amide = 1535 cm1, v (C—O)urethane = 1248, 1109 cm-2.

Analysis found: C:52.7% H:95% N:11.4 %
Calculated: C:525% H: 9.2 % N: 11.7 %
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Hydroxycarbamate 56a: *H-NMR (400 MHz, DMSO-ds): 7.84; 7.54 (S, NHamide),
7.13; 6.84 (s, 1H, NHurethane), 5.77 (S, NHurea), 5.11 (m, 1H, CH cyciic carbonate), 5.02 (q,
Ju-H = 5.5 Hz, 1H, CH cyclic carbonate), 4.90-4.70 (m, opening CABC ), 4.66 (m, 2H,
CH cyclic carbonate ), 4.50 (M, 2H, CH2 cyclic carbonate), 4.42 (M, 2H, CH2,cyclic carbonate), 4.25
(dd, Ju-n= 8.2, 4.5 Hz, 2H, CH2 cyclic carbonate), 3.86 (S, 2H), 3.40 (d, Ju-n= 4.6Hz, 4H),
3.02 (s, 4H, CH2%pa), 2.14-2.11 (s, 3H, CH3, carvy1), 1.84 (s, 3H, CH3 carvyi), 1.78-1.50
(m, 4H), 1.49 (s, 3H, CHscay1), 1.46 (s, 4H, CH2”gpa), 1.08 (s, 3H, CHs cany). *3C-
NMR (400 MHz, DMSO-ds): 170.0-169.5 (C=Oamide), 156.7 (C=Ourethane), 155.6
(C=Ourea), 154.2 (C=Ocyclic carbonate), 85.5, 84.3, 82.4, 80.8, 80 (CHecyclic carbonate), 75.3,
74.6, 72.9-72.7, 72.0; 71.7 (CHz, cyclic carbonate), 70.8, 69.4-69.1, 40.1 (C“spa), 27.2
(C%8pA), 23.1 (CHs, carvy1), 22.0 (CH3, carvyt), 21.1. IR: v (C=0)cyclic carbonate = 1794 cm™2,
v (C=0)amide = 1708 cm™®; v (NH)amide = 1526 cm~1, v (C—O)urethane = 1236, 1024 cm™.,

Analysis found: C:53.9% H:7.1% N: 3.7 %
Calculated: C:53.6% H: 6.8 % N: 3.9%

Hydroxycarbamate 56d: *H-NMR (400 MHz, DMSO-ds): 8.32; 7.98 (S, NHamide),
7.65 (S, 1H, NHurethane), 7.20 (M, 4H, Phyyxyiene), 5.57 (S, NHurea), 5.05 (m, 1H, CH cyciic
carbonate), 4.98 (M, 1H, CH cyclic carbonate), 4.90-4.75 (m, opening CABC ), 4.70 (m, 4H,
CH cyclic carbonate ), 4.44 (m, 2H, CHazcyclic carbonate), 4.21 (dd, Jn-n= 8.8, 4.5 Hz, 2H,
CHa,cyclic carbonate), 4.17 (M, 2H, CH2%-NH,;-xytene), 3.70 (s, 2H), 3.35 (m, 2H), 2.08-2.05
(s, 3H, CHs, carwl), 1.87 (s, 3H, CHacarvyr), 1.80-1.50 (M, 4H), 1.43-1.41 (s, CH3carwyl),
1.04 (s, 3H, CHscarvyl). **C-NMR (400 MHz, DMSO-de): 170.0-169.5 (C=Oanide),
156.9-156.7 (C=Ourethane), 155.6-154.2 (C=Ocyclic carbonate), 144.6 (Phiyxyiene), 140.3
(Phy-xytene), 128.7-128.5 (Phyyxylene), 126.2-125.4 (Phy-xyiene), 85.5-85.2, 82.8-82.4,
80.8, 80 (CHcyalic carbonate), 75.3, 75.0, 72.9-72.7, 72.0; 71.7 (CH2, cyclic carbonate), 70.8,
69.4-69.1, 46.1-44.2 (C*NH,yxylene), 23.1 (CH3, carwyl), 22.0 (CHs, carwyt), 21.1. IR: v
(C=O)cyclic carbonate = 1795 cm, v (C=0)amide = 1697 cm™; v (NH)amide = 1521 cm~1, v
(C—O)urethane = 1237, 1037 cm™L,

Analysis found: C:56.8% H: 6.6 % N: 3.5 %
Calculated: C:56.5% H: 6.3 % N: 3.7 %

Hydroxycarbamate 57a: 'H-NMR (500 MHz, DMSO-ds): 7.79 (S, NHamige), 7.07;
6.78 (s, 1H, NHuyrethane), 4.73 (s, 1H), 4.60 (s, 1H), 4.48 (d, Ju-+= 7.2 Hz, 1H), 4.34 (d,
Jn-w= 7.0 Hz, 1H), 4.28 (d, Ju-n= 7.4 Hz, 1H), 3.79 (s, 2H), 2.99 (m, 4H, CH2%spa),
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2.50 (s, 4H, CH2%8pa), 2.04 (s, 3H, CHs3, cary1), 1.78 (S, 3H, CHazcarvyi), 1.60-1.30 (m,
4H), 1.39 (m, 4H, CH2"epa), 1.33 (M, 4H, CH2”8pA), 1.08-1.00 (s, 3H, CHa carwyt). 1°C-
NMR (500 MHz, DMSO-ds): 170.0-169.3 (C=Oamice), 156.7 (C=Ourethanc), 76.5-75.7,
73.8,72.9,71.7,69.6,49.1, 42.1; 41.9 (C’spa), 38.9; 38.7 (C%spa), 31.0; 27.2 (C’gpA),
23.1 (CHs, carvy1), 22.1 (CHs, carwyt), 21.1. IR: v (O—H) = 3306 cm™, v (C=0)amide = 1693
cm™; v (NH)amide = 1536 cm™1, v (C—O)urethane = 1243, 1023 cm™.

Analysis found: C:54.1% H: 8.8 % N: 11.3 %
Calculated: C:53.9% H: 8.6 % N: 11.4 %

Hydroxycarbamate 57d: *H-NMR (500 MHz, DMSO-ds): 8.31; 7.98 (S, NHamide),
7.64 (s, 1H, NHurethane), 7.21 (M, 4H, Phyyyiene), 4.75 (s, 1H), 4.64 (s, 1H), 4.51 (s, 1H),
4.41 (s, 1H), 4.23; 4.16 (M, 4H, CH cycic carbonate), 3.86 (s, 1H), 3.70 (s, 2H), 2.05-2.01
(s, 3H, CHs, carvy1), 1.88 (S, 3H, CHscary1), 1.70-1.40 (m, 4H), 1.04 (s, 3H, CHscarvy1).
13C-NMR (400 MHz, DMSO-dg): 170.4-169.6 (C=Oamide), 157.1-156.9 (C=Ourethane),
144.6 (Phyy-xylene), 140.3 (Phyyxylene), 128.7-128.3 (Phyy-xyiene), 126.2-125.3 (Ph,y-xyiene),
84.5,79.7,76.3,73.8, 71.8, 69.9-69.6, 46.1-44.2 (C*-NH,y-xylene), 23.1 (CH3, carwy1), 22.0
(CHa, carvy1), 21.3. IR: v (O—H) = 3260 cm™, v (C=0)amide = 1694 cm™*; v (NH)amide =
1540 cm1, v (C—O)uyrethane = 1245, 1029 cm2.

Analysis found: C:61.7% H: 7.4 % N:9.4 %
Calculated: C:614% H: 7.2 % N: 9.6 %

Hydroxycarbamates 57e: *H-NMR (400 MHz, DMSO-ds): 7.93; 7.83 (s, NHamide),
7.10; 6.74 (S, 1H, NHurethane), 4.63 (s, 2H), 4.28 (s, 2H), 3.81-3.77 (m, 4H), 3.24; 3.07
(m, 4H, CH2*NHurethane), 2.56 (M, 2H, CH2%NHuriamine), 2.42 (M, 4H, CH2*-NHurethane),
2.40 (m, 2H, CH2’-NHiriamine), 1.81 (s, 3H, CH3.carvy1), 1.56 (S, 3H, CH3 carvy1), 1.09; 1.00
(s, 3H, CHascarvyl). *C-NMR (400 MHz, DMSO-ds): 169.6 (C=Oester), 156.9
(C=Ourethane), 79.7, 76.7, 75.0, 72.9, 71.9, 69.7, 57.7 (C’-NHuretnane), 54.4-54.2
(CP-NHiriamine), 37.7 (C*NHuriamine), 37.5 (CH2%NHurethane), 23.1 (CHa, cany1), 22.5
(CH3, cary1), 21.3. IR: v (O—H) = 3280 cm™, v (C=0)amide = 1697 cm™’; v (NH)amide =
1551 cm1, v (C—O)urethane = 1257, 1044 cm~1.

Analysis found: C:51.7% H: 9.1 % N: 18.3 %
Calculated: C:515% H: 8.9 % N: 18.5 %
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Chapter 5 Introduction

In this Chapter of the dissertation, the results obtained in the design of different
nitrogen ligands derived from bis(1,2,3-triazol-1-yl)methane moiety and their
coordination to different metal centres such as aluminium, zinc and iridium, will be
described. Before focusing on the synthesis and characterisation of these compounds,

a brief introduction about triazole-derived ligands will be covered.
1. Ligands derived from 1,2,3-triazole

The ability of nitrogen compounds to act as polydentate ligands in organometallic
and coordination chemistry has led to great interest in the development of highly

efficient methods for the preparation of structurally diverse nitrogen-based ligands.*

The key feature of the different synthetic routes to develop nitrogen-based ligands
lies on the versatility to prepare a broad range of new compounds with tuneable
electronic and steric properties. Diversity-oriented synthesis (DOS) offers unexpected
possibilities in this area for the easy and quick preparation of novel libraries of
structurally diverse compounds.? In this context, triazole-derived nitrogen-ligands
have received considerable attention due to their multiple applications in biological,

pharmaceutical, agrochemical and textile industries.

One of the most prominent reaction to synthesise 1,4 disubstituted 1,2,3-triazole
compounds is the “click chemistry” regiospecific cooper(I)-catalysed alkyne/azide
cycloaddition (CUAAC) reaction, characterised by high yields, mild conditions and

excellent functional group tolerance (Scheme 1).1%-1

R'
X
_ Cu(l) N~
R—————H + R'—N; — = || / 5
N
3 \g
R

Scheme 1. CuAAC click reaction.

