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Abstract 

The salen and salan ligands are ligand families which have been extensively studied in the field 

of ring-opening polymerisation (ROP) catalysis. However, little is known about the behaviour 

of their ortho-aminophenol analogue in which the nitrogen atoms are directly connected to the 

aromatic moieties. This ligand scaffold (herein referred to as catam) has been previously 

complexed with early and late transition metals. Interestingly, no aluminium complexes 

bearing a catam ligand have been reported and little data exists on the use of catam complexes 

in the ROP of cyclic esters. Of those, the monomer lactide (LA) has been garnering 

considerable attention as it presents itself as a sustainable alternative to common polymers. 

This thesis describes the preparation and characterisation of aluminium complexes bearing 

catam ligands and their subsequent application in the ROP of rac-LA and other cyclic esters. 

Even though aluminium complexes generally exhibit low activities in the polymerisation of 

cyclic esters, many of the described aluminium catam complexes were found to be highly active 

at room temperature with stereoselectivities ranging from slightly isoselective to highly 

heteroselective, placing them among the most active Al catalysts to date. Chapter 2 focusses 

on the catam ligands tethered by either 2,2-dimethyl-1,3-propanediamine or 1,2-ethanediamine 

and the synthesis and characterisation of their corresponding Al complexes. The NH moieties 

of the ligand were found to form beneficial non-covalent interactions with the substrate, which 

is thought to be at the root of the observed activity. 

Seeking an improvement in isoselectivity, the synthesis and application of chiral aluminium 

complexes bearing a chiral catam ligand is detailed in Chapter 3. Neither the enantiopure nor 

the racemic catalysts afforded stereoregular polylactic acid. However, the enantiopure catalysts 

were able to polymerise enantiopure LA with unprecedented activities. The lack of selectivity 

in the polymerisation of rac-LA was traced back to polymeryl exchange events which lead to 

quasi-random insertions of LA. Furthermore, polymerisation of an achiral monomer (ε-

caprolactone) was slower when the racemic catalyst was used which was traced back to 

aggregation being favoured when both enantiomers of a catalyst are present. 

Chapter 4 describes the synthesis of aluminium complexes bearing a phenylene-tethered catam 

ligand. The corresponding Al chloro complexes was found to be redox-active. This feature was 

exploited in ROP. The reduced state was able to polymerise rac-LA with good activities whilst 

the oxidised state preferentially polymerised cyclohexene oxide. Using an oxidising (e.g. 

FcBArF) and reducing agent (e.g. CoCp2), it was possible to readily switch the complex 

between both states and selectively polymerise one monomer over the other.  
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1.1 Bioplastics 

 

1.1.1 Introduction to Plastics 

The discovery of Bakelite in 1907 marked the beginning of the plastic age. Already in 1856, 

Alexander Parkes synthesised nitrocellulose by treating cellulose with nitric acid. However, 

Bakelite was the first plastic that was made from synthetic components; formaldehyde and 

phenol.1 In the 1920s, Hermann Staudinger began his research into polymer chemistry, 

postulating that macromolecules such as starch and cellulose are made up of repeating units of 

small molecules linked by covalent bonds.2 Building on top of this work, Wallace Carothers 

synthesised various polymers (including neoprene, nylon-6,6, and polyesters) via step-growth 

polymerisation, demonstrating that different plastics with different physical properties can be 

readily prepared using simple organic reactions.3, 4   

 

Plastics offer multiple advantages such as their ease of production, low cost of manufacture, as 

well as their versatility and durability. Their advantages soon made them popular, with global 

production increasing from 2 Mt in 1950 to 380 Mt in 2015 (Figure 1).5 Nowadays, plastics 

have become ubiquitous in society, forming an integral component of modern living. They find 

their applications in sectors such as the textile, automotive, aeronautic, packaging, 

construction, and medical industry. Virtually every aspect of our life makes use of this material 

now and plastic usage is still increasing as of today, expected to grow steadily by 4% per year.6 

 

Figure 1. Global plastics production (in Mt) from 1950 to 2015. Data sourced from Geyer et al.5 
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Although, the world of plastics has its advantages, it comes with its drawbacks. The vast 

majority of polymers are derived petrochemically which raises concerns regarding their 

sustainability as oil and gas are non-renewable resources.7 An estimate of 4% of all oil and gas 

produced is used to make plastics which is expected to grow to 20% by 2050.8, 9  Although the 

petrochemicals used for the manufacture of plastics are sourced from the waste-streams of the 

refineries, the use of renewable resources would be optimal in making plastics a more 

sustainable material.10 

 

Another drawback of plastics relates specifically to their end-of-life. Worldwide, only 9% of 

all plastic waste was recycled in 2015, whilst 12% was incinerated, and the remaining 79% 

accumulated in landfills or the natural environment.5 This is particularly problematic for the 

marine environment as the stress induced by the tide breaks down the waste into microplastics 

which are virtually impossible to recover due to their small size.11 While macroplastics pose 

an aesthetic issue while being detrimental to wild life, microplastics are difficult to spot with 

the naked eye and can be ingested by marine organisms and introduce toxins into the food-

chain.12, 13 

 

Solving these two major drawbacks would increase the sustainability of plastics as the use of 

renewable resources as well as waste prevention comprise two of the 12 principles of green 

chemistry.14 Furthermore, the sustainable development goals recently set by the United Nations 

can be met by the employment of bioplastics. 

 

1.1.2 Introduction to Bioplastics 

In recent years, bioplastics have garnered a lot of attention by the research community as well 

as the media, offering potential solutions to the drawbacks of petrochemically derived 

plastics.15 

In the context of this doctoral thesis, a bioplastic will be defined as any plastic that is either 

derived from biological sources (biomass) and/or which can be broken down completely into 

CO2, water, and compost by microorganisms. Both characteristics are highly desirable in a 

commercial plastic: 

-Bio-derived plastics offer a way to mitigate the use of non-renewable feedstocks by using 

biomass instead.16 

-Biologically degradable plastics can prevent accumulation of waste in landfills and the 
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environment. While this is an advantage, most bioplastics require industrial facilities which 

operate at high temperatures to break down. As few cities have the necessary collection streams 

and infrastructure, bioplastics end up in landfills. 

 

It is important to note that the biodegradability of a plastic is not dependent on whether the 

polymer is bio-derived or not. For example, bio-derived polyethylene does not readily bio-

degrade even though 100% of the carbon content is bio-derived. A plastic is considered 

biologically degradable if more than 60% of the carbon is converted within 6 months and if 

90% has been broken down into fragments smaller than 2 mm.17  

 

Although bioplastics are very promising, they only make up 1% of total plastic production.18 

Producing plastics from bio-derived feedstocks may pose logistical challenges or may be 

financially unfeasible. Furthermore, bio-degradable plastics often do not have the physical 

properties desired for a particular use. 

 

Apart from biodegradable starch blends, the most popular bioplastics are polyesters which 

includes poly-lactic acid (PLA), polycaprolactone (PCL), polyhydroxyalkanoates (PHA), 

polybutylene adipate terephthalate (PBAT) and polybutylene succinate (PBS).19 

 

 

1.2 Poly-Lactic Acid 

 

1.2.1 Introduction to Poly-Lactic Acid 

Poly-lactic acid (PLA) is an aliphatic polyester made either from lactic acid or lactide (LA). It 

is entirely bio-derived and can be degraded biologically under industrial composting 

conditions, making it a promising candidate in replacing fossil-fuel derived plastics.20 First 

synthesised by Carothers and co-workers in 1932, PLA was limited to medical applications as 

its production had a high cost associated with it. Advances in the field have allowed for cheaper 

and more reliable manufacturing which have led to a sharp increase in its production. 

NatureWorks LLC is the major producer of PLA with its US facility having a production 

capacity of 150,000 metric tons per year.21 PLA’s optical, mechanical, thermal, and barrier 

properties are similar to those of polypropylene (PP), poly(ethylene terephthalate) (PET), and 

polystyrene (PS), making its manufacture even more attractive as these plastics are among the 
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most produced ones.22 The medical field makes extensive use of PLA due to its bio-

compatibility with the human body, allowing it to be used in implants or surgical sutures.23 On 

top of that, PLA is also suitable for applications as fibers, textiles, or packaging.22 The potential 

applications make PLA particularly attractive as 36% of all plastics produced were used in 

packaging (Figure 2).5 Coupled with the fact that packaging is often used only once, 

accumulating in landfills and the environment, it becomes clear why PLA is popular. 

 

 

Figure 2. Global plastics production in 2015 by industrial sector (adapted from “Our World in Data”)5, 24 

 

A life cycle assessment (LCA) conducted by Groot and Borén demonstrated that the use of 

PLA results in significantly lower emissions of greenhouse gases, as well as less use of material 

resources and non-renewable energy.25 

 

Degradation of PLA occurs in two steps: 

- Through biodeterioration, the high molecular weight (Mw) polymers initially hydrolyse 

into smaller fragments by being exposed to abiotic factors (e.g. water, light, and heat). 

The speed at which this occurs is dependent on the structural properties of the PLA. For 

example, hydrolytic degradation of industrial PLA is faster than that of laboratory-made 

PLA.26 

- Microorganisms present in the environment then break down the plastic further into 

oligomers and monomers through metabolic pathways. These are eventually either 

assimilated into the organism or expelled as waste (lactic acid).27 Ultimately, the PLA 

is converted into CO2 and water.  
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1.2.2 Synthesis of PLA 

 

Scheme 1. Life-cycle of PLA 

 

The life cycle of PLA is pictured in Scheme 1. Using sunlight as an energy source, plants 

sequester environmental CO2 and water as starch. In industry, crops which have a high content 

of starch in their biomass such as corn, beets, and sugar cane are chosen as feedstocks for PLA 

production.28 The starch is extracted and then converted to L-lactic acid via bacterial 

fermentation. 