The 1,2,3-triazole moiety, through its ease of preparation and the ability to include
a wide range of functional groups in the substituents, provides an excellent route for
ligand design. 1,2,3-triazole compounds possess two nitrogen atoms capable of metal
coordination, the N3-position being the more basic (Figure 1). Introduction of other

donor functions into the R and R’ groups of the alkyne and azide precursors allows
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access to a wide range of chelating ligands (Scheme 1). In addition, the 5-position C—H
moiety affords the formation of anionic triazolides through C—H activation. Also,
alkylation of the N3-position followed by deprotonation of the already mentioned
acidic C—H® bond leads to the formation of abnormal mesoionic N-heterocyclic
carbenes (aNHCs).1? Whilst initially slow, the last decade has seen an explosion in the

utilisation of CUAAC for the design of new ligand systems for metal complexes.®

C-H activation/

triazolide/
aNHC formation
H
functionality/ s functionality/
chelation — R 4/ 1\11 _R - chelation
/

metal coordination/alkylation

Figure 1. Functionalisation potential of 1,2,3-triazoles for coordination chemistry.

Following this synthetic route, different 1,2,3-triazole-derived tridentate ligands
have been prepared by click chemistry from phenylazide and ethynylphosphine oxide
(Scheme 2). In these compounds, a phosphorous atom acts as bridging atom between
the triazole rings. These compounds are very similar to tris(pyrazol-1-yl)methane since
they act as neutral ligands, although they are not included within the heteroscorpionate
ligand definition. As an example, by their reaction with RhCls, the rhodium complex
shown in Scheme 2 was obtained, where the 1,2,3-triazole-based ligand acts as a

tridentate neutral ligand exhibiting a #>-NNN coordination mode.*

N e /X
I ) PhN; NE P TN _ RRCl N—Ph
o } |\}“N\ | \ =N, NN\ /
N —N
P Z >y N Rh
// 01/ ‘ i
N—N

Cl
PH

Scheme 2. Synthesis of Rh (111) complex with a tridentate 1,2,3-triazole-based ligand.
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Since the first isolation of a free imidazole-based N-heterocyclic carbene (NHC),
these ligands have become ubiquitous in organometallic chemistry (Figure 2). A
rapidly expanding area was the development of so-called “abnormal” or mesoionic
NHCs (aNHCs). In this case, the carbonic centre is formed at the C4 or C5 positions
and as a result there is no neutral canonical form that can be drawn (Figure 2b,c). A
new sub-class of aNHCs, derived from CuAAC derived triazolium salts has emerged

and different metal complexes have been synthesised (Figure 2c).*>8

R"
/
/:\ —\ N—N
N—N_ N@ N _ N/Q)\
R _ R
(a) (b) (c)

Figure 2. a) normal imidazole-2-ylidene, b) " abnormal” imidazole-4-ylidene, c)

“abnormal” 1,3,4-trisubstituted 1,2,3-triazol-5-ylidene.

The first complex with this new class of aNHCs was isolated by reaction of a 1,3,4-
trisubstituted 1,2,3-triazolium salt with Ag20 to yield an aNHC silver complex.
Transmetalation reaction with chloride 1,5-cyclooctadiene iridium (I) dimer afforded
the first aNHC iridium (1) complexes (Figure 3a,b).!* More recently, 1,2,4-
trisubstitued 1,2,3-triazol-5-ylidene ligands synthesised by a non-CuAAC route have
been employed to generate ‘“normal” NHC iridium (I) complexes, also by

transmetalation reaction using silver oxide as transmetalating agent (Figure 3c).!’

Me Ph

I N e /

(b)

Figure 3. a,b) aNHC Iridium (1) complexes; ¢) NHC Iridium (1) complex.
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1.1. Heteroscorpionate ligands derived from 1,2,3-triazole

As it has been previously mentioned in Chapter 1, heteroscorpionate ligands
represent one of the most versatile ligands reported. Amongst them,
bis(pyrazol-1-yl)methane derivatives have received great attention since they exhibit
great versatility and capacity to coordinate to a wide range of elements. With the aim
to design new heteroscorpionate ligands with different electronic and steric properties,
different ligand precursors using other heterocycles such as 1,2,3-triazole have been

prepared. 920

The first heteroscorpionate ligands based on 1,2,3-triazole moieties were reported
in 2010 by Burzlaff and co-workers.!® In these ligands, 2H-benzotriazole was used as
precursor, which led to three different isomers in different proportions; (a) bis(1H-
benzotriazol-1-yl)methane, (b) bis(1H-benzotriazol-1-yl)(2H-benzo-triazol-2-yl)
methane and (c) bis(2H-benzotriazol-2-yl)methane. Isomer ¢ was employed for the
synthesis of a heteroscorpionate ligand functionalised with a carboxylate group by
reaction with "BuLi and CO2, which, after hydrolysis, afforded the bis(2H-
benzotriazol-2-yl)methane acetic acid (Scheme 3). This ligand was coordinated to
different metal centres such as Mn and Ru by reaction with [MnBr(CO)s] and
[RuCl>(PPhgz)z], obtaining the organometallic complexes shown in Scheme 4. In these
complexes, the 1,2,3-triazole-derived heteroscorpionate ligand acted as an anionic
monofacial ligand, adopting a x*>-NNO coordination mode (Scheme 4). The resulting
complexes found applications in the preparation of metal-organic frameworks (MOFs)

and in medicinal chemistry as structural mimics for the active site of metalloenzymes.

More recently, our research group developed a new synthetic route for the
preparation of 1,2,3-triazole-derived heteroscorpionate ligands.?’ Thus, by reaction
between a 1,1-bis(azide) and two equivalents of alkyne, innovative neutral
bis(4-substituted 1,2,3-triazol-1-yl)methane compounds were synthesised (Scheme 5).
These bis(1,2,3-triazol-1-yl)methane compounds were functionalised with
acetamidate and thioacetamidate groups in the methine group bridging both triazole
rings following the same procedure as for their bis(pyrazol-1-yl)methane analogues
(Scheme 6). In addition, they were further employed for the preparation of alkyl zinc

complexes by protonololysis reactions, as depicted in Scheme 7.2°
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Scheme 6. Synthesis of acetamide and thioacetamidate bis(triazol-1-yl)methane-derived

heteroscorpionate ligands.
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/l \\ 5 N—-Zn
Ny TN
4 Et S
Ph \

N
Ph

Scheme 7. Dinuclear alkyl zinc complex supported by thioacetamidate bis(triazol-1-

yl)methane-derived heteroscorpionate ligand.
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Chapter 5 Results and discussion

As it has been previously commented in the introduction of this Chapter, there is a
great interest in the design of new polyfunctional heteroscorpionate ligands with
different electronic and steric properties. Thus, in order to contribute to this field, new
neutral heteroscorpionate ligand precursors derived from bis(1,3,3-triazol-1-

yl)methane (btzm) have been prepared.
1. Synthesis of bis(1,2,3-triazol-1-yl)methane derivatives

As previously mentioned in the introduction, the synthesis of the different bis(1,2,3-
triazol-1-yl)methane derivatives has been carried out by “click” reaction, using organic
diazides and terminal alkynes as substrates and Cu(l) as catalyst, as shown in Scheme
8.2 Thus, the corresponding bis(triazol-1-yl) methane derivates: bptzpm, [bptzpm =
1,1'-((4-methoxyphenyl)methylene)bis(4-phenyl-1H-1,2,3-triazole)], bttzpm, [bttzpm
= 1,1'-((4-methoxyphenyl)methylene)bis(4-(trimethylsilyl)-1H-1,2,3-triazole),
bptzom, [bptzom = 1,1'-((2-methoxyphenyl)methylene)bis(4-phenyl-1H-1,2,3-
triazole) and bttzom, [bttzom = 1,1'-((2-methoxyphenyl)methylene)bis(4-
(trimethylsilyl)-1H-1,2,3-triazole) were obtained as white solids in high vyields
(Scheme 8).

1 "

R >< R.><Ru

INR R N< N

R——H NN Ny
Cul, Et;N, CHCI, >¢’ \<<
R

R=Ph,SiMe;  R'=H, R" = 0/p-MeOPh
R =Ph, R'=H, R" = p-MeOPh

R = SiMe;, R' = H, R" = p-MeOPh
R =Ph, R'= H, R" = 0-MeOPh
R =SiMe;, R' = H, R" = 0-MeOPh

Scheme 8. Synthesis of bis(1,2,3-triazol-1-yl)methane precursors.

2. Synthesis of bis(1,2,3-triazol-1-yl)methane-derived compounds functionalised

with alcohol groups

The synthesis of these compounds was carried out by reaction of the corresponding
bis(1,2,3-triazol-1-yl)methane derivative with "BuLi in THF at —70 °C during one
hour, followed by the addition of the corresponding aldehyde compound (Schemes 9
and 10). Finally, the protonolysis reaction of the generated lithiated adduct with

saturated aqueous NH4Cl afforded the corresponding alcohol neutral compound 58-67
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Chapter 5 Results and discussion
as white solids in good yields. The products obtained in this reaction showed to be
different depending on the aldehyde used. Thus, when aldehydes with aromatic
substituents were used (Scheme 9), the deprotonation took place at the methine carbon
bridging both triazole rings, affording compounds bptzpmmabzeH [bptzpmmabzeH =
1-(4-(dimethylamino) phenyl)-2-(4-methoxyphenyl)-2,2-bis(4-phenyl-1H-1,2,3-
triazol-1-yl)ethan-1-ol]  (58), bttzpmmabzeH, [bttzpmmabzeH = 1-(4-
(dimethylamino)phenyl)-2,2-bis(4-(trimethylsilyl)-1H-1,2,3-triazol-1-yl)ethan-1-ol
(59), bptzpmteH [bptzpmteH =2-(4-methoxyphenyl)-2,2-bis(4-phenyl-1H-1,2,3-
triazol-1-yl)-1-(p-tolyl)  ethan-1-ol] (60), bttzpmteH [bttzpmteH =2-(4-
methoxyphenyl)-1-(p-tolyl)-2,2-bis(4-(trimethylsilyl)- 1H1,2,3-triazol-1-yl) ethan-1-
ol] (61), bttzomteH [bttzomteH =2-(2-methoxyphenyl)-1-(p-tolyl)-2,2-bis(4-
(trimethylsilyl)-1H-1,2,3-triazol-1-yl) ethan-1-ol] (62) and bptzomteH [bptzomteH =
2-(2-methoxyphenyl)-2,2-bis(4-phenyl-1H-1,2,3-triazol-1-yl)-1-(p-tolyl)ethan-1-ol]
(63).