 

One method of PLA synthesis is the polycondensation of lactic acid, resulting in the polymer 

and water being formed. This must be carried out at temperatures below 200 °C to favour the 

formation of the polymer. Since the reaction is a step-growth polymerisation, each 

esterification step produces one equivalent of water. As this is a reversible process, it requires 

the continuous removal of water to shift the equilibrium towards the product and allow the 

reaction to proceed and generate high Mw species. Water can be removed through the use of a 

vacuum or azeotropic distillation to make polymers of up to 130 kDa.29, 30 Due to the nature of 

the mechanism of step-growth polymerisation, a high conversion is needed to achieve high Mw 

polymers and dispersities (Đ) in the product are usually uncontrolled. 

 

The preferred method of PLA synthesis is therefore via ring-opening polymerisation (ROP) in 

which the terminus of a polymer chain reacts with a cyclic monomer to continually grow. LA, 

the cyclic diester of lactic acid, can be synthesised by depolymerising low Mw oligomers of 

lactic acid at high temperatures in vacuo using an initiatior [usually Sn(Oct)2].
31 The monomer 
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can then undergo ROP in the presence of an initiator. The polymerisation is 100% atom 

economical, meaning that all atoms present in the reactants are incorporated into the product. 

Consequently, no by-products are generated, removing the need to eliminate water from the 

reaction mixture. ROP thus makes it much easier to synthesise high Mw polymers with low 

dispersities under mild conditions. 

 

PLA can also be obtained directly through biosynthesis of glucose.32 Zeolites were also used 

to produce LA from lactic acid at lower temperatures than conventionally employed.33 

 

1.2.3 Other Bioplastics 

 

Scheme 2. ROP of ε-CL (top) and β-BL (bottom) to form PCL and P3HB respectively 

 

Polycaprolactone (PCL) is another aliphatic polyester obtained from the ROP of ε-caprolactone 

(ε-CL, Scheme 2). First synthesised in the 1930s, PCL is semi-crystalline, with a glass 

transition temperature (Tg) of -60 °C and a melting point of around 60 °C. PCL can be bio-

degraded by enzymes and fungi, making it an attractive candidate for biomedical application 

as it readily hydrolyses in physiological conditions.34, 35 Co-polymerisation of ε-CL with other 

monomers such as LA is an effective way to tailor degradation rates.36  

 

ε-CL is currently produced through the Baeyer-Villiger oxidation of cyclohexanone. This 

organic redox reaction is generally a powerful method for the synthesis of various lactones 

from cyclic ketones. However, the ε-CL produced through this pathway is not bio-derived as 

the cyclohexanone is fossil fuel-based. A bio-based route has been proposed using 5-

(hydroxymethyl)furfural (HMF) as a starting material, which can be readily synthesised from 

simple sugars.37     
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Polyhydroxyalkanoates (PHA) are polyesters that are naturally produced by microorganisms.38 

The most common PHA is poly-3-hydroxybutyrate (P3HB) which is synthesised by 

microorganisms in response to stress, acting as energy storage.39 Although P3HB is bio-

degradable, it is not soluble in water and resistant to hydrolytic degradation, which is not 

common in biodegradable plastics.40, 41 Furthermore, P3HB exhibits thermoplastic properties 

and resists a wide temperature range (30 to 120 °C).42 A drawback of the plastic is that 

biosynthetically produced P3HB is optically pure.43 Perfectly isotactic P3HB is very brittle and 

decomposes at temperatures slightly above their melting transition, making them difficult to 

process. More desirable properties can be achieved by controlling the stereoregularity of P3HB 

from the stereoselective polymerisation of β-butyrolactone (β-BL, Scheme 2).44 Particularly an 

isotacticity of 60 – 80 % generates properties that are conducive to elastomers and plastomers.45 

The ability to synthesise high molecular weight polymers is also important to make the 

promising plastic commercially feasible.46 ROP is thus a sensible approach to synthesising high 

molecular weight polymers in a controlled fashion.47 It is important to note however that β-BL 

is not a bio-derived monomer and a feasible route for such a synthesis has yet to be proposed. 

 

 

1.3 Ring-Opening Polymerisation 

 

Prior to discussing ROP, it is important to draw distinctions between the two main 

polymerisation mechanisms, namely step-growth and chain-growth polymerisation. In the 

former, pairs of multifunctional molecules combine to form a longer polymer chain. This 

occurs in a step-wise fashion where the average molecular weight of a polymer initially 

increases slowly. Towards the end of the reaction, the oligomers then combine to form larger 

chains (Figure 3, red). Step-growth polymerisation does not require an initiator, shows no 

termination, and can make use of multifunctional monomers to generate more intricate polymer 

architectures. However, the reaction is very sensitive to impurities, requiring highly purified 

starting materials and high conversion to reach a relevant degree of polymerisation (DP).  

 

In chain-growth polymerisation, the reaction is initiated to form an active site with which 

monomer molecules can react to steadily grow the polymer chain one monomer at a time. The 

number of active sites is dependent on the quantity of initiator used. This leads to longer chains 

being formed at the beginning of the reaction (Figure 3, blue). As will soon be evident, ROP is 
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a form of chain-growth polymerisation, namely a living polymerisation. This method is 

characterised by an absence of chain termination and chain transfer reactions which leads to a 

more constant growth rate of the polymer chain (Figure 3, green). 

 

 

Figure 3. Graph depicting the increase in average molecular weight as a function of conversion for chain-growth (blue), 

living (green), and step-growth (red) polymerisation. 

 

1.3.1 Thermodynamics of ROP 

The thermodynamic driving force for the ROP of small cyclic monomers (4-7 membered rings) 

is the enthalpic release of ring strain upon opening.48 This release in energy (ΔHp) offsets the 

negative entropy of polymerisation (ΔSp), keeping the Gibbs free change (ΔGp) negative, and 

thus the polymerisation spontaneous.  

 

∆Gp =  ∆Hp − T∆Sp 

 

The total strain of a monomer is dependent on angle, conformation, and repulsion strain.49 The 

ring strain of a monomer decreases as the ring size increases, resulting in an enthalpically 

unfavourable polymerisation. Instead, the reaction is driven entropically.50 Macrocyclic 

lactones (8+ membered rings) are known to increase the entropy of a system upon opening, 

owing to an increase in their conformational degrees of freedom. 

 

By running polymerisations at different temperatures, Duda and Penczek have determined ΔHp 

and ΔSp for L-LA to be -22.9 kJ mol-1 and -41.1 J mol-1 K-1 (starting from a 1 M monomer 

solution).51 Given that polymerisation is a reversible reaction, the concentration of monomer 

at equilibrium ([M]eq), where ΔGp = 0, can be given by the following equation: 
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[M]eq = exp (
∆Hp

RT
−

∆Sp

R
) 

 

Thus, for L-LA, using the aforementioned values of ΔHp and ΔSp, [M]eq will adopt a value of 

0.014 M at room temperature, corresponding to a total conversion of 98.6%. Thus, 

polymerisation is only favourable when the concentration of monomer is greater than [M]eq 

(conversion is less than 98.6 %). 

 

For polymerisations that have a negative term for ΔHp and ΔSp, polymerisations can only be 

carried out under a so-called ceiling temperature (Tc).
50 This is due to the ΔSp term being linked 

to temperature, which offsets the negative ΔHp term as temperature is increased, ultimately 

leading to a positive ΔGp. Thus, for a monomer solution of starting molarity [M]0, the Tc is 

given by the following equation: 

 

Tc =
∆Hp

∆Sp + Rln[M]0
 

 

At a starting molarity of 1 M, a solution of L-LA will have a Tc of 557 K (284 °C). An important 

note to make that the equation also applies for polymerisations that result in a positive change 

of ΔHp and ΔSp (e.g. macrocyclic lactones), However, the resulting value is a floor-temperature 

(Tf) which denotes the minimum temperature at which a polymerisation can be carried out. 

 

1.3.2 Mechanism of Metal-Catalysed ROP 

The ROP of LA using metal-based catalysts has been studied extensively over the years, with 

Sn(Oct)2 and aluminium isopropoxide [Al(OiPr)3] being amongst the first catalysts explored.52, 

53 Both compounds are synthesised easily and are stable to air/moisture and heat, which makes 

their employment and the study of their mechanism relatively uncomplicated. The 

polymerisation of metal-based catalysts proceeds through a three-step coordination-insertion 

mechanism (Scheme 3).54 In the case of Sn(Oct)2, a metal alkoxide complex is generated in 

situ by reaction with exogenous alcohol. The alkoxide moiety determines the end-group of a 

polymer as it is the initiating group of the ROP. 

 

The Lewis acidic metal centre first coordinates onto the carbonyl oxygen of the monomer, 
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withdrawing electron density. This allows for nucleophilic attack by the alkoxide group onto 

the carbonyl which, after rearrangement, allows for the cleavage of the acyl oxygen bond. The 

ring-opening of the monomer yields a new metal alkoxide which can subsequently open 

another monomer unit until completion of the reaction or termination of the polymerisation. 

Upon consumption of all monomer, the metal-alkoxide bond hydrolyses to form a hydroxide 

end-group.55 

 

There is a trend in which activity is correlated with Lewis acidity. However, it is important to 

note that more is not always better. Dagorne and co-workers have found that some cationic 

aluminium complexes do not insert any monomer which was attributed to the metal centre 

being too electron deficient.56 These species prefer the formation of a chelate which is too 

stable to proceed with the polymerisation mechanism. Therefore, one must strike a subtle 

balance which favours both the nucleophilic attack as well as the subsequent acyl oxygen bond-

cleavage. 

 

 

Scheme 3. Coordination-insertion Mechanism  

 

1.3.3 Mechanism of ROP Catalysed by Organic Compounds 

Pioneered by Waymouth and Hedrick, organocatalysis offers a metal-free alternative to ROP 

using accessible organic compounds.57-60 Their ease of synthesis and purification, long shelf-

lives (due to insensitivity to moisture and oxygen), and their broad scope of reaction conditions, 

solvents, and monomers, make them highly suitable candidates for industrial use. In 2001, 

Hedrick and co-workers reported that 4-dimethylaminopyridine (DMAP) was active in the 
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ROP of LA.61 Following this discovery, a wide range of nucleophilic bases were subsequently 

investigated. N-heterocyclic carbenes (NHCs) were amongst the most successful and widely 

studied compound class.59, 62 In 2005, the field of organocatalysis experienced a paradigm shift 

when a bifunctional catalytic system comprised of a thiourea and tertiary amine was reported.63, 

64 The system activates the monomer via the H-bond-donating thiourea moiety, and the 

exogenous alcohol via the H-bond-accepting tertiary amine. The mechanism of bifunctional 

activation is shown in Scheme 4. The LA carbonyl binds to the NH moieties of the thiourea 

component, forming a H-bond that acts as a Lewis acid and activates the LA carbonyl. 

Simultaneously, the tertiary amine forms a H-bond with the alcohol, making the oxygen more 

nucleophilic. Nucleophilic attack occurs, which results in a hemiacetal being formed. The 

reactive intermediate is stabilised by the catalyst and allows for migration of the alcohol proton, 

leading to the cleavage of the acyl-oxygen and opening of the LA ring.58 Although simple on 

the surface, the pKa of the systems needs to be highly tuned, making sure that the difference 

between the H-bond donor and H-bond acceptor is not too high.65 Particularly fast catalysts 

haven been found to exhibit strong binding equilibrium constants (up to 4200) and strong H-

bonds (1.79 Å).66This motif inspired the synthesis of many more supramolecular recognition 

catalysts including (-)-sparteine,64 Me6TREN,67 as well as sulfonamides and fluorinated 

alcohols.68-71  

 

 

Scheme 4. ROP catalysed by thiourea. (Adapted from Waymouth and Hedrick)58, 63 

 

Although this doctoral work will focus on metal-based catalysis, organocatalysis was used to 

elucidate the mechanism of some metal complexes synthesised. 

 

1.3.4 Living vs. Immortal Polymerisation 

The living ROP of LA (and other lactones) exhibits an absence of chain-transfer agents (CTAs) 

and termination reactions, resulting in the polymer chains growing at a more constant rate.72 

Szwarc and co-workers termed this a living polymerisation.73 The rate of initiation is much 
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faster than the rate of propagation, resulting in every polymer chain growing at the same rate. 

As a result, molecular weights are highly controlled, exhibiting a low dispersity in the product 

and thus allowing for predictable polymer synthesis. 

 

This means that the chain length of a polymer can be estimated from the concentration of 

monomer that remains in the reaction mixture, due to the fact that the number average 

molecular weight (Mn) increases linearly with conversion.74 Because of the absence of 

termination reactions, block co-polymers can be formed through sequential monomer addition 

such as diblock (A-B) or triblock (e.g. A-B-A or A-B-C) co-polymers.73 

 

A similar yet different type of polymerisation is the immortal polymerisation (Figure 4). 

Building on top of Szwarc’s work, Shohei Inoue discovered that the alkoxide group of 

aluminium porphyrin can undergo rapid exchange with exogenous alcohol during the 

alternating copolymerisation of epoxide and CO2.
75 The chain transfer rate was thus much 

faster than the initiation, which led to a lower molecular weight of the polymer due to a greater 

number of propagating chains. Instead of terminating the polymerisation, the presence of a 

protic solvent formed more polymer chains.76, 77 The dispersity of the polymer product remains 

narrow due to fast nature of the exchange. 

 

 

Figure 4. Representation of living and immortal polymerisation. The presence of CTAs increases the number of chains 

present in the latter. 

1.4 Desired Initiator Properties 

 

1.4.1 Activity 

An important aspect of an initiator is its activity. A catalyst should be active at the desired 
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temperature as well as within the temperature ranges allowed by the thermodynamics of a 

particular monomer. However, a catalyst that is too fast may result in loss of control, possibly 

resulting in transesterification and thus an increase in dispersity. 

The nature of living polymerisation allows for rigorous kinetic studies that can yield rate 

constants and order of reactants.50 The rate law for the ROP of LA can be written as follows: 

 

−
d[LA]

dt
= kp[LA]n[I]m 

 

Where kp is the propagation rate constant, [LA]0 and [I]0 are the respective initial 

concentrations of lactide and initator, and n and m are their respective reaction order. 

 

As the rate of initiation (ki) in living polymerisation is much faster than the rate of propagation, 

it can be simply omitted as it does not contribute to the rate-determining step (RDS). In the 

same vein, the absence of any termination reaction means that a rate of termination (kt) should 

not be present. 

 

Assuming that the mechanism of polymerisation does not change with varying initiator 

concentration, one can express the above equation as a pseudo first-order rate law yielding an 

apparent rate constant (kapp) for a given [I]0. 

 

−
d[LA]

dt
= kapp[LA]0 

 

This can then be integrated to yield the following rate law: 

 

ln (
[LA]0

[LA]t
) = kappt 

 

Where [LA]0 and [LA]t are the initial concentration of LA and the concentration at time t 

respectively. Plotting ln (
[LA]0

[LA]t
) as a function of time yields a linear plot with the gradient being 

conducive to the rate constant kapp. LA and other lactones usually exhibit a pseudo-first order 

rate dependence in monomer. 
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1.4.2 Molecular Weight Control 

As previously mentioned in Section 1.3.4, a characteristic of a living polymerisation is the 

linear increase in Mn with conversion (%) as well as a narrow dispersity. 

Consequently, plotting Mn (g/mol) as a function of conversion (%) should result in a linear plot, 

with the gradient being equal to the molecular weight of the monomer employed. For example, 

an Mn vs. conversion plot of a living lactide polymerisation ideally yields a gradient of 144.13 

g/mol. 

 

The dispersity of the polymer is also a good measure of polymerisation control. The molecular 

weight of a polymer can be measured either as the number average molecular weight (Mn) or 

the weight average molecular weight (Mw). The former is defined as the total weight of the 

polymer product divided by the total number of molecules. 

 

𝑀n =
∑ Ni𝑀i

∞
i=1

∑ Ni
∞
i=1

 

 

Where Ni is the number of molecules with weight Mi. 

The weight average molecular weight also takes the weight of each polymer chain into account: 

 

𝑀w =
∑ Ni𝑀i

2∞
i=1

∑ Ni𝑀i
∞
i=1

 

 

Using Mw and Mn, one can subsequently calculate the dispersity: 

 

Đ =
𝑀w

𝑀n
 

 

Where Đ ≥ 1. The dispersity indicates the distribution of polymer molecular weights 

throughout the batch with the polymer chains approaching a uniform chain length as Đ 

approaches 1.79 A living polymerisation typically exhibits dispersities between 1.0 and 1.3.80  

Molecular weight control does not only depend on the ratio between the rate of propagation 

and initiation, but also on the extent of transesterification. This can occur either 

intramolecularly, leading to a macrocyclic polymer, or intermolecularly, leading to a 

redistribution of chains.81, 82 These side-reactions result in a broader distribution of molecular 
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weights and thus a higher dispersity. The extent of transesterification depends on the nature of 

the initiator. The molecular weight and dispersity of a polymer product can be measured using 

gel permeation chromatography (GPC).  

 

1.4.3 Polymer Microstructure 

 

Chart 1. The stereoisomers of LA 

 

The next two sections concern the stereocontrol in ROP and will almost exclusively describe 

it in the context of LA polymerisation. Lactide can be found as L-LA and D-LA (the racemic 

mixture of which is rac-LA), as well as its meso form meso-LA (Chart 1). Thus, a variety of 

microstructures can be exhibited in PLA depending on the monomers involved as well as the 

stereoselectivity of the catalyst. The physical properties of a polymer are heavily dependent on 

the tacticity.83 Particularly the glass transition temperature (Tg) and melting point (Tm) are 

important as they dictate the processability and applications of a polymer. 

 

Scheme 6 shows all possible stereochemical outcomes of LA polymerisation. Using either L-

LA or D-LA alone will lead to isotactic poly-L-lactic acid (PLLA) or poly-D-lactic acid 

(PDLA) which are both semi-crystalline and have a melting point at around 175 °C.84 Isotactic 

PLA can also be synthesised using rac-LA. However, the physical properties of the resulting 

polymer differ significantly from PLLA/PDLA, exhibiting a Tm of 230 °C.85 This was initially 

attributed to the formation of a stereocomplex, where PLLA and PDLA chains form 

intermolecular interactions that are greater than those in PLLA/PDLA alone.86 Ovitt and Coates 

demonstrated that the same high Tm can be achieved when forming stereoblock polymers. 