NMe,
H O
R, THF
R2 1. ”BuLi, THF, —78°C-r.t R= Ph, R1 - OMG, R2 =H (58)
N- _N Me R = SiMes, R; = OMe, R, = H (59)
7 N N«
N N
4'>?I5‘ H 5\§<4
R R
H "0
R=Ph,R;=0OMe, R,=H

R =SiMe;, R;=OMe, R,=H THF
R =SiMe;, R;=H R,=OMe
R=Ph, R;=H, R,=OMe

R = Ph, R, = OMe, R, = H (60)
R = SiMe;, R; = OMe, R, = H (61)
R = SiMe3, R, = H, R, = OMe (62)
R = Ph, R, = H, R, = OMe (63)

Scheme 9. Synthesis of bis(triazol-1-yl)methane-derived compounds 58-63.

On the other hand, when aldehydes with aliphatic substituents such as
trimethylacetaldehyde were used (Scheme 10), the deprotonation occurred at the C®
carbon of the triazole rings, affording compounds bptzpmbeH [bptzpmbeH = 1-(1-((4-
methoxyphenyl)(4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-4-phenyl-1H-1,2,3-triazol-5
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-yl)-2,2-dimethylpropan-1-ol] (64), bttzpmbeH [bttzpmbeH =1-(1-((4-
methoxyphenyl)(4-(trimethylsilyl)-1H-1,2,3-triazol-1-yl) methyl)-4-(trimethylsilyl)-
1H-1,2,3-triazol-5-yl)-2,2-dimethylpropan-1-ol] (65), bttzombeH [bttzombeH = 1-(1-
((2-methoxyphenyl) (4-(trimethylsilyl)-1H-1,2,3-triazol-1-yl)methyl)-4-
(trimethylsilyl)-1H-1,2,3-triazol-5-yl)-  2,2-dimethyl  propan-1-ol] (66) and
bptzombeH [bptzombeH = 1-(1-((2-methoxyphenyl)(4-phenyl-1H-1,2,3-triazol-1-
yl)methyl)-4-phenyl-1H-1,2,3-triazol-5-yl)-2,2-dimethylpropan-1-ol] (67).

R,
N
P R
R, N\ / 4
R 1. "BuLi, THF, —78°C-r.t N— u
: O Rl a tBu
N< _N N
o N7 N7 2. THE N s> OH
N N ? t W /
4>¢'5‘ H 5\§<4 Bu H N7 R
R R
R =Ph,R;=OMe, R,=H R =Ph,R;=0Me, R,=H (64)
R =SiMe3, R;=OMe, R,=H R =SiMe3, R; = OMe, R, =H (65)
R =SiMe3, R;=H R,=OMe R =S8iMe3, R;=H R;=OMe (66)
R =Ph, R;=H, R,=0OMe R=Ph,R;=H, R,=0Me (67)

Scheme 10. Synthesis of bis(triazol-1-yl)methane-derived compounds 64-67.

These results confirmed that upon deprotonation with "BuLi of the corresponding
bis(1,2,3-triazol-1-yl)methane derivatives, two possible lithiated intermediates can be
generated depending on the position at which the deprotonation occurs, either at the
methine carbon bridging both triazole rings or the C° carbon of one triazole ring
(Scheme 11).

R, R,
Li
R, "BuLi, THF R,
N N N. N
N NUNTN N’ NON y
] H \_
4>’J5 5'\—QV 4 )= 5 &
R R H R
_ —
R, R; R,
@
Li @
R, R, - R,
N. N, N< N,
N NON N N N1 "N°°N N"N‘N N’N“N
— — ! N\
4>”J5 SH' 4>’JS H'"SH' 4>:JSH 5\:‘Q‘
R H R R R © R

Scheme 11. Deprotonation of bis 1,2,3-(triazol-1-yl) methane precursors using "BuL.i.
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Structural Characterisation

The structural characterisation of compounds 58-67 was performed by *H-NMR
and BC{*H}-NMR spectroscopy (Tables 1-6) and X-Ray diffraction analysis. The *H-
NMR and ¥C{*H}-NMR spectra for compounds 58-63 exhibited two distinct sets of
triazole resonances, showing two singlets for the H® triazole protons and carbons due
to the presence of the C? stereogenic centre from the alcohol moiety (Figures 4 and 5).
On the other hand, the *H-NMR and *C{*H}-NMR spectra for compounds 64-67
exhibited only one proton resonance in the H> region and another more acidic proton
resonance in the region between 9.08-9.62 ppm, which was assigned to the methine
proton bridging both triazole rings (Figure 6). These NMR data are consistent with the
proposed structures in Schemes 9 and 10. When planar aldehydes such as
4-dimethylaminobenzaldehyde or p-tolualdehyde were used, the functionalisation
occurred at the methine carbon bridging both triazole rings. However, when non-
planar and bulkier aldehydes such as trimethylacetaldehyde were used, the
functionalisation took place at one C° carbon of one of the triazole rings. Figure 7
shows a comparison between the *H-NMR spectra for compounds 59, 62 and 65 in the
region of the H® and methine protons.

N-Me, SiMes

OMe

NMe,-Ph

55
H OMe-Ph

HiJ MIWCa-H O-H

| JL__Mn A (N iy LM_

8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
ppm

Figure 4. *H-NMR spectrum for compound 59 in CDCls.
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Figure 5. 13C-{*H}-NMR spectrum for compound 63 in CDCls.
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Figure 6. *H-NMR spectrum for compound 64 in CDCls.

339



Chapter 5 Results and discussion

bttzomteH (62)

H5,5'
X ~a
a)
1L .
bttzpmmabeH (59)
H5,5
/ N
b)
N -
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bttzpmbeH (65)
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Figure 7. Comparison of the *H-NMR spectra in CDCls; for compounds 62, 59 and 65 in the
CH and H°® region.

In order to gain further insight into the reaction mechanism, deuteration
experiments were also carried out. Thus, after deprotonation of the bis-triazole
precursor, D>O was added to the solution (Scheme 12). Figure 8 shows the comparison
between the *H-NMR spectrum of the bis-triazole precursor before (Figure 8a) and
after deprotonation (Figure 8b). As it can be seen from Figure 8, the signal
corresponding to the methine group has almost disappeared, while the signals
corresponding to the H® protons remain unchanged, giving proof that the deprotonation
occurred in a greater extent in the methine position. However, the 2D-NMR spectrum
of the generated specie (Figure 9) exhibited two different signals which were assigned
to the higher deuteration of the methine group (CH) bridging both triazole rings (8.35
ppm) and the lower deuteration at the H® from the triazole rings (7.91 ppm). Thus,
when using planar aldehydes such as p-tolualdehyde or 4-N,N-
dimethylaminobenzaldehyde, the insertion of the aldehyde occurred at the C—H group
since there is not much steric repulsion between the methoxybenzene substituent and
the incoming aromatic substituent from the aldehyde. However, when using aldehydes

with bulkier substituents such as trimethylacetaldehyde, the steric hindrance between
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the methoxybenzene and the tert-butyl group from the incoming aldehyde makes it
impossible for it to insert in this carbon, thus, giving the insertion product at the H® of

one of the triazole rings.
OMe OMe OMe

1) "BuLi, THF, =78 °C, r.t

+
2) D,0

N« N N N N N

2 "N N« G N o, N
N o N N NH N N NN Ny

— — — — — —

>/, 5\\<4 >// 5\\<4 4'>/5,LD 5\\<4

Me;Si SiMe; Me;Si SiMe; Me;Si SiMe;
bttzpm major minor

Scheme 12. Deprotonation of bttzpm and subsequent deuteration using D-O.
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NN | oph-oMe
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Figure 8. 'H-NMR spectrum of a)bttzpm before and b) after adding DO to the
deprotonated specie in CDCls.
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Figure 9. 2D-NMR spectrum of deuterated precursor bttzpm in CDCls.
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Table 1. *H-NMR data for compounds 58 and 59.

Compound R4# H5¥ MeOPh p-N(Me).Ph CH? OH
Ph
7.48-7.33 (m, 6H) 284 5 1H, O-CH) 2.91 (s, 6H, CH3)
- 84 (s, 1H, O-CH, 6.49 (d, Jun = 9.0 Hz, 2H,
DptzpmMabeH (58) 7 g4 (¢ Jurc 14 1o, 1) ag o arg O (0 Jin=8.9 Hz, 28, Ph) P G G
787 (d Ju= L1 Hz, 1H) 6.78 (d, Juu=9.0 Hz, 2H, Ph)  6.83 (d, Jun = 8.8 Hz, 2H,
7.89 (d, Jun = 1.4 Hz, 1H) Ph)
2.91 (s, 1H, CHa)
CH3)sSi 3.83 (s, 1H, O-CHs) 6.41 (d, Jun=9.0 Hz, 2H,
bttzpmmabeH (59) 0.34(s, 9H, CH3) ;'?g g ing 6.46 (d, Jun = 8.9 Hz, 2H, Ph) Ph) (56?,?_") (55?2')
0.33(s, 9H, CH3) B 6.74 (d, Jun=9.0 Hz, 2H, Ph)  6.76 (d, Jun = 8.9 Hz, 2H, ' '
Ph)
Spectra recorded in CDCls.
Table 2. *C-{*H}-NMR data for compounds 58 and 59.
Compound CH4# R4 C5¥ MeOPh p-N(Me).Ph N-C-N ca
147.4 Ph 55.4 O-CHs 40.3 N-(CHa),
bptzpmmabeH (58) 1477 195.8.129.9 121.2 113.0.160.4 Ph 111.4-150 5 Ph 87.6 79.1
146.0 (CHs)sSi 130.1 55.4 O-CHs 40.3 N-(CHa),
btizpmmabeH (59) 146.3 12 131.4 112.9-160.2 Ph 111.2-150.3 Ph 868 795

Spectra recorded in CDCls.



Table 3. 'H-NMR data for compounds 60-63.