These contain both PLLA and PDLA segments in their main chain which result in the same 

co-crystallisation behaviour.87 The isoselective polymerisation of rac-LA thus results in 

polymers with improved physical properties and has thus been of great interest to the research 

community. Particularly being able to control the length of the sequence blocks can allow the 

generation of polymers with tuneable properties.88 Although the same effect can be achieved 
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by blending PLLA and PDLA together, a one-pot approach is more desirable. 

 

 

Scheme 5. Possible outcomes of the stereoselective polymerisation of rac- and meso-LA 

 

 

Another microstructure that can result from rac-LA is heterotactic PLA, which is semi-

crystalline and thus exhibits a lower Tm (120 °C).89 

Using meso-LA, the resulting microstructure may either be heterotactic or syndiotactic. The 

latter is semi-crystalline and has a Tm of 150 °C.90 

A lack of any stereocontrol during the polymerisation of rac- and meso-LA results in an atactic 

polymer which does not exhibit stereoregularity. This polymer is amorphous due to a random 

configuration of stereocentres and cannot be used as a plastic. 
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1.4.4 Stereocontrol 

Stereocontrol during the polymerisation can be achieved via two mechanisms: chain-end 

control (CEC) and enantiotopic-site control (ESC).91  

 

In a CEC mechanism, the chirality of the chain end bound to the catalyst determines the 

preference of the next monomer insertion. This mechanism is generally applicable to achiral 

catalysts. In an ESC mechanism, the chirality of the catalyst dictates the preference for the 

enantiomer regardless of the chirality of the chain-end. 

 

Whilst defects can be corrected in an ESC mechanism, in the case of CEC the introduction of 

a defect results in the propagation of that defect until another one is introduced. However, these 

mechanisms are not mutually exclusive. As will be discussed in Chapter 3, a combination of 

both mechanisms has been previously reported, and in some cases even more sophisticated 

stereocontrol mechanisms were observed. 

 

The extent of sterocontrol can be quantified by the tacticity of the polymers in terms of the 

probabilities Pr and Pm (Pr = probability of racemic/syndiotactic enchainment; Pm = probability 

of meso/isotactic enchainment).92 In the case of rac-LA, a perfectly isotactic polymer will have 

a Pm = 1 while a perfectly heterotactic polymer will have a Pr = 1. Conversely, in the case of 

meso-LA, a perfectly syndiotactic and a perfectly heterotactic polymer will have a value of 1 

for Pr and Pm respectively. An atactic polymer will have a value of Pm = Pr = 0.5. These 

probabilities can be determined using Bernoullian statistic.93 

 

 

1.5 Previous Work 

 

Amongst other qualities, a ROP catalyst should ideally be easily synthesised, non-toxic, highly 

active, and highly isoselective. Industrially, PLA is produced using Sn(Oct)2 in neat conditions 

at loadings of around 0.001 mol% and temperatures between 180 and 210 °C.94 Sn(Oct)2 offers 

no stereocontrol and thus is only used to polymerise the optically pure L-LA to produce PLLA. 

The system also results in both intra- and inter-molecular transesterification. Furthermore, the 

inherent cytotoxicity of tin makes its application in the medical industry rather unattractive.95 
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Although Sn(Oct)2 is approved by the FDA,96, 97 studies have shown that tin is incorporated in 

the final polymer at concentrations ranging from 20 to 50 ppm after processing.98 This largely 

comes in the form of tin-hydroxyoctoate and tin-hydroxylactate.99 Long-term liberation of tin 

in physiological conditions has not been studied yet and may impose more risks.100   

Although numerous discrete catalysts have been reported,101 aluminium-based complexes 

garnered considerable attention due to their high isoselectivity.102 Aluminium’s low toxicity as 

well as high availability in the earth’s crust makes it an appealing metal centre.103, 104 However, 

despite considerable efforts being made to design complexes that meet the aforementioned 

desirable criteria, a lack of rational design in ROP catalysts still persists. 

 

1.5.1 Aluminium Initiators 

Aluminium salen and salan complexes have found regular employment in the ROP of cyclic 

esters, particularly due to their ease of synthesis and high tuneability.105 The salen ligand (Chart 

2) can be easily prepared from commercially available reagents by condensation of two 

equivalents of 2-hydroxybenzaldehyde and one equivalent of a diamine to form the 

characteristic Schiff base backbone. The ligand is tetradentate, having an O’N’N’O-donor 

scaffold that binds to the metal ion, leading to a very stable complex in solution. Their ease of 

synthesis and ability to stabilise different metals at various oxidation has given this versatile 

class of ligands a “privileged” reputation.106, 107 

 

 

 

 

The first use of an aluminium salen complex for cyclic ester ROP was reported by Spassky in 

1991, where an ethylene diamine bridged salen complex (Chart 3, left) was employed in the 

polymerisation of β-BL and LA at elevated temperatures (70 – 100 °C).108-110 Results showed 

Chart 2. Representative structure of salen-, salan-, and catam-type ligand scaffolds 
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high amounts of transesterification, but in the case of rac-LA, a slightly isotactic PLA was 

produced (Pm = 0.68). 

 

Spassky then extended his work to chiral catalysts, reporting a (R)-BINAP-type aluminium 

salen complex (Chart 3, centre).111 The introduction of a chiral component to the Schiff base 

scaffold allowed for higher activity alongside high stereoselectivity (70 °C, 1.3% catalyst 

loading). The catalyst was found to prefer the D-LA enantiomer and produced PDLA at low 

conversions. However, as D-LA was depleted, the insertion of the L-LA became possible 

(despite being less favourable than D-LA polymerisation), ultimately resulting in the formation 

of isotactic block polymers (PDLA-b-PLLA). These formed a stereocomplex with melting 

point temperatures (Tm = 187 °C) higher than what is expected with optically pure PLA. 

 

As more salen complexes were synthesised and screened, a desire to understand the structure-

activity relationship of the ligand emerged. In a landmark paper, Gibson and co-workers carried 

out a structural study which investigated the effect of varying substituents on the rate of 

reaction and selectivity of achiral salen catalysts.112 They found that both the linker as well as 

the phenoxy substituents have an influence on the polymerisation. Electron-withdrawing 

substituents on the phenoxy groups resulted in an increase in activity, likely due to making the 

metal centre more Lewis acidic. Introducing bulky substituents on the ortho position generally 

slowed down the polymerisation rate, but resulted in an increase in isoselectivity (Pm up to 

0.88) which confirmed previous findings by Nomura et al.113 Interestingly, the vast majority 

of catalysts were isoselective with only one out of the 24 studied complexes exhibiting 

heteroselectivity (Pr = 0.63). Isoselectivity was found to increase with increased flexibility of 

the linker. The most active salen catalyst was found to be a 3,5-chlorosalen complex (Chart 3, 

right).  

 

 

Chart 3. Structures of Et-salen-Al-OMe (left), (R)-SALBINapht-Al-OMe (centre), and 3,5-chlorosalen-Al-Me (right) 
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1.5.2 The Catam Ligand 

Even though numerous aluminium catalysts have been reported with good isoselectivities, they 

traditionally suffer from poor activity, require high loading, and are sensitive to moisture/protic 

sources which limit their industrial employment. Whilst a wealth of research has been 

conducted on salen- and salan-based catalysts, not much is known about polymerisation 

catalysts using the corresponding catecholamine derivative (catam). This ligand scaffold 

features two rigid ortho-aminophenolate moieties tethered by a flexible linker (Chart 2) and 

was first discovered in the 1950s.114 Although little came of that, the ligand scaffold 

experienced a revival in 1996 after a publication by Maslovskaya et al.115 This section will 

outline the literature surrounding the catam ligand, with the many structures summarised in 

Chart 4. 

 

Chart 4. Structures of LI - LX 
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a) Aromatic linker 

In 1996, Wieghardt and co-workers synthesised a 1,2-phenylenediamine linked catam pro-

ligand (LI) as its structure was suspected to lend itself to redox activity. The complexation of 

LI to Cu and Zn was carried out successfully and the group showed the complexes to have 

excellent redox properties, each displaying 2 successive reversible oxidations and reductions 

on their CV spectrum.116 The complexes were at the time found to be the most stable and active 

ones concerning the selective oxidation of methanol and ethanol into their respective aldehyde. 

Nearly a decade later, Heyduk and co-workers employed LI with Zr and found that the ligand’s 

properties enabled the complex to catalyse the multielectron disproportionation of 1,2-

diphenylhydrazine into azobenzene and aniline.117 The group carried out further studies on the 

Zr as well as the Ti and Hf complexes of LI and found that their reaction with Iodobenzene 

dichloride resulted in oxidative addition products in which the ligand supported the dicationic 

charge.118 The interesting electronic properties of LI drew the attention of other research groups 

with more structural and electronic studies being conducted on its complexes with Ti/Zr,119 

Co,120, 121 Sn,122 Mo,123 W,124 Fe,121 Te,125 V,119 and Ni.119 

 

Hanifpour et al. synthesised an analogue of LI in which the 4 and 5 positions of the phenylene 

linker were methylated (LII).126 The complexation of LII with Ti resulted in a fast and effective 

catalyst for the polymerisation of 1-decene. Dei et al. broadened the scope of phenylene linked 

catam ligands by synthesising a 1,3-phenylenediamine tethered catam ligand (LIII).127 

Coordination of LIII with Co and Fe resulted in complexes that displayed intra-ligand 

antiferromagnetic interactions. Electronic studies were also extended to the Ru analogue.128 

Chaudhuri and co-workers further studied the reactivity of LIII with Cu, Ni, Fe, Co, Cr, and 

Mn.129 The Mn complex was found to catalyse the oxidation of catechols to their respective 

quinone under mild aerobic conditions, mimicking the function of the Cu-containing enzyme 

catechol oxidase. 

 

Polyaromatic linkers as catam tethers were also explored. (S)-(-)-6,6’-dimethyl-2,2’-

biphenyldiamine was used by Scott and co-workers to synthesise LIV. La and Y complexes of 

LIV were generated and used in the enantioselective hydroamination/cyclisation of 

aminoalkenes.130, 131 The complexes were found to be more effective than their salen and salan 

counterparts. Chaudhuri and co-workers investigated the non-methylated counter-part of LIV 

by synthesising a catam ligand linked by 2,2’-biphenyldiamine (LV).132 The coordination of LV 
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was studied with Cu, Ni, Pd, Fe, and V and the complexes were found to undergo a redox-

active disproportionation that yields active species for the oxidation of benzyl alcohol to 

benzaldehyde, mimicking the action of the Cu-centered metalloenzyme galactose oxidase. 

Gianino and Brown complexed LV with Os and Ru for structural and electronic studies.133 They 

found the complexes to exhibit highly covalent bonding between the ligand and metal centre, 

where the π-bond is slightly polarised towards the ligand in the case of Os, but slightly polarised 

towards the metal in the case of Ru. The ligand was modified by Brown and co-workers by 

including tBu moieties on the linker (LVI). Complexation of LVI with Mo resulted in a species 

that readily interconverted between different structural isomers due to the strong π-bonding of 

the ligand.134, 135 The complexations were later extended to Ni, Pt, and Pd.136 Structural an 

electronic measurements were performed and single-triplet gaps measured. 

 

The fact that ligands LI to LVI were found to be highly redox active demonstrates how easily a 

redox-non innocent catam ligand can be synthesised. The breadth of positive results will 

eventually lead to the exploitation of LI for polymerisation purposes (see Chapter 4). 

 

b) Aliphatic linker 

Having pioneered the use of aromatic catam ligands in inorganic chemistry, Wieghardt and co-

workers moved onto the synthesis and use of alkyl-catam pro-ligands. The ethyl-tethered catam 

(LVII), which was previously discovered,114, 115 was used with Ni and the resulting complex 

found to be paramagnetic.137 Okuda and co-workers synthesised the Ti centred complex of LVII 

and observed it to be inactive in the polymerisation of alkenes.138 Interestingly, methylation of 

the NH moieties of LVII and subsequent complexation with Ti, Zr, and Hf, led to active catalysts 

which indicates that, depending on the reaction, the NH moieties can have a detrimental effect. 

Given the simple C2 linkage between the ortho-aminophenols, Bellemin-Laponnaz et al. found 

that a simple reaction of LVII with triethyl orthoformate imbues the ligand with a carbene 

moiety.139 The complexes of such NHC ligands have been studied further but are beyond the 

scope of this review.140-142 

 

Another catam ligand explored by the Wieghardt group was one linked by a 2,2-

dimethylpropane-1,2-diamine unit (LVIII).137 Employed with Ni and Pd, the structural and 

electronic behaviour of the complexes was studied. They were found to be diamagnetic and 

electronic spectra also found that the electrochemically generated mono-cation and mono-

anion forms have the unpaired electron delocalised over both halves of the ligand. An analogue 
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of LVIII lacking the gem-dimethyls (LIX) was reported by Sadr and co-workers. The 

corresponding Cu complex was synthesised and employed in the oxidation of benzyl alcohol 

to benzaldehyde in aerobic conditions.143 The redox-behaviour of this complex was found to 

be quasi-reversible, likely due to the alkyl linker being employed. 

An interesting approach was demonstrated by the Brown group in which a catam ligand, linked 

by a 1,1’-ferrocene-bis(para-phenylene) unit (LX).144 The ligand was found to be tetradentate 

and bind to Pd in a planar fashion. Through electrochemical measurements, optical 

spectroscopy, and DFT calculations, the electronic interactions between the ferrocenyl moiety 

and the ortho-aminophenols were found to be minimal. 

It needs to be mentioned that the use of linkers containing heteroatoms was also investigated 

for the synthesis of ligands with a denticity higher than 4. The use of sulfur-,145-150 oxygen-,151 

and nitrogen-containing linkers was investigated to successfully generate penta- and hexa-

dentate ligands.142, 152, 153 As this thesis concerns itself with tetradentate ligands, they are not 

discussed. 
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Table 1. Summary of the synthesised catam ligands to-date, their respective names in the thesis (if applicable), as well as the 

metals they were complexed with and their respective literature reference 

Pro-ligand 
Pro-ligand name 

in this thesis 
Metal References 

LI H2
HL4 

Cu, Zn 116 

Ti, Zr, Hf 117-119, 154 

Co 120, 121 

Sn 122 

Mo 123 

W 124 

Fe 121 

Te 125 

V, Ni 119 

LII - Ti 126 

LIII - 

Co, Fe 127, 129 

Ru 128 

Cu, Ni, Cr, Mn 129 

LIV - La, Y 130, 131 

LV - 
Cu, Ni, Pd, Fe, V 132 

Os, Ru 133 

LVI - 
Mo 134, 135 

Ni, Pd, Pt 136 

LVII H2
HL2 

Ni 137 

Ti 138 

LVIII H2
HL1 Ni, Pd 137 

LIX - Cu 143 

LX - Pd 144 

 

The catam ligands are summarised in Chart 4, and their employment with metals detailed in 

Table 1. Interestingly, there are no examples of their use with Group 13 metals which made the 

targeting of aluminium-based catam complexes attractive.  

 

1.5.3 Differences Between Salen and Catam Ligands 

Given that a breadth of research has been conducted on salen ligands in ROP, the catam ligand 

faces a very well-established ligand class (Chart 5). Although differences between salen and 

catam ligands initially appear to be minor, they are thought to change the behaviour of 

complexes significantly. 
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Chart 5. Comparison between the salen and catam ligand scaffold 

 

Whilst both ligands are O’N’N’O-donors, the catam scaffold forms a rigid five-membered 

chelate between the ortho-aminophenols and the metal centre. Chen and co-workers have found 

this five-membered chelate system improved aluminium-mediated polymerisations of ε-CL, 

resulting in significantly higher polymerisation rates.155 The catam ligands also replaces the 

Schiff base of the salen with NH moieties which are more acidic and thus can bind more 

strongly to the metal ions.156 The amine is also sp3 hybridized and thus a stereocentre which 

would bring a chiral environment to the immediate vicinity of the metal centre and possibly 

aid in mediating stereocontrol. Furthermore, the switch would lead to a more flexible scaffold 

which would allow the complexes to adopt structures closer to the ones of the transition states, 

leading to an overall lower activation energy and thus a higher rate of polymerisation. The 

synthesis of the catam ligand is also generally straightforward, occurring via a single step 

(Scheme 9). 

As mentioned in Section 1.5.2, the catam ligand was never employed with Al or other Group 

13 metals. Given that LI was found to increase the activity of Ti in rac-LA ROP, studying 

aluminium-centred catam complexes could potentially counteract the sluggish reactivity of Al 

towards rac-LA. Given this vacant niche as well as the broad scope of the catam ligand, the 

scaffold is an ideal platform for the study of structure-activity relationships. Through the study 

of various aluminium-based catam complexes, this thesis aims to demonstrate the versatility of 

the ligand in the context of cyclic ester ROP. Different ligands were studied with the outlook 

of eventually gaining sufficient knowledge to implement a rational design approach.  
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Scheme 6. General reaction scheme for the synthesis of catam pro-ligands 

 

 

1.6 Aims and Objectives 

 

The principal aim of this project was to synthesise a range of new aluminium catalysts for the 

ROP of cyclic esters. The following selection criteria are used: 

- Activity: The polymerisation should exhibit high activities in a broad range of 

conditions and offer reasonable conversions at low catalyst loadings 

- Control: The polymerisation should display characteristics of a living polymerisation, 

including predictable molecular weights, linear increase of molecular weights, and 

narrow dispersities. 

- Selectivity: The catalysts should be isoselective so that stereoblock PLA can be 

synthesised from rac-LA. 

- Stability: The catalysts should be reasonably stable when mimicking industrial 

polymerisation conditions (neat, 200 °C, low loading). 

- Ease of synthesis: The synthesis of the catalysts should be straightforward and require 

cheap commercially available starting materials with minimal synthetic steps. 

- Tuneability: The backbone of the catalyst should be tuneable to allow for the 

preparation of analogues that can provide more insight on the structure-activity 

relationship. Furthermore, tuneability of the aminophenol groups can offer insight into 

the importance of substituents at the periphery of the ligand. 
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Figure 5. Representative structure of a catam complex highlighting its key properties 

 

Aluminium complexes bearing the catam ligand scaffold will be investigated (Figure 5). The 

main modulation carried out will be on the linker to study its effect on the polymerisation 

behaviour. Chapter 2 will explore the importance of the NH moieties and non-covalent 

interactions (NCIs) in catalysis (H2
HL1 and H2

HL2). Chapter 3 will introduce a chiral 

component to the backbone of the ligand and investigate its effect on the polymerisation 

(H2
HL3). Chapter 4 will exploit the redox properties of the ligand with the aim to develop an 

electrochemically switchable catalyst (H2
HL4).  
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2.1 Introduction 

This chapter will describe the synthesis, characterisation, and application of catam complexes 

tethered by 2,2-dimethyl-1,3-propanediamine (H2
HL1) as well as 1,2-ethanediamine (H2

HL2). 