Compound R4 H5S MeOPh p-MePh CH? OH
7.48-7 3P3h(m 6H) 8.07 231 (5, 3H, CHy)
At ' 3.84 (s, 3H, O-CHs) 6.88 (d, Jun = 8.2 Hz, 2H,
bptzpmteH (60) o5 (0 Jnw= L1 Hz 1H) (s, 1H) 6.56 (d, Jun= 9.0 Hz, 2H, Ph) Ph) B Bl
784(d, Jun=14Hz 1H) 852 6.78 (d. Jun = 9.0 Hz, 2H, Ph) 6.98 (d, Jun = 8.1 Hz, 2H (S 1R (s, Lh)
7.86 (d, Juw= 11 Hz, 1H) (s, 1H) o) (8 S MU 7, 2 SR s B e A
7.88 (d, Jun = 1.4 Hz, 1H) Ph)
785 2.29 (s, 3H, CHs)
(CHy):Si (s, 1H) 3.83 (s, 1H, O-CHy) 6.80(d Jn = 8.1 Hz, 2H, 6.30 5.66
bttzpmteH (61) 0.34 (s, 9H, CHs) 5.07 6.39 (d, Jun = 9.0 Hz, 2H, Ph) Ph) 61 (610
0.33 (s, 9H, CHs) 6.74 (d, Jun = 9.0 Hz, 2H, Ph) 6.94 (d, Jun = 8.0 Hz, 2H, ! !
: 3.37 (s, 1H, O-CHs) 2.24 (s, 3H, CHs)
(CH:)S! S 643(dd, Juu=8 HZ L4 Hz, 1H,Ph) 6,91 (d, Jui=8.0 Hz, 2H,
bttzomteH (62) 0.5 9, Clg) (8 IH) 24 (4 J= 7.7 Hz, 1H, Ph) o 6.43 5.93
0.33 (s, 9H, CHa) Siﬁ 6.85 (d, Juwi= 8.3 Hz, 1H, Ph) 7.00 (d, Ju= 8.2 Hz, 2H, (brs, 1H)  (brs, 1H)
(s, 1H) 7.34 (m, 1H, Ph) Ph)
or 3.43 (s, 1H, O-CHs) 2.27 (s, 3H, CHs)
botzomteH (63 7.48-7.34 (m, 6H) 8.50 6.45 (dé gSH(:n?.fHHTD’hl)H Ph) 6.96 (d, JHHPT] 8.1 Hz, 2H, 6.61 5 80
ptz (63)  7.85(d, Juy=17.1 Hz, 2H) (s, 2H) 6.90 (m. 1H. Ph) 7,08 ¢ JHH:)8 A (brs, 1H)  (brs, 1H)
7.89 (d, Jun="7.1 Hz, 2H) 7:39 (m. 1H. Ph) O ey

Spectra recorded in CDCls.



Table 4. *C-{*H}-NMR data for compounds 60-63.

Compound cH R4# Cs¥ MeOPh p-MePh N-C-N c?
SO S N S, . 1 A ZO
e 1) 32 ) S AT A I
wome (@) 54 a1 A+ o N L
ome 69 80 e, ms 27985 wumdm we 7

Spectra recorded in CDCls.



Table 5. *H-NMR data for compounds 64-67.

Compound R4 H® MeOPh ‘Bu CH CH? OH
6.98
Ph (d, Ju = 8.9 Hz, 2H, m-OMe, Ph)

bptzpmbeH (64) 7.43-7.30 (m, 6H) 8.02 e 0.81 9.18 5.32 410

7.49 (d, Jiw=6.9 Hz, 2H) (s, 1H) _ i (s, 9H) (s, 1H) (s, 1H) (s, 1H)

7.75 (d, Jun = 7.1 Hz, 2H) (d, JHH3 gisH;H 2'3_% Sgﬂe, Ph)

6.98

bttzpmbeH (65) 038(((2H93)F°|’S;:H) 766 (ImTRATDILIOMED g 9.08 505 341
P 57 (s OH. CH.. (s, 1H) _ ou o (s, 9H) (s, 1H) (s, 1H) (s, 1H)

0.27 (s, 9H, CHa) (d, Jun = 8.6 Hz, 2H, °H-OMePh)

3.87 (s, 3H, O-CH3)
(CH3)sSi
7.63 8.11-6.96 (m, 4H, Ph) 0.88 9.46 5.04 3.75
bttzombeH (66 0.37 (s, 9H, CH3)
(66) 0.29 (s, 9H. CH) (s, 1H) 3.79 (s, 3H, O-CH3) (s, 9H) (s, 1H) (s, 1H) (s, 1H)
Ph

7.94 8.04-6.96 (m, 4H, Ph) 0.71 9.62 .44 3.72
bptzombeH (67) ?ﬁ%olg;; (s, 1H) 3.78 (s, 3H, O-CHy) s 9H) (s 1H) (s, 1H) (s, 1H)

Spectra recorded in CDCls.



Table 6. *C-{*H}-NMR data for compounds 64-67.

Compound CH¥ R4 Cs¥ OMePh '‘Bu CH ca
bptzmbei(64) ﬂ?g 128.:.5—231.4 152:(7) 1?3'.1%1?36?% 23%(((::'?53&3 1€k Ll
ot M3 U wme swems  mew
bttzombeH (66) 132:123 (Cigisg(jSi 131.9 15?_33‘%'% 2366%(5'['83&3 68.3 74.2
bptzombeH (67) ﬁ?g 125.?1131. ] 120.1 , ::Jflfg';h 23%2(5'?53&3 68.3 73.3

Spectra recorded in CDCls.
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The proposed structures in solution for compounds 59, 60 and 62 were further
confirmed in solid state by X-Ray diffraction studies. The ORTEP diagrams for
compounds 59, 60 and 62 are represented in Figures 10, 11 and 12 respectively. In
these compounds, the triazole rings are oriented in anti-parallel manner respect each
other, possibly to minimise the intramolecular steric repulsion between the pyridinic
nitrogen atoms. These conformation is in agreement with the one found for the
bis(pyrazol-1-yl)methane based heteroscorpionate ligands functionalised with alcohol

groups.

Bond distances between C—C atoms (Table 7) in triazole rings adopt values between
1.338(7) A and 1.393(8) A. These distances are consistent with the characteristic C—-C
double bond distances. On the other hand, bond distances between N(1)-N(2) and
N(4)-N(5) adopt values from 1.344(6) A to 1.369(7) A and from 1.342(6) A to
1.364(6) A respectively, which are higher than those found for N(2)-N(3) and
N(5)-N(6), with values from 1.302(3) A to 1.327(6) A and from 1.293(7) A to
1.312(3) A respectively. This finding confirms the simple bond character for
N(1)-N(2) and N(4)—N(5) bonds and a double bond character for the N(2)-N(3) and
N(5)-N(6) bonds of the triazole rings.

@

Cs8

Figure 10. ORTEP diagram for compound 59.
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C19

Figure 12. ORTEP diagram for compound 62.
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Table 7. Bond distances and angles for compounds bttzpmmabzeH (59), bptzpmteH (60)

and bttzomteH (62).

Distances (&) Angles )
bttzpmmabzeH (59)
N(1)-N(2) 1.344(6) C(1)-C(2)-Si(1) 130.5(5)
N(2)-N(@3) 1.327(6) C(7)-C(6)-Si(2) 130.6(6)
N(4)-N(5) 1.364(6) N(4)-C(11)-N(1) 104.4(5)
N(5)-N(6) 1.300(6) N(3)-N(2)-N(1) 105.7(5)
C(1)-C(2) 1.367(8) N(6)-N(5)-N(4) 106.9(5)
C(6)-C(7) 1.338(7)
bptzpmteH (60)
N(1)-N(2) 1.359(3) C(4)-C(3)-C(2) 120.7(2)
N(2)-N(@3) 1.302(3) C(9)-C(10)-C(11) 131.2(2)
N(4)-N(5) 1.344(3) N(1)-C(17)-N(4) 104.97(16)
N(5)-N(6) 1.312(3) N(3)-N(2)-N(1) 107.52(19)
C(1)-C@2) 1.362(3) N(6)-N(5)-N(4) 107.08(17)
C(6)-C(7) 1.363(4)
bttzomteH (62)

N(1)-N(2) 1.369(7) C(1)-C(2)-Si(1) 128.4(6)
N(2)-N(3) 1.314(7) C(7)-C(6)-Si(2) 133.8(6)
N(4)-N(5) 1.342(6) N(1)-C(11)-N(4) 109.4(5)
N(5)-N(6) 1.293(7) N(3)-N(2)-N(1) 107.1(5)
C(1)-C(2) 1.365(9) N(6)-N(5)-N(4) 106.8(5)
C(6)-C(7) 1.393(8)
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3. Synthesis of quaternised bis(1,2,3-triazol-1-yl)methane-derived compounds

With the aim to increase the versatility of bis(1,2,3-triazol-1-yl)methane-derived
compounds and study their potential ability to generate carbene complexes, the

quaternisation of the neutral bttzpm and bptzom precursors was explored.

The synthesis of these compounds was carried out by reaction of the corresponding
bis(1,2,3-triazol-1-yl)methane precursors bttzpm and bptzom with methyl triflate
(MeOSO.CF3) in CH.CIl, at room temperature for 16 hours, which, after the
appropriate work-up, afforded the quaternised salt-type compounds bttz(NMez)pm,
[bttz(NMe2)pm = 1,1'-((2-methoxyphenyl)methylene)bis(3-methyl-4-(trimethylsilyl)-
1H-1,2,3-triazol-3-ium)triflate] (68) and bptz(NMez)om [bptz(NMez)om =
1,1'-  ((4-methoxyphenyl)methylene)bis(3-methyl-4-phenyl-1H-1,2,3-triazol-3-ium)
triflate] (69) as pale-yellow solids (Scheme 13). Compounds 68 and 69 were obtained
in good yields and are soluble in polar solvents.

_ _ 2 TfO"
R' R” R' R"
N< N N N
] A MeOSO,CF Me. Ns N,
N N N N € 2Lt . © N@N N@N’Me
>/l \\< CH2C12 >/’ 5\\<4
R R R R

R = SiMe;, R' = H, R" = p-MeOPh (68)
R =Ph, R' = H, R" = 0-MeOPh (69)

Scheme 13. Synthesis of compounds 68 and 69.

Structural Characterisation

The structural characterisation of compounds 68 and 69 was performed by *H-NMR
and BC{*H}-NMR spectroscopy (Tables 8 and 9). The *H-NMR and BC{*H}-NMR
spectra for compounds 68 and 69 are similar to the ones corresponding to the starting
materials. However, the presence of a new signal in the *H-NMR at 4.40 ppm
corresponding to the methyl groups N-Me from the triazole rings confirmed the
reaction (Figure 13). In addition, the C{*H}-NMR spectra exhibited a signal close to
40 ppm, which can be assigned to the N-Me group, giving further proof of the desired
product (Figure 14). The spectroscopic data obtained from the *H-NMR and “*C{*H}-

NMR confirmed that both triazole rings are equivalent.
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Figure 13. *H-NMR of compound 69 in CDCl..
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Figure 14. *C-{*H}-NMR of compound 68 in CDCl.
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Table 8. *H-NMR data for compounds 68 and 69.