The complexes were found to be highly active at room temperature which was traced back to 

beneficial non-covalent interactions (NCIs) between the NH moieties of the catam ligand and 

the carbonyl moiety of the substrate. This introduction aims to outline the different types of 

bonding in chemistry and describes the occurrence and exploitation of NCIs in catalysis, 

particularly in cyclic ester ROP. 

 

2.1.1 Introduction to Chemical Bonding 

The IUPAC gold book defines a chemical bond as a lasting attraction between two atoms that 

leads to the formation of a stable independent molecular entity.1 The governing principle of 

such an interaction is the reduction of the total potential energy at the expense of a small 

increase in kinetic energy. Covalent and ionic bonds are grouped into “primary bonds” and are 

amongst the strongest interactions.  

 

2.1.1.1 Covalent Bonds 

A covalent bond involves the sharing of electron pairs between atoms which (in most cases) 

allows the individual atom to attain a stable electronic configuration characterised by a full 

outer shell. As a pair of electrons is shared, it must be localised between both nuclei, meaning 

that the bond possesses directionality. Naturally, covalent bonding can be broken up into many 

more interactions including σ-bonding, π-bonding, agostic interactions, metallic bonds, bent 

bonds, three-center two-electron bonds, and three-center four-electron bonds.2, 3 Whilst the 

most primitive form of a covalent bond is a single bond, σ- and π-bonds can combine to form 

double and triple bonds. 

 

2.1.1.2 Ionic Bonds 

Ionic bonding refers to an electrostatic attraction arising from the interaction between the 

electric charges of a cation and an anion. In this case, the involved atoms experience a stable 

electron configuration through the transfer of electrons from one atom to another. The ionic 

forces experienced between the atoms are generally much stronger than covalent bonds. Whilst 

covalent bonds incur a significant energy penalty when not adhering to the directionality of the 

bond, ionic bonds do not possess directionality resulting in efficient packing. 
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2.1.1.3 Significance of Electronegativity in Bonding 

In both covalent and ionic bonds, valence electrons are actively involved in the bond formation. 

Thus, ionic bonds will always possess a covalent character as the proximity of the involved 

atoms will always result in a degree of electron sharing. Linus Pauling suggested the use of 

electronegativity (an atom’s tendency to attract a pair of electrons) to characterise a bond.4 

Although multiple methods exist for calculating electronegativity, the Pauling scale is the most 

commonly used one.5 In those terms, a bond is considered ionic if the difference in 

electronegativity between the two atoms is greater than 1.7. Anything less than that value is 

considered a covalent bond by traditional standards. The fact that electronegativity exists 

means that many covalent bonds will still possess an ionic character. In fact, a polar covalent 

bond is characterised by an electronegativity difference between 0.3 and 1.7. 

 

2.1.1.4 Other Types of Bonding 

A molecule is mainly characterised by the primary bonds that exist between its atoms. The 

covalent interactions act across a distance of 1 - 2 Å and their directionality leads to the 

molecule possessing a distinct structure.6 However, unlike the name suggests, “secondary 

bonds” play an important role and are made up by different types of intermolecular forces. In 

this thesis, they are grouped into NCIs. 

 

2.1.2 Introduction to Non-Covalent Interactions 

In 1873, Johannes Van der Waals successfully defended his thesis wherein he first postulated 

the existence of non-covalent interactions.7 Although initially a very rudimentary description, 

his theory was very much ahead of its time, and Van der Waals later became the namesake for 

a set of dipole forces.1 

Nowadays, the importance of NCIs is undeniable and attributed to the very existence of the 

condensed phases and, furthermore, life.8 NCIs are distinguished from covalent bonds by the 

fact that they do not involve a sharing of electron between atoms. The covalent bond is 

generally smaller than 2 Å and leads to the formation of the classical molecule as described 

earlier. NCIs however can act over distances of several angstroms and are thus considerably 

weaker (1-5 kcal/mol vs. 100+ kcal/mol).9  These weak long-range interactions lead to the 

formation of supramolecular architectures such as the tertiary structure of proteins or double 

helix of DNA.10  
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Although many types of NCIs exist,11 they can be classified into 4 distinct categories (Figure 

1). 

 

 

Figure 1. Summary of NCIs including electrostatic interactions (top left), Van der Waals interactions (top right), π 

interactions (bottom left), and hydrophobic interactions (bottom right) 

 

2.1.2.1 Aromatic Interactions 

These consist of interactions between molecules with conjugated π-systems (e.g. π-π 

interactions, π-cation interactions, etc.).12 Due to the cyclic delocalisation in planar ring 

systems, the flat face of an aromatic compound will carry a partial negative charge.13 The 

interacting residues are separated by a distance between 4.5 and 7 Å, with the interaction having 

a strength between 0.6 and 1.3 kcal/mol.14 

 

2.1.2.2 Van der Waals Forces 

Interactions involving permanent or induced dipoles such as dipole-dipole interactions or 

London dispersion forces. In the former, polar molecules interact via their partially charged 

regions. As these attractions occur over greater distances, their strength is relatively low, only 

amounting to 1.2 – 4.8 kcal/mol.15 London dispersion forces arise from temporary fluctuations 
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in the distribution of electron density within an atom. This gives the atom a transient charge 

that may result in a non-specific and non-directional attraction.16 These interactions are very 

weak, with a strength between 0.1 to 1 kcal/mol.   

 

2.1.2.3 Hydrophobic Effect 

In a polar medium such as water, non-polar molecules tend to form aggregates.17 The medium 

usually “traps” the molecule in a clathrate cage, making the system more structured.18 

However, aggregation of hydrophobic molecules results in the displacement of the host-

molecules. Whilst aggregation itself decreases entropy, the entropy increase from displacing 

the medium leads to an overall increase in ΔS, making hydrophobic interactions overall 

favourable. 

 

2.1.2.4 Electrostatic Interactions 

Attraction and repulsion between charged bodies including ion pairs, hydrogen bonding, and 

halogen bonding. The hydrogen bond owes its stability to Coulombic forces. A hydrogen atom 

bonded to an electronegative atom (such as O or N) will experience a partial positive charge 

(H-bond donor). This can attract a partial negative charge of a nearby nucleophile (H-bond 

acceptor) resulting in a directional long-range bond. The non-bonding orbital of the nucleophile 

donates electron density into the σ* orbital of the proton donor.19 Generally speaking, a 

hydrogen bond will generally have a strength between 2 and 15 kcal/mol (roughly 10% of the 

strength of a covalent bond).20 Halogen bonds function in a very similar way to the H-bond, 

but instead of a hydrogen, a halogen atom acts as the donor. Although highly electronegative, 

the electron density of the halogen atom is located orthogonally to its covalent bond, resulting 

in a region of electron deficiency (σ-hole) on the axis of the covalent bond.21 This σ-hole can 

consequently form attractive interactions with electron-rich atoms. Their strengths range from 

1 to 43 kcal/mol. Note that these forms of interactions are not only limited between hydrogen, 

halogens, and other electronegative atoms. Chalcogens,22 pnictogens,23 and some metals have 

been found to participate in this type of bonding.24 All in all, hydrogen- and halogen-bond 

interactions are the most impactful in nature and catalysis.25, 26 

 

There has thus been great interest in harnessing NCIs to increase activity and selectivity in 

catalysis. However, although a plethora of research has been conducted on NCIs in catalysis, 

there is still a lack of rationale regarding their use in polymerisation catalysis.12, 27 The 
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following section will briefly discuss the occurrence of NCIs in catalysis, with a focus on cyclic 

ester ROP. 

 

2.1.3 Non-Covalent Interactions in Catalysis 

2.1.3.1 Underlying Principles 

NCIs are ubiquitous in enzyme catalysis and responsible for the tertiary structure of the enzyme 

and its ability to catalyse certain reactions.28, 29 The classical explanation of a catalyst’s efficacy 

is that the catalyst provides an alternative reaction pathway with an overall lower activation 

energy (Ea). While this is true, one can also view the efficacy of a catalyst through the lens of 

stabilisation. A catalyst can decrease the Ea of a reaction by either stabilising a transition state 

(TS), or by destabilising the ground state (GS). Both lead to a lower Ea overall (Figure 2).30-32 

The importance of NCIs in such stabilising/destabilising mechanisms in enzymes has first been 

suggested in 1925 by Sir Bayliss.33  

 

 

Figure 2. Energetic diagram depicting GS destabilisation and TS stabilisation, leading to a lower Ea 

 

It is now obvious that the high activity and high control of an enzyme are due to the delicate 

balance of numerous NCIs throughout the reaction pathway.34, 35 However, when applying such 

concepts to non-enzymatic small molecule catalysts, they do not come close to the performance 

of enzymes.36 For example, comparing the enzyme triosephosphate isomerase with a primitive 

organic catalyst, the enzyme outperforms the small molecule by a factor of 1010.37 After all, 

nature did have a head start of a few billion years and we are just now starting to consider NCIs 
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in our catalyst design as new experimental and computational tools to quantify NCIs have 

emerged.12, 26, 38, 39 

 

The physical essence of many NCIs is still disputed,40 and controversy has been generated 

regarding how to characterise them.41-43 Yet, particularly in the computational field, large 

strides have been made in quantifying and visualising NCIs.8, 10, 44-49 Simpler reactions with 

organocatalysts can already benefit from the use of computational tools for catalyst design.50 

Raynal et al. outline a variety of interactions that can be exploited such as inter- and intra-

molecular ligand-ligand interaction, as well as ligand-substrate interactions.39 An overview of 

the interactions most relevant to this thesis is illustrated in Figure 3. 

 

Figure 3. Ligand-Ligand and Ligand-Substrate interactions outlined by Raynal et al. 

 

It should become clear how the interactions pictured in Figure 3 may result in profound changes 

in reactivity. For example, the thiourea catalysts mentioned in Section 1.3.3 depend on 

organocatalytic ligand-substrate interactions to proceed with LA ROP. By gaining control over 

the interactions in the second coordination sphere, one can achieve exquisite control over 

activity and selectivity. The use of H-bonding is particularly common, wherein they are 

exploited in the self-assembly of ligands, as well as the positioning of substrate in a specific 

conformation near the active site.51 Examples of how these interactions are exploited are 

presented in the following section. 

 

2.1.3.2 Selected Examples of NCI Exploitation in Catalysis 

Breit and Seiche used intra-molecular H-bonding to assemble a 6-DPPon-Rh catalytic system 

(Scheme 1) for hydroformylation, yielding high activities and regioselectivities of 97%.52 
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Scheme 1. Breit and Seiche’s catalytic system consisting of the tautomers of 6-DPPon (red and blue). Self-assembly around 

a Rhodium metal centre through H-bonding led to a highly active and selective hydroformylation catalyst. 

 

Hong and co-workers attached a 2-pyridone and a 2-aminopyridine unit to the backbone of a 

Co-salen complex leading to the formation of a head-to-tail dinuclear complex through inter-

molecular H-bonding (Scheme 2).53 The dinuclear catalyst was found to outperform the 

monomer in the Henry reaction, leading to higher activity (48-fold increase) and selectivity (96 

vs. 55% ee). They have since expanded this concept to the hydrolytic kinetic resolution of 

epoxides.54  

 

Scheme 2. Hong’s Co-salen complex consisting of a 2-pyridone (blue) and a 2-aminopyridine (red) moiety. Upon self-

assembly, the dinuclear complex, catalysed the Henry reaction with a 48-fold increase in rate and higher selectivity 

compared to the monomer.  
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In terms of ligand-substrate interactions, Noyori and co-workers were the first to show that 

these interactions can be exploited to increase the activity of a catalyst for hydrogenation.55-57 

The NH functional groups on a Ru(diamine) catalyst can act cooperatively to activate carbonyl 

substrates (Scheme 3). Since then, the application of NH functionality in organometallic 

catalyst design has been widely discussed.58-60 

 

 

Scheme 3. Proposed metal-ligand bifunctional system for Ru-NH catalysed hydrogenation 

 

In the field of organocatalysis, dual H-bonding donors such as thiourea have received a lot of 

attention. Sigman and Jacobsen initially found that chiral thiourea derivatives were able to 

function as asymmetric catalysts.61 This field has grown considerably since then as outlined in 

a variety of reviews.62-68 

 

2.1.4 Non-Covalent Interactions in Polymerisation Catalysis 

2.1.4.1 NCIs in Olefin Polymerisation 

NCIs have been a very popular topic of discussion in olefin polymerisation catalysis. 

Particularly postmetallocene Ti catalysts with fluorine-containing phenoxy-imine chelate 

ligands have been shown to exhibit living characteristics, yielding highly controlled molecular 



61 

 

weights and narrow dispersities (Đ = 1.13).69 Density functional theory (DFT) studies found 

non-covalent attractive C-H···F-C interactions between the fluorinated ligand and the β-

hydrogen of the growing polymer chain (Figure 4) leading to a stabilisation of 7.2 kcal/mol. It 

was postulated that these interactions mitigate the reactivity of the β-hydrogen, preventing the 

termination of the polymerisation via β-hydrogen transfer.70 An interesting aspect is the fact 

that these interactions prevent termination while still allowing propagation to occur. Further 

DFT studies conducted by Fujita and co-workers found that the arrangement of the polymer 

chain allows for a “back-side attack” by a monomer while maintaining the attractive C-H···F-

C interactions.71 As these interactions prevent termination, but allow for propagation, the living 

polymerisation can thus transpire. This effect is not exclusive to ethylene polymerisation and 

can also be applied to the propylene monomer.72, 73  

 

Figure 4. DFT-intermediate of the polymerisation of ethylene by Ti bearing a fluorine-containing phenoxy-imine chelate 

ligand. The attractive C-H···F-C interaction is thought to hamper β-hydrogen transfer 

 

Talarico and co-workers were not convinced of these interactions and proposed that the living 

polymerisation can be explained by steric repulsion. The transition state of the β-hydrogen 

transfer is made bulkier by ancillary ligands and is thus more destabilised than the transition 

state of the propagation.74 

Nevertheless, the living polymerisation of olefins was an exciting discovery and has been 

subsequently applied to Zr,75 Ni,76-79, and Pd.79, 80 Given that olefin polymerisation catalyst-

development traditionally involved trial-and-error,81 these findings have led to the proposal of 

NCIs as a tool for rational catalyst design.82 

 

2.1.4.2 NCIs in ROP 

In the context of cyclic ester ROP, NCIs have been less discussed. In 2004, Gibson and co-

workers discovered a decrease in heteroselectivity when switching from a 3,5-dimethyl-salan 

to the chloro derivative (Chart 1, Al-1 and -2). From a first-order approximation the 
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substituents are sterically comparable .83 They implied that the chloro substituents exerted an 

influence beyond a steric effect.  

 

A computational analysis by Rzepa and co-workers suggested that the heteroselectivity of a β-

diketiminate magnesium complex (Chart 1) arises from several steric interactions that may be 

reinforced by attractive C-H···π interactions between the methyl C-H of the Mg-lactate unit 

and the π-system of the N-aryl substituents of the ligand.84 

 

 

Chart 1. ROP initiators by Gibson (Al-1, -2), Rzepa (β-diketiminate), and Carpentier (Y-1, -2, -3) found to exhibit NCIs in 

catalysis 

 

Carpentier and co-workers found H···π short-contacts in the solid-state structure of a series of 

methoxy-amino-bis(phenol) yttrium complexes and observed this interaction in solution 

through NOESY NMR spectroscopy (Chart 1, Y-1).85-87 DFT computations (BP86-RI/fed-

TZVP) for β-BL ROP were performed on a similar compound (Chart 1, Y-2) showed that C-

H···π interactions between a methylene hydrogen of the butyrate moiety (Ha) and the ortho- 

and meta-carbon atoms of the phenyl ring of the cumyl substituent (H···C distances: 2.898 and 

3.083 Å respectively) led to a stabilisation of 9.8 kcal/mol (Chart 2, left). Such interactions 

were thought to stabilise the active species during ROP and account for the high 

syndioselectivity of the catalyst.88 Interestingly, no such interactions were observed in the 

computations of LA ROP. This suggests that NCIs are likely not a “be-all and end-all” solution 

and that they may need to be tailored specifically to a specific substrate. C-H···π interactions 

were also observed in the solid state of aluminium complexes but never linked to 

polymerisation behaviour.89, 90 
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Chart 2. NCIs observed by Carpentier and co-workers during the ROP of β-lactones including C-H···π (left) and C-H···Cl 

(right) 

 

Replacing the cumyl groups of the complex with chloro substituents (Chart 1, Y-3) resulted in 

a complete reversal of selectivity from syndio- to iso-selective in the ROP of functionalised β-

BL.91 This was traced back to strong C-H···Cl interactions between the acidic alkoxymethylene 

of the polymer chain and the chloro substituents of the ligand (Chart 2, right).92 DFT studies 

(PBE/def2-SVP) showed the C-Ha···Cl and C-Hb···Cl interactions to act over a distance of 

2.556 and 3.083 Å respectively. 

Sarazin and Carpentier synthesised a series of cationic alkaline earth (Ae) metal complexes 

with fluorine containing ligands. The solid-state structures showed strong intramolecular 

Ae···F interactions between the metal and the ancillary ligand (Figure 5), leading to a 

calculated stabilisation of 25-40 kcal mol-1.93, 94 In terms of LA ROP, these complexes 

dissociate into monomeric fragments in solution and were highly active resulting in well-

controlled polymers with excellent end-group fidelity. Interestingly, these complexes were 

slower than their non-fluorinated analogues which suggests that very strong NCIs may hamper 

activity by favouring the inactive aggregated form.93 

 

Figure 5. Structure of cationic Ae metal complexes with fluorine-containing ancillary ligands exhibiting Ae···F interactions 

Traditional ROP mechanisms failed to provide conclusive insight, which prompted them to 

propose a modified ligand-assisted activated monomer mechanism in which the ancillary 
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ligand is not merely a spectator ligand (Scheme 4).95, 96 Instead, it activates the nucleophile to 

facilitate attack onto the carbonyl. 

 

Scheme 4. Proposed ROP mechanism by Sarazin postulating that the ligand is non-innocent in the mechanism 

 

As discussed in Section 1.3.3, ROP using organocatalysts such as thioureas proceeds through 

a very similar activated monomer mechanism and relies heavily on NCIs. However, as the 

focus of this doctoral thesis is on metal-based catalysts, they will be omitted from discussion. 

 

2.1.5 Potential of the Catam Ligand 

Clearly, NCIs have been used to describe trends in selectivity in cyclic ester ROP. However, 

there are little examples highlighting the importance of NCIs in main-group metal catalysis. 

Organocatalysis benefits from the formation of H-bonds by bringing the substrate closer and 

activating the monomer for nucleophilic attack. NH moieties near the metal center could act as 

H-bond donors and open up avenues for metal-ligand cooperation.97 The catam ligand is a great 

candidate to test out such a hypothesis. The NH moieties would be close to the metal and any 

H-bonding event would be vicinal to the active site. The rationale consists of bringing the ideas 

applied to organocatalysis into metal-catalysis, with the hopes of merging the benefits of both 

and obtain a system that is greater than the sum of its parts. 
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2.2 Pro-Ligand Synthesis and Characterisation 

This section will discuss the general synthesis of the H2
HL1 and H2

HL2 pro-ligands previously 

described by Wieghardt and co-workers (Section 2.2.1) along with examples of modulations 

offered by the NH groups on the catam scaffold (Section 2.2.2).  