Compound R4 H5¥ MeOPh N-Me CH
(CHa)sSi 3.88 (s, 3H, O-CHjs)
bttz(NMe).pm (68)? 9.00 (s, 2H) 7.06 (d, Ju = 8.6 Hz, 2H, Ph) 4.42 (s, 6H) 9.20 (s, 1H)
050 &, Weiih Clie) 8.07 (d, Juu = 8.0 Hz, 2H, Ph)
3.88 (s, 1H, O-CHy)
7.21 (td, Ju = 7.7, 0.8 Hz, 1H, Ph)
bptz(NMe).om (69)° 7717 Sgrzm 10H) 9.25 (s, 2H) 7.35(d, Jun =8 Hz, 1H, Ph) 4.40 (s, 6H) 9.46 (s, 1H)
e : 7.54 (dd, Jun=7.9, 1.4 Hz, 1H, Ph)
7.71 (1H)
Spectra recorded in a) CDClz and b) CDCl..
Table 9. *C-{*H}-NMR data for compounds 68 and 69.
Compound cH R4 Cs¥ MeOPh N-Me CH
(CHa)sSi 55.1 O-CHs
bttz(NMe).pm (68)? 1455 913 137.3 N 418 76.2
Ph 56.2 O-CH
b 3
bptz(NMe).om (69) 144.4 199.7-134.4 130.0 112 0-157.6 Ph 39.7 74.1

Spectra recorded in a) CDCl3 and b) CD,Cl,.
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4. Synthesis of alkyl complexes

The coordination ability of bis(1,2,3-triazol-1-yl)-derived ligands functionalised
with alcohol groups was studied via protonolysis reaction with different alkyl zinc and
aluminium precursors. In this section, the synthesis and characterisation of alkyl zinc

and aluminium complexes will be discussed.
4.1. Synthesis of alkyl zinc complexes

The synthesis of alkyl zinc complexes was carried out by reacting the neutral
heteroscorpionate precursor bttzombeH (66) with ZnR> (R = Me, Et) in toluene for
two hours at 0 °C in a 1:1 molar ration (Scheme 14). The corresponding alkyl zinc
complexes supported by heteroscorpionate ligands functionalised with alkoxide group
[ZnMe{(x>-bttzombe)(u-O)}2 (70) and [ZnEt{(x*-bttzombe)(u-0)}> (71) were
obtained in good yields and isolated as white solids. These complexes are soluble in

aliphatic and aromatic hydrocarbons and are thermally stable.

SiMe:;
¢ Me
TiMes SiMe; R NV d
¢ -Bu N-N
> / N N J \ \‘\\
I o N .2 O/Zﬁ\
N-N ZnR,, 0°C - }:I—N 5 0 ‘
MeO : -
N,N a OH Toluene, 2h 7n—O 5 N I\\\I
a
/S -RH N\N/ \ \ N
4 O 5 I\l R ‘Bu 4 .
SiMe; Me” ;\ N SiMe;
(66) Me;Si R = Me (70)
R =Et (71)

Scheme 14. Synthesis of alkyl zinc complexes 70 and 71.

Structural Characterisation

The structural characterisation of complexes 70 and 71 were performed by *H-NMR
and BC{*H}-NMR spectroscopy (Tables 10 and 11) and X-Ray diffraction analysis.
As previously commented, due to the functionalisation at the C° of one of the triazole
rings, a stereogenic centre is generated in the methine group (CH) bridging both
triazole rings. Thus, these ligands exhibited two different chiral centres which can lead
to the formation of different diastereoisomers in solution. Figure 15 shows the H-
NMR and 2C-{*H}-NMR for complex 71, where the presence of two diastereoisomers

in different proportions can be observed.
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NOESY-1D and heteronuclear correlation *H-3C-g-HSQC experiments allowed

the unequivocal assignment of the triazole and the alkoxide moiety resonances.

SiMe;
SiMe3 tBu
4
Me
. AN
SlMe3 IB FEt I\I\\ 5 /
)SA \ NN
N
\\ 5 2 Q/Zn
N-N E ‘
H N-
Zn O a 5 I\\\I
N\ N
0 i Et By 4 OMe
RN SiM
Me 4 €3
K t
Me;Si (71) Bu
OMe
Zn-Et Zn-Et
21 Et
W

a)

e
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm

SiMe3

‘Bu
C-'Bu
n Ph Ph CH ¢y OMe
CH#
Ph
b)
léO'1.50.142-0‘1‘30‘150‘110‘160‘9‘0‘Bb ‘ 7‘0‘6‘OI5IOI4IO.3'O'2'O’1rO’ tr]

Figure 15. a) *H-NMR and b) 3C-{*H}-NMR spectra for alkyl zinc complex 71 in
CeDs.
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Table 10. *H-NMR data for zinc complexes 70 and 71.

Complex SiMes H® MeOPh ‘Bu CH CH? Zn-R
8.15 (dd, Ju-n= 7.5, 1.2 Hz, 1H, Ph-
OMe)
[ZnMe{(x2-bttzpmbe)(u-0)}].  0.10 (s, OH)  7.85 7.02(td, Jun="7.3,1.4 Hz, 1H, Ph-OMe) 131 997  6.04 020 (s, 3H, Zn-Me)
(70) 0.73 (s, 9H) (s, 1H) 6.75 (m, 1H, Ph-OMe) (s,9H) (s, 1H) (s, 1H) ' Y
6.32 (d, Ju.+= 8.2 Hz, 1H, Ph-OMe)
3.25 (s, 3H, O-CHs)
8.2 (dd, Ju-n=7.8, 0.9Hz, 1H, Ph-OMe)
7.04 (td, Ju-n= 8.3, 1.5Hz, 1H, Ph-OM 0.35 (m, 3H, Zn-CH,-CH
[ZnEt{(x?bttzpmbe)(u-0)}]2  0.07 (s, 9H)  7.78 (td Jun g © 123 993 598 (m N-CH-CHs)
0.67 (s,9H) (s, 1H) 6.75 (m, 1H, Ph-OMe) (s 9H) (s, 1H) (s, 1H) 115
(71 o1, ! 6.39 (d, Ju = 8.3 Hz, 1H, Ph-OMe) ! ! ! (M, 2H, Zn-CHy-CHs)
3.22 (s, 3H, O-CH3)
Spectra recorded in C¢Dg.Chemical shifts corresponding to the major isomer in solution.
Table 11. ®*C-{*H}-NMR data for zinc complexes 70 and 71.
Complex CH# SiMe; C5¥ MeOPh '‘Bu CH c? Zn-R
157.1-110.9 271
[ZnMe{(x*-bttzpmbe)(u-0)}.  146.8 -1.8 121.6 (PH—(-)Me.) (CHs)3 68.5 78.1 3.2 (Zn-Me)
(70) 146.9 0.2 128.7 ) 37.3 ' ' 11.4 (Zn-Me)
55.0 (O-Me) e
157.1-110.9 27.1
[ZnEt{(x?-bttzpmbe)(u-0)}  146.8 -1.8 121.6 (PH-OMe.) (CHa)s g5 81 3.2 (Zn-CH-CHs)
(71) 146.9 0.2 128.7 55.0 (O-Me) 37.3 ' ' 11.4 (Zn-CH,-CHjs)
' C-Bu

Spectra recorded in CsDs.Chemical shifts corresponding to the major isomer in solution.
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The proposed structure for alkyl zinc complex 71 in solution was further confirmed
by X-Ray diffraction analysis. The corresponding ORTEP diagram is given in Figure
16. This complex shows a dimeric structure in which each zinc centre exhibits a
distorted  tetrahedral  geometry  with  the  bis(1,2,3-triazol-1-yl)methane
heteroscorpionate ligand coordinated in a x*>-NO fashion, one ethyl group and the
oxygen atom from the alkoxide moiety of the other zinc centre, which acts as a
bridging group between both zinc centres. The crystal structure is consistent with the
one proposed in Scheme 14 on the basis of solution-state NMR spectroscopy. In solid
state, complex 71 crystallises as a racemic mixture of a single diastereoisomer
SSSS/RRRR and the structure for enantiomer SSSS is depicted in Figure 16.

Si4

Si2
Figure 16. ORTEP diagram for alkyl zinc complex 71.
Bond distances (Table 12) between zinc centres and carbon atoms from the ethyl
groups exhibit values of 1.916(10) A and 1.933(10) A respectively, which are slightly
shorter than the with the ones found for other ethyl zinc derivatives.?’ On the other

hand, the bond distances between zinc centres and pyridinic nitrogens from both
triazole rings, Zn(1)-N(1) and Zn(2)-N(7) of 2.133(8) A and 2.169(8) A respectively,
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are slightly longer than the ones found for other bis(1,2,3-triazol-1-yl)methane-derived
zinc complexes.?° Finally, the bond distances between the zinc centres and the oxygen
atoms of the alkoxide moiety from the heteroscorpionate ligands of Zn(1)-O(1) and
Zn(2)-0(3) of 2.055(6) A and 2.046(6) A respectively are longer than the ones found

for other zinc alkoxide complexes.?!??

Bond angles (Table 12) confirmed the distorted tetrahedral geometry for the zinc
centres, with distorted values with respect to an ideal tetrahedron (Table 12), with the
maximum distortion observed for the angles between O(3)-Zn(1)-O(1) and
O(1)-Zn(2)—0(3) of 84.4(2)° and 84.1(2)° respectively. The dihedral angle between
O(3)-Zn(1)-0O(1) and C(24)-Zn(1)-N(1) for Zn(1) centre and the dihedral angle
between O(1)-Zn(2)-0O(3) and C(49)-Zn(1)—-N(7) for Zn(2) centre display values of
87.85° and 87.89° respectively.

Table 12. Bond distances and angles for alkyl zinc complex 71.

Distances (A) Angles (°)
[ZnEt{(x2-bttzpmbe)(u-0)}2 (71)
Zn(1)-C(24) 1.916(10) C(24)-Zn(1)-0(3) 129.1(4)
Zn(1)-0(3) 1.974(6) C(24)-Zn(1)-0(1) 122.4(4)
Zn(1)-0(1) 2.055(6) 0(3)-Zn(1)-0(1) 84.4(2)
Zn(1)-N(1) 2.133(8) C(24)-Zn(1)-N(1) 114.4(4)
Zn(2)-C(49) 1.933(10) 0(3)-Zn(1)-N(1) 102.1(3)
Zn(2)-0(1) 1.994(6) 0O(1)-Zn(1)-N(1) 97.1(3)
Zn(2)-0(3) 2.046(6) C(49)-Zn(2)-0(1) 129.3(4)
Zn(2)-N(7) 2.169(8) C(49)-Zn(2)-0(3) 122.8(4)
0(1)-Zn(2)-0(3) 84.1(2)
C(49)-Zn(2)-N(7) 113.6(4)
0(1)-Zn(2)-N(7) 102.6(3)
0(3)-Zn(2)-N(7) 97.4(3)
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4.2. Synthesis of alkyl aluminium complexes

The synthesis of alkyl aluminium complexes was carried out by reacting the
corresponding neutral heteroscorpionate precursors bttzpmmabeH (59), bttzpmteH
(61) and bttzombeH (66) with alkyl aluminium derivatives AlXs (X = Me, Et) in
toluene for two hours at 0 °C in a 1:1 molar ratio (Scheme 15). The corresponding
dialkyl aluminium complexes supported by heteroscorpionate ligands functionalised
with alkoxide groups [AlMex{(x2-bttzpmmabe)(u-0)}]2 (72),
[AIMe2{(x2-bttzpmte)(U-0)}2 (73) and [AlMe{(x*-bttzombe)(u-0)}2 (74) were
obtained in 80% yield and isolated as white solids. These complexes are soluble in
aliphatic and aromatic hydrocarbons and are thermally stable.

SiMe3
/

R
% N N« Me3Si N S41Me3
\— 5' 5 = NS
4>/l \\<4 \[ ,N Mq MeN/\gs
Me3Si 5 N :\
a0

R =NMe, (59), R =Me (61) Me,
0

Toluene, 0°C,2 h \ 1/O a
) Ny — 4
CH, 11\\1 : \
SN_NMé Me
4
Me;Si
AlMe; R= NMe, (72), Me (73)
OMe
N, i
N N N,]\{N Sli\/le3
4=
5' ~ Me
Me;Si A SiMe; | Me N Y g
H . JBu —
t SiMe; 4 < ' N—N
O Bu N y
(66) it 5 PN o—Al g,
N-N \ \
Toluene, 0 °C, 2h Mea 0 N-N
A-l a5 \\
-CH, N\N/ B XN
Me # 4
(0] \ Bu .
M 5 :\ N SiMe;
Me;Si (74)

Scheme 15. Synthesis of alkyl aluminium complexes 72-74.

Structural Characterisation

The structural characterisation of compounds 72-74 was performed by *H-NMR
and BC{*H}-NMR spectroscopy (Tables 13 and 14) and X-Ray diffraction analysis.
The *H-NMR and C{*H}-NMR spectra for complexes 72 and 73 exhibited broad

359



Chapter 5 Results and discussion

signals at room temperature and only one isomer was present in solution (Figure 17).
In addition, two different sets of signals for H® protons were observed, indicating the
non-equivalence between both triazole rings, due to coordination of only one of them
to the aluminium centre, which generates a stereogenic centre at the carbon atom
bridging both triazole rings. On the other hand, *H-NMR and **C{*H}-NMR spectra
for complex 74 exhibit two different sets of signals for each resonance indicating the
presence of two different isomers in solution. In this case, only one signal for the H®
protons of the triazole rings and another signal for the methine group bridging both
triazole moieties were observed due to functionalisation in one of the triazole rings
(Figure 18).

N—Me

Me,Siv_, SlMC;
\E Me MeN \ 5

NMe, SiMe3
(72)
OMe
Tol
Tol Ph NMe,-Ph '
- Al-Me
H H e | | ;) lldﬂl Al-Me |
H | |
\«k u U I ijl "\_L_JJ “*\_.J\,,_AM,-J L,_,—i__A_,_j I‘\_i
‘ 10.0 ' QIO E‘O ‘ 7r0 ’ 6IC| I 5‘0 4i0ll 3‘0 ‘ 2|0 ' er I CIIO ‘ 1.0 ’ 2IO 5:0 ‘

Figure 17. *H-NMR of alkyl aluminium complex 72 in CDCls.

BC-{*H}-NMR signals were assigned by 'H-1*C g-HSQC NMR experiments.
Figure 19 shows the *H-1*C-g-HSQC spectrum for complex 74.
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Figure 18. *C-{*H}-NMR of alkyl aluminium complex 74 in CeDe.
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Figure 19. Correlation spectrum *H-**C-gHSQC for alkyl aluminium complex 74 in CeDe.
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Table 13. *H-NMR data for aluminium complexes 72-74.

Complex SiMe; H5s MeOPh R CH CH? Al-Me
6.42
8.80 (s, 1H, Ph-NMe,)
[AlMe {(x>-bttzpmmabe)(u-O)}2 0.32 (s, 1H) 6.62 (s, 4H, Ph-OMe) 5.96 5.83 0.05 (s, 3H)
(72) (s, 18H)  7.81 3.78 (5, 3H, O-CHs) (s, 1H, Ph-NMe,) T (s 1H)  -232(s 3H)
(s, 1H) 289
(S, 6H, N-Mez)
6.90
8.75 . (s, 2H, H>-PhOMe)
[AlMe{(x2-bttzpmte)(1-0)} ]2 032 (s 1H) ggg((: gl'jﬂmi:g'm)) 6.70 _ 5.97 0.05 (s, 3H)
(73) (s, 18H)  7.83 3816 31, O-CHy (s, 1H, H”-PhOMe) (s, 1H)  -2.40(s, 3H)
(s, 1H) 0% (5, o1, 2.26
(s, 3H, Ph-Me)
8.76
(dd, Jnn= 7.4 Hz, 1H, H*
042 PhOMe)
[AIMe{(x2-bttzombe)(-O)}ls (s, 0H)  7.66 D, 1'2'73'”‘%0'\"9) By 1068 546 0.01 (s, 3H)
(74)* R (G s v 1.01 (s, 9H) (s 1H) (s 1H)  -0.28(s, 3H)
(s, 9H) 6.33

(d, Jun= 8.2 Hz, 1H, H”-PhOMe)
3.06 (5, 3H, O-CHa)

Spectra recorded in CDClz and Ce¢Ds". Chemical shifts corresponding to the major isomer in solution.



Table 14. **C-{*H}-NMR data for aluminium complexes 72-74.

Complex CH# SiMe; C5>¥ MeOPh R CH c? Al-Me
AlMe {(x2-btt be)(u-0 Ph PhNMe;
[AlMeaA( ffzn;ma WORL 1574 -1.23 130.6 160.2-112.5 150.2-111.6 81.2 87.2 -0.83
55.4 (O-Me) 40.3 (N-Me,)
AlM 2_bttzpmte)(u-O Ph PhMe
AIMeA(x (7§pm Ok ﬂg'é -1.20 130.6 160.4-113.0 138.2-127.5 79.6 86.6 -1.00
) ' 55.4 (O-Me) 21.1(Ph-Me)
2. - 120.0 Ph
AMerA(Izombe OB 1467 % 1508 15701108 22Tkl 670 753 146
(74) ' ' 55.2 (O-Me) '

Spectra recorded in CDCl; and CsDs*. Chemical shifts corresponding to the major isomer in solution.
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The proposed structure for alkyl aluminium complex 73 in solution was further
confirmed by X-Ray diffraction analysis. The corresponding ORTEP diagram is given
in Figure 20. This complex shows a dimeric structure in which each aluminium centre
exhibits a distorted trigonal-bipyramid geometry with the heteroscorpionate ligand
coordinated in a x2-NO fashion, two methyl groups and the oxygen atom from the
alkoxide moiety of the other aluminium centre, which acts as a bridging group between
both aluminium centres. The crystal structure is consistent with the one proposed in
Scheme 15 on the basis of solution-state NMR spectroscopy. In solid state, complex
73 crystallises as a racemic mixture of a single diastereoisomer SSSS/RRRR and the
structure for enantiomer SSSS is depicted in Figure 20.

The 7 value for complex 73 is 0.58, which indicates that the geometry around the
aluminium centre can be described as a distorted trigonal-bipyramid, with the highest
distortion at the O(1A)-Al(1)-N(2) angle (Table 15) with a value of 159.14° with
respect the 180° of a perfect trigonal-bipyramid.

C10

Figure 20. ORTEP diagram for alkyl aluminium complex 73.

The bond distance (Table 15) between the aluminium centre of complex 73 and the
methyl ligands AI(1)-C(27) and Al(1)-C(28) of 1.937(7) A and 1.963(7) A
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respectively are slightly shorter than that found for other alkyl aluminium
complexes.?®>?* On the other hand, bond distance between the aluminium centre and
the nitrogen of the triazole ring Al(1)-N(2) of 2.231(5) A is slightly longer than the
one found for other bis(3,5-dimethyl-pyrazol-1-yl)methane based ligand aluminium

complexes.?

Table 15. Bond distances and angles for alkyl aluminium complex 73.

Distances (A) Angles (°)
[AlMe {(x>-bttzpmte)(u-O}2 (73)
Al(1)-0(1) 1.834(4) O(1)-Al(1)-C(27) 117.9(3)
Al(1)-C(27) 1.937(7) O(1)-Al(1)-C(28) 124.5(3)
Al(1)-C(28) 1.963(7) C(27)-Al(1)-C(28) 117.3(3)
Al(1)-O(1A) 2.008(4) O(1)-Al(1)-0(1A) 75.73(17)
Al(1)-N(2) 2.231(5) C(27)-Al(1)-0(1) 102.4(2)
C(28)-Al(1)-O(1A) 98.2(2)
O(1)-Al(1)-N(2) 84.39(17)
C(27)-Al(1)-N(2) 92.4(2)
C(28)-Al(1)-N(2) 87.8(2)
O(1A)-Al(1)-N(2) 159.14(18)

5. Synthesis of carbene iridium carbene complexes

The versatility of the bis(1,2,3-triazol-1-yl)methane-derived compounds has been
tested for the synthesis of carbene iridium complexes, which was carried out by
reaction of the chloride 1,5-cyclooctadiene iridium (I) dimer precursor with the
corresponding quaternised bis(triazol-1-yl)methane derivative bttz(NMez)pm (68) and
bptz(NMez)om (69) in EtOH and in the presence of a strong base, NaH (Scheme 16).
After the appropriate work-up, the corresponding iridium carbene complexes
[Ir(OEt){bttz(NMe2)pm}]2 (74) and [Ir(OEt){bptz(NMez2)om}]. (75) were obtained
as brown solids in good yields. These complexes are soluble in polar solvents such as

CH2Cl; and DMSO and are thermally stable.
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Scheme 16. Synthesis of iridium carbene complexes 75 and 76.

Structural Characterisation

The structural characterisation of complexes 75 and 76 was performed by *H-NMR
and BC{*H}-NMR spectroscopy (Tables 16 and 17) and MALDI-ToF analysis. The
'H-NMR and B®C{*H}-NMR spectra for complexes 75 and 76 exhibited no signals for
H® protons of the triazole rings, indicating the formation of the carbene specie (Figure
21). In addition, CH signal in *C{*H}-NMR spectra shifted downfield from 76.2 ppm
to 113.5 ppm and from 74.1 ppm to 133.1 ppm for complexes 75 and 76 respectively,
giving further proof of the formation of carbene iridium complexes (Figure 22).

Me\ Me SiMes

N SiMes Me351

N N

\

MeO 4©—< OMe
i i
N
SiMes Me381
(75)
NMe,
O-Me
0O-CH,-CHjs

CH °PhOMe ”PhOMe 0-CH,-QHs J
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B e e e e e . e e e e B e s e L s e B e
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Figure 21. *H-NMR spectrum for iridium complex 75 in CD.Cl,.

366



Chapter 5 Results and discussion

OMQNCI / \ EDN
Nci o EQN

(76)

OMe NMez  5.CH,-CH;
NMe,

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm

Figure 22. *C-{*H}-NMR spectrum for iridium complex 76 in DMSO.
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Table 16. *H-NMR data for iridium complexes 75 and 76.

Compound R* MeOPh N-Me CH Ir-OEt
4.32 (s, 3H, O-CHa) 196
- o S - 3 —
oM, t, Juu= 7 Hz, 3H, O-CH,-CH
["(OEt){b“?é'\iMe)me}]Z 012 ES??;S'CH ) 6.96 (d, Jun = 8.8 Hz, 2H, Ph) 384 (s, 6H) 8,61 (s, 1H) ("M 1 H2 s )
(75) 128, 18K, CHs 7.36 (d, Juw = 8.8 Hz, 2H, Ph) :
(q, Jun=7 HZ, 2H, O-CHz-CHs)
3.84 (s, 3H, O-CHs) 1.56
[Ir(CEt){bptz(NMe).om}]. Ph 7.05 (td, Jun=7.5 Hz; 10 Hz, 1H, Ph) 406 (s,3H) _ (s, 1H) (t, Jun = 7 Hz, 3H, O-CH,-CHs)
(76)° 7.71-7.25 (m, 10H)  7.13(dd, Jun= 8.7 Hz; 0.7 Hz, 1H, Ph)  4.08(s,3H) '~°% 453
7.45 (m, 2H, Ar) (9, Jun = 7 Hz, 2H, O-CH,-CHs)
Spectra recorded in a) CD,Cl, and b) DMSO.
Table 17. C-{*H}-NMR data for iridium complexes 75 and 76.
Compound CcH4# R* C® MeOPh N-Me CH Ir-OEt
[Ir(CEt){bttz(NMe)pm}]. SiMes 160.8-114.6 (Ph) 14.1 (O-CH2-CHs)
(75)2 152.3 0.74 123.0 41.2 (O-CHs) 554 1135 72.8 (O-CH,-CHs)
[Ir(OEt{{bptz(NMe).om}l. o o Ph 127.2 157.7-112.0 (Ph) 36.0 1331 15.1 (O-CH,-CHj)
(76)° ' 138.0-127.2 127.5 56.2 (O-CHs) 40.3 ' 73.0 (O-CH,-CH3)

Spectra recorded in a) CD,Cl, and b) DMSO.



Experimental section







Chapter 5 Experimental section

EXPERIMENTAL SECTION

1. Synthesis of precursors

The starting materials bptzpm, bptzom, bttzpm and bttzom have been prepared as

previously described in bibliography.?°
2. Synthesis of bis(1,2,3-triazol-1-yl)methane compounds 58-67

2.1. Synthesis of bptzpmmabzeH (58)

In a 250cm?® Schlenk tube, bptzpm (1.50 g, 3.67 mmol) was dissolved in 40 mL of
dry THF and cooled down to —78 °C. Then a solution of "BuL.i (2.40 mL, 3.86 mmol,
1.6M in hexanes) was added, and the mixture was stirred for one hour. The resulting
cloudy solution was added dropwise via cannula to a pre-cooled solution containing
4-(dimethylamino)benzaldehyde (0.52 mL, 3.86 mmol) in THF. The mixture was then
allowed to warm up at room temperature and left stirring for one hour. After that time,
the product was hydrolysed with 15 mL of saturated aqueous NH4Cl. The organic layer
was extracted, dried over MgSO4 and filtered. Removal of the volatiles in vacuo
afforded a yellowish oil. The oil was further purified by flash chromatography using
as eluent hexane/EtOAc in 9:1, 6:1, 3:1 and 1:1 ratio. Compound 58 was isolated as
white solid in 70 % yield.

Analysis found: C:715% H: 6.0 % N:17.2 %
Calculated: C:71.1% H: 5.8 % N: 17.6 %

2.2 Synthesis of bttzpmmabzeH (59)

The synthesis of compound 59 was carried out following the same experimental
procedure as compound 58 using bttzpm (1.5 g, 3.74 mmol), "BuLi (2.46 ml, 3.93
mmol) and 4-(dimethylamino)benzaldehyde (0.53 mL, 3.93 mmol). Compound 59 was
obtained as a white solid in 85% yield. Suitable crystals for X-Ray analysis were

obtained from a hexane/EtOAc (1:2) solution.

Analysis found: C:595% H: 7.6 % N: 17.5%
Calculated: C:59.0% H: 7.2 % N:17.8 %
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2.3 Synthesis of bptzpmteH (60)

The synthesis of compound 60 was carried out following the same experimental
procedure as compound 58 using bptzpm (1.50 g, 3.67 mmol), "BuL.i (2.40 mL, 3.86
mmol) and p-tolualdehyde (0.46 mL, 3.86 mmol). Compound 60 was obtained as a
white solid in 75% yield. Suitable crystals for X-Ray analysis were obtained from a
hexane/EtOAc (1:2) solution.

Analysis found: C:728% H: 5.5 % N: 155 %
Calculated: C:72.7% H: 5.3 % N: 15.9 %

2.4 Synthesis of bttzpmteH (61)

The synthesis of compound 61 was carried out following the same experimental
procedure as compound 58 using bttzpm (1.50 g, 3.74 mmol), "BuLi (2.46 mL, 3.93
mmol) and p-tolualdehyde (0.57 mL, 3.93 mmol). Compound 61 was obtained as a
white solid in 72% yield.

Analysis found: C:60.5% H: 7.4 % N: 15.8 %
Calculated: C:60.0% H: 7.0 % N: 16.1 %

2.5 Synthesis of bttzomteH (62)

The synthesis of compound 62 was carried out following the same experimental
procedure as compound 58 using bttzom (1.50 g, 3.74 mmol), "BuL.i (2.46 mL, 3.93
mmol) and p-tolualdehyde (0.47 mL, 3.93 mmol). Compound 62 was obtained as a
white solid in 77% yield. Suitable crystals for X-Ray analysis were obtained from a
hexane/EtOAc (1:2) solution.

Analysis found: C:60.4% H: 7.3 % N: 15.9 %
Calculated: C:60.0% H: 7.0 % N: 16.1 %

2.6 Synthesis of bptzomteH (63)

The synthesis of compound 63 was carried out following the same experimental
procedure as compound 58 using bptzom (1.50 g, 3.67 mmol), "BuL.i (2.40 mL, 3.86
mmol) and p-tolualdehyde (0.46 mL, 3.86 mmol). Compound 63 was obtained as a
white solid in 69% vyield.
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Analysis found: C:729% H: 5.7 % N: 15.6 %
Calculated: C:72.7% H: 5.3 % N: 15.9 %

2.7 Synthesis of bptzpmbeH (64)

The synthesis of compound 64 was carried out following the same experimental
procedure as compound 58 using bptzpm (1.50 g, 3.67 mmol), "BuL.i (2.40 mL, 3.86
mmol) and trimethylacetaldehyde (0.42 mL, 3.86 mmol). Compound 64 was obtained
as a white solid in 78% yield.

Analysis found: C:70.8% H: 6.5 % N: 16.6 %
Calculated: C:704% H: 6.1 % N: 17.0%

2.8 Synthesis of bttzpmbeH (65)

The synthesis of compound 65 was carried out following the same experimental
procedure as compound 58 using bttzpm (1.5 g, 3.74 mmol), "BuL.i (2.46 mL, 3.93
mmol) and trimethylacetaldehyde (0.43 mL, 3.93 mmol). Compound 65 was obtained

as a white solid in 80% vyield.

Analysis found: C:57.1% H: 8.3% N: 17.0 %
Calculated: C:56.7% H: 7.9 % N:17.3 %

2.9 Synthesis of bttzombeH (66)

The synthesis of compound 66 was carried out following the same experimental
procedure as compound 58 using bttzom (1.50 g, 3.74 mmol), "BuLi (2.46 mL, 3.93
mmol) and trimethylacetaldehyde (0.43 mL, 3.93 mmol). Compound 66 was obtained

as a white solid in 75% yield.

Analysis found: C:57.2% H: 8.4 % N: 16.9 %
Calculated: C:56.7% H: 7.9 % N:17.3%

2.10 Synthesis of bptzpmbeH (67)

The synthesis of compound 67 was carried out following the same experimental
procedure as compound 58 using bptzom (1.5 g, 3.67 mmol), "BuL.i (2.40 mL, 3.86
mmol) and trimethylacetaldehyde (0.42 mL, 3.86 mmol). Compound 67 was obtained
as a white solid in 81% yield.
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Analysis found: C:70.6 % H: 6.4 % N: 16.5 %
Calculated: C:704% H: 6.1 % N:17.0 %

3. Synthesis of quaternised bis(1,2,3-triazol-1-yl)methane compounds

3.1. Synthesis of bttz(NMe>)pm (68)

To a stirred solution containing bttzpm (0.70 g, 1.75 mmol) in CHCl, (30 mL),
previously cooled down to —78 °C, trifluoromethanesulfonate (0.46 mL, 4.10 mmol)
was added. The reaction mixture was warmed up to room temperature and left stirring
for 16 h. After that time, the solvent was evaporated in vacuo affording a yellow-
greenish sticky oil. Addition of Et,O prompted the precipitation of a light green solid

corresponding to compound 68, which was isolated in 80 % vyield.

Analysis found: C:375% H: 5.0 % N:11.1%
Calculated: C:37.2% H: 4.8 % N:11.3%

3.2. Synthesis of bptz(NMe>)om (69)

The synthesis of compound 69 was carried out following the same experimental
procedure as compound 68 using bptzom (0.70 g, 1.72 mmol) and
trifluoromethanesulfonate (0.45 mL, 3.94 mmol). Compound 69 was obtained as a
light green solid in 87% yield.

Analysis found: C:46.6 % H: 3.8 % N: 10.9 %
Calculated: C:465% H: 3.6 % N:11.2 %

4. Synthesis of alkyl complexes
4.1. Synthesis of alkyl zinc complexes

4.1.1. Synthesis of [ZnMe{(x2-bttzombe)(u-0)}> (70)

In a 100cm?® Schlenk tube, bttzombeH (66) (0.40 g, 0.82 mmol) was dissolved in
dry toluene (15 mL) and cooled down to 0 °C. A solution of ZnMe> (0.41 mL 0.82
mmol, 2M in hexanes) was then added and the resulting mixture was allowed to warm
up to room temperature and stirred for 2 h. The solvent was removed in vacuo and the
remaining sticky oil was further triturated with n-hexane. Alkyl zinc complex 70 was
isolated as a white solid in 80% yield.
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Analysis found: C:50.9 % H: 7.1 % N: 14.8 %
Calculated: C:50.7% H: 6.9 % N: 15.0 %

4.1.2. Synthesis of [ZnEt{(x2-bttzombe)(u-0)}¥1» (71)

The synthesis of alkyl zinc complex 71 was carried out following the same
experimental procedure as complex 70 using bttzombeH (0.40 g, 0.82 mmol) and
ZnEt> (0.82 mL, 1M in hexanes). Complex 71 was obtained as a white crystalline solid

in 60% yield. Suitable crystals for X-Ray analysis were obtained from a toluene

solution.
Analysis found: C:52.0% H: 7.4 % N: 14.3 %
Calculated: C:51.8% H: 7.3% N: 145 %

4.2. Synthesis of alkyl aluminium complexes

4.2.1. Synthesis of [AlMe>{(x-bttzpmmabe)(u-0)}12 (72)

In a 100cm? Schlenk tube, bttzpmmabeH (59) (0.40 g, 0.73 mmol) was dissolved
in dry toluene (15 mL) and cooled down to 0 °C. A solution of AlMe3 (0.37 mL, 0.73
mmol, 2M in hexanes) was then added and the resulting mixture was allowed to warm
up at room temperature and stirred for 2 h. The volatiles were then removed in vacuo
and the resulting solid was washed with n-hexane. Alkyl aluminium complex 72 was

isolated as a white solid in 70% vyield.

Analysis found: C:577% H: 7.5 % N: 16.0 %
Calculated: C:575% H: 7.3 % N: 16.2 %

4.2.2. Synthesis of [AIMex{(x-bttzpmte)(u-0}]2 (73)

The synthesis of alkyl aluminium complex 73 was carried out following the same
experimental procedure as complex 72 using bttzpmteH (0.40 g, 0.77 mmol) and 0.40
mL of AlMes (0.39 mL, 0.77 mmol). Complex 73 was obtained as a white crystalline
solid in 65% vyield. Suitable crystals for X-Ray analysis were obtained from a

toluene/hexane (9:1) solution.

Analysis found: C:584% H: 7.4 % N: 145 %
Calculated: C:58.3% H: 7.2 % N: 14.6 %
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4.2.3. Synthesis of [AIMe,{(x*-bttzombe)(u-0)}]» (74)

The synthesis of alkyl aluminium complex 74 was carried out following the same
experimental procedure as complex 72 using bttzombeH (0.41 g, 0.82 mmol) and
AlMes(0.41 mL, 0.82 mmol). Complex 74 was obtained as a white solid in 71% yield.

Analysis found: C:555% H: 8.3 % N: 15.2 %
Calculated: C:55.3% H: 8.0 % N: 15.5%

5. Synthesis of carbene iridium complexes

5.1. Synthesis of [Ir(OEt){bttz(NMe2)pm}]. (75)

A solution of NaH (23.00 mg, 0.95 mmol) in EtOH (10 mL) was transferred via
cannula to a suspension of [IrCl(cod)]. (124.50 mg, 0.18 mmol) in EtOH (10 mL). The
reaction mixture was stirred for 30 min at room temperature. Then, bttz(NMe2)pm (68)
(0.28 g, 0.38 mmol) was added to the mixture at —78 °C, warmed to room temperature
after 10 min, and stirred overnight for 16 h. After that time, volatiles were removed in
vacuo and the remaining solid was taken up in 50 mL of dichloromethane to extract
complex 75. The resulting suspension was filtered, and the solvent removed affording
complex 75 as a brown solid in 80% yield.

Analysis found: C:40.0% H:5.9% N: 12.4 %
Calculated: C:39.7% H: 5.6 % N: 12.6 %

5.2. Synthesis of [Ir(OEt){bptz(NMe2)om}]2 (76)

The synthesis of iridum carbene complex 76 was carried out following the same
experimental procedure as complex 75 using NaH (23.00 mg, 0.95 mmol), [IrCl(cod)]
(124.50 mg, 0.18 mmol), bptz(NMe2)om (69) (0.28 g, 0.38 mmol) and 20 mL of EtOH.

Complex 76 was obtained as a brown solid in 75% vyield.

Analysis found: C:50.2% H: 4.4 % N: 12.4 %
Calculated: C:499% H: 4.3 % N: 125 %
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Concusions

. Awide variety of synthetic processes for the preparation of new organometallic
entities of group 13 metals such as aluminium, indium and gallium, supported
by alkoxide ligands based on the bis(pyrazol-1-yl)methane unit with different
ancillary ligands, such as chloride, alkyl, amide and isopropoxide, have been

developed.

. The different families of isolated organometallic group 13 complexes have
been characterised by spectroscopic IR and NMR methods. The molecular
structures of some of the organometallic complexes have been determined by
X-ray diffraction studies.

. Reactions of the alcohol heteroscorpionate protio-ligands with 1 equivalent of
MClIz (M = Ga, In) proceed in very high yields to give the neutral alkoxide
heteroscorpionate aluminium/gallium complexes [Al(x>-NO)]*[AICI4]~ (2-5)
and [Ga(x*-NNO)]*[GaCls]~ (6-9) with elimination of LiCl.

. Reactions of the alcohol heteroscorpionate protio-ligands with 1 equivalent of
InClz proceed in very high yields to give the neutral alkoxide heteroscorpionate
indium complexes [INCl2{(x*-NNO)(u-0)}]2 (10-13) with elimination of LiCl.
Crystallization of complex [InCl{(x*-bpzbe)(u-O)}]. (10) affords the
formation of a new complex with one water molecule bridging both indium
centres [{InClz(x>bpzbe)}2(u-H20)] (14) which was attributed to the presence

of small traces of water in solvent.

. Reactions of the alcohol heteroscorpionate protio-ligand bpzFerrH with 1
equivalent of AlXs (X = Me, Et) proceed in very high yields to give the neutral
alkoxide heteroscorpionate alkyl aluminium complexes [AlXz(x2-bpzFerr)]

(15 and 16) with vigorous elimination of the corresponding alkane.

In-situ reaction of MClz (M = Ga, In) with 3.3 equivalents of MeLi and
subsequent reaction with the corresponding alcohol heteroscorpionate protio-
ligands proceed in very high vyields to afford the neutral alkoxide
heteroscorpionate  heterobimetallic complexes [{Li(x*-NNO)(Et20)}(u-
O){MMeCI}] (17-20).
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In-situ reaction of GaClz with 2.2 equivalents of MeLi and subsequent reaction
with the corresponding alcohol heteroscorpionate protio-ligands proceed in
high yields to afford the neutral alkoxide heteroscorpionate complexes
[GaMeCl(x3-NNO)] (21 and 22).

In-situ reaction of InClzwith 2.2 equivalents of MeLi and subsequent reaction
with the corresponding alcohol heteroscorpionate protio-ligands proceed in
high yields to afford the neutral alkoxide heteroscorpionate complexes
[InMe2Cl(x3-NNO)] (23 and 24).

Reactions of the alcohol heteroscorpionate protio-ligands with 1 equivalent of
AlO'Pr; proceed in moderate yields to give the neutral alkoxide
heteroscorpionate alkoxide aluminium complexes [Al(O'Pr)(x>-NO)] (25 and
26). X-Ray diffraction studies for complexes 25 and 26 have shown a trigonal

bipyramidal structure around aluminium atom.

Alkoxide heteroscorpionate amido indium complex [INCI{N(SiMes)2}{(x>-
bpzbe)(«-O)}]. (28) has been synthetised by reaction of the alcohol
heteroscorpionate protio-ligand bpzbeH with 1 equivalent of the corresponding

amide indium precursor (27).

Previously reported heteroscorpionate alkyl aluminium alkoxide (30-35) and
acetamidate (37-40) complexes have been proven to be effective catalyst for
the ring opening copolymerisation (ROCOP) of epoxides and cyclic
anhydrides using low catalyst loadings under mild reaction conditions. Thus,
different polyesters have been prepared, including poly(limonene succinate),

which has never been reported before.

The synthesis of polycarbonate materials from epoxides and CO2 has been
studied using some of the complexes synthesised in this dissertation as
catalysts. Thus, chloride complexes 2-14 and indium complexes 18, 23 and 28
have been found active for the ROCOP of cyclohexene oxide and CO> without
the use of a co-catalyst under mild reaction conditions and low pressure of CO..
Amongst them, complex 10 has been found to be the most active and selective

for the process.
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Complex 10 has also been tested as catalyst for the terpolymerisation of
epoxides, CO>, and phthalic anhydride or L-lactide. It has shown no activity
towards the synthesis of polycarbonate when phthalic anhydride was used. On
the other hand, it afforded the synthesis of block copolymers poly(cyclohexene

carbonate)-polylactide with different compositions in the polymer structure.

The polyaddition reaction of petroleum-based bis(glycidyl ether carbonate)
and a wide range of diamines with different steric and electronic properties to
synthesise non-isocyanate polyurethanes has been carried out. Similarly,
reactions using different bis(cyclic carbonate) and diamine ratios have been

carried out affording the formation of hydroxycarbamates compounds.

The polyaddition reaction of bio-based bis(glutaryl carbonate) and bis(carvyl
acetate carbonate) and different diamines has also been explored. Thus,
different firstly reported PHUs have been synthesised and characterised.
Similarly, hydroxycarbamates derived from bis(carvyl acetate carbonate) have
also been synthesised using different bis(carvyl acetate carbonate)/diamine

ratios.

New alcohol heteroscorpionate protio-ligands based on bis(1,2,3-triazol-1-
yl)methane moieties (58-67) have been synthesised and their coordination
ability as NNO donors has been tested against ZnR. (R= Me, Et) and AlMe3
for the preparation of alkyl zinc [ZnMe{(x>-bttzombe)(u-O}]2 (70) and
[ZnEt{(x>-bttzombe)(u-O}]> (71) complexes and alkyl aluminium
[AIMex{(x*-NO)(u-O}]2 (72-74) complexes with vigorous elimination of the

corresponding alkane.

Two bis(1,2,3-triazol-1-yl)methane compounds have been reacted with methyl
triflate affording quaternised compounds 68 and 69. The coordination ability
of these compounds has been studied for the preparation of abnormal N-
heterocyclic  carbene iridium  [Ir(OEt){bttz(NMez)pm}] (75) and
[Ir(OEt){bptz(NMe2)om}] (76) complexes.
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