 

2.2.1 General Pro-Ligand Synthesis 

The tethered o-aminophenol pro-ligands H2
HL1 and H2

HL2 were prepared according to a 

standard literature procedure exploiting the keto-enol equilibrium of the 3,5-di-tert-

butylcatechol reagent (Scheme 5, top).98 Two equivalents of 3,5-di-tert-butylcatechol react 

with one equivalent of a primary diamine (2,2-dimethyl-1,3-propanediamine or 1,2-

ethanediamine) to afford H2
HL1 and H2

HL2 respectively in acetonitrile (Scheme 5, bottom).99 

Filtering and washing the precipitate with n-hexane, afforded the pro-ligands in good yields (> 

60 %). 

 

 

Scheme 5. Keto-enol equilibrium exhibited by 3,5-di-tert-butylcatechol (top) allowing for synthesis of pro-ligands H2
HL1 

and H2
HL2

 (bottom). 

 

2.2.2 Amine Moiety Modulation 

2.2.2.1 Deuteration 

The NH moieties on the backbone of the ligand allow for multiple modulations on the pro-

ligand. For example, the NH and OH groups can be deuterated by recrystallising the pro-

ligands from a mixture of CDCl3 and MeOD that has been stirred under an inert atmosphere at 

50 °C overnight, yielding the deuterated pro-ligands D2
DL1 and D2

DL2 (Scheme 6). 
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Scheme 6. Deuteration of pro-ligands H2
HL1 and H2

HL2 to form D2
DL1 and D2

DL2 

 

Analysis of the 1H NMR spectrum (DMSO-d6, 298 K) of H2
HL1 and D2

DL1 indicates a 

disappearance of the NH and OH peaks, suggesting that the deuteration was successful (Figure 

6). Furthermore, the IR spectra show a characteristic shift of the vibrations associated with OH 

and NH stretching. Both peaks shift to lower wavenumbers upon deuteration (~3200 cm-1 to 

~2380 cm-1; νD/νH = 0.74; Figure 7) which is consistent with the expected vibrational isotope 

effect (νD/νH = 0.73).100 The formation of the deuterated pro-ligand D2
DL2 from H2

HL2 was also 

confirmed in that manner (Figures A1 and A2). These pro-ligands were eventually useful in 

the study of kinetic isotope effects, shedding light on the importance of the NH moieties in 

ROP catalysis. 

 
Figure 6. Stacked 1H NMR spectra (DMSO-d6,298 K) of H2

HL1 (top) and D2
DL1 (bottom) showing a disappearance of the 

OH and NH peaks, corresponding to a successful deuteration. 
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Figure 7. Stacked IR spectra of H2
HL1 (top) and D2

DL1 (bottom) showing a shift of the OH and NH stretching frequencies to 

lower wavenumbers. 

 

2.2.2.2 N-Methylation 

Another ligand modulation that was carried out on H2
HL1 and H2

HL2 was the methylation of 

the NH groups to yield H2
MeL1 and H2

MeL2 respectively (Scheme 7). 

The N-methylation of H2
HL2 was successfully carried out according to a  procedure by Okuda 

and co-workers.101 The pro-ligand was first treated with 2.2 equivalents of n-butyllithium at 

low temperatures (-78 °C) followed by the addition of methyl iodide (MeI) which, after 

purification, afforded the methylated analogue. The synthesis was then adapted for H2
HL1. 

 

 

Scheme 7. Methylation of pro-ligands H2
HL1 and H2

HL2 to form H2
MeL1 and H2

MeL2 
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In the case of H2
MeL2, the product was quite easily recrystallised from methanol, yielding the 

expected product with a 1H NMR spectrum consistent with the literature . However, due to the 

high solubility of H2
MeL1 in most common solvents (including THF, methanol, acetonitrile, 

pentane, and diethyl ether), the ligand was purified by column chromatography, ultimately 

lowering the yield to 59 % compared to a yield of 80 % for H2
MeL2. 

 
Figure 8. 1H NMR spectrum (CDCl3, 298 K) of pro-ligand H2

MeL1. 

 

The 1H NMR spectrum (CDCl3, 298 K) of H2
MeL1 shows a C2-symmetric structure in solution 

(Figure 8). The N-Me groups appear as a singlet at 2.41 ppm while no trace of a NH group can 

be found. Furthermore, the presence of the OH groups at δ1
H 7.90 ppm indicate that only the 

NH moieties were methylated, meaning that the desired product was obtained. 

 

 

Chart 3. Overview of the synthesised pro-ligands in this chapter 

 



69 

 

To sum up, the pro-ligands H2
HL1 and H2

HL2, as well as their deuterated and methylated 

analogues were successfully synthesised (Chart 3). The pro-ligands were characterised using 

NMR and IR spectroscopic techniques, which allowed the project to proceed with the 

complexation reactions. 

 

 

2.3 Complex Synthesis and Characterisation 

 

This section will discuss the Al complexes synthesised from the pro-ligands H2
RL1 (Section 

2.3.1) and H2
RL2 (Section 2.3.2). The complexes were successfully characterised using a 

variety of methods including NMR spectroscopy, IR spectroscopy, and XRD. 

 

2.3.1 Complexes of H2
RL1 

 

 

Scheme 8. Synthesis of complexes 1-5 from pro-ligands H2
HL1, D2

DL1, H2
MeL1 

 

2.3.1.1 Alkyl and Alkoxide Derivatives of H2
HL1 

H2
HL1 reacts with 1 equivalent of Al(Et)3 in THF to afford the corresponding aluminium ethyl 

complex HL1Al(Et) (1) in good yields (56 %) after purification from a mixture of THF and 

pentane (Scheme 8). The 1H NMR spectrum (C6D6, 298 K) shows a Cs-symmetric structure in 

solution with characteristically shielded triplet and quartet peaks corresponding to the 

aluminium ethyl group (δ1
H 1.19 and −0.05 ppm) (Figure 9). 
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Figure 9. 1H NMR spectrum (C6D6, 298 K) of 1 showing the presence of the ethyl chain. 

 

A single crystal of 1 was grown by diffusion of pentane into a concentrated THF solution, and 

the molecular structure determined by X-ray diffraction (XRD). The molecular structure of 1 

(Figure 10) shows a penta-coordinate aluminium complex, exhibiting near-perfect square 

pyramidal geometry (τ5 = 0.03) as per the 5-coordinate geometry index proposed by Addison 

et al.102 The tetradentate catam ligand is coordinated in a planar fashion, with the alkyl chain 

occupying the apical position. The N2Al chelate forms a six-membered ring that adopts a chair 

conformation, with both NH bonds pointing axially in the same direction. Wieghardt and co-

workers found a similar arrangement of the ligand around a square-planar Pd(II) metal centre,99 

although the N2Pd chelate in this case adopts a half-chair conformation. Furthermore, the H-

bond donors Wieghardt’s complex are spaced apart by 3.077 Å, which is considerably larger 

than in the case of 1 (2.789 Å) and was attributed to aluminium being a smaller atom and thus 

forming a “tighter” chelate. Interestingly, the H-bond donor spacing of 1 is similar to that of 

well-studied squaramide-type organocatalysts (Figure 11).103 Squaramides were found to be 

stronger H-bond donors than ureas, attributed to their electron-withdrawing backbone offering 

an aromatic component to their binding energies.104, 105 The H-bond donor capabilities of 1 can 

already be observed in its molecular structure, where two THF molecules are seen forming a 
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H-bond with the NH groups (H7···O40 = 2.231(4) Å and H11···O50 = 2.181(4) Å). These 

distances are characteristic of strong H-bonds with a covalent character.106 

 

Figure 10. Crystal structure of 1 (ellipsoid plot, 50% probability) showing the N-H···O hydrogen bonds to the included THF 

solvent molecules. 

 

 

Figure 11. Directionality and distance of H-bond donors of 1 (left), Squaramides (centre), and Ureas (right). 

 

The reactive nature of the Al-Et bond allows for the straightforward reaction of 1 with an 

alcohol to form the corresponding alkoxide. Thus 1 was found to react cleanly with 1 equivalent 

of isopropyl alcohol (iPrOH) in THF at room temperature to afford HL1Al(OiPr) (2) at a yield 

of 37 % (Scheme 9). The 1H NMR spectrum (C6D6, 298 K) of 2 initially showed the presence 

of multiple species, suggesting a slow exchange in solution (Figure A7). This was substantiated 
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using DOSY NMR analysis (C6D6, 298 K) which shows the presence of two species, 

suggesting a mononuclear-dinuclear equilibrium (Figure A18). 

 

In the presence of coordinating molecules such as THF, the aggregation behaviour of 2 

changes. The 1H NMR spectrum in THF-d8 (298 K) shows a single set of peaks (Figure A8). 

The DOSY NMR (THF-d8, 298 K) confirms that the structure is monomeric in solution and 

suggests the coordination of THF as a contributing factor to the mononuclearity of 2 (Figure 

A19). Similarly, NMR analysis (C6D6, 298 K) was carried out in the presence of 10 equivalents 

of iPrOH, meant to mimic immortal polymerisation conditions (Figure A9). The spectrum was 

clean despite being in the non-coordinating C6D6 solvent, suggesting the formation of a species 

of 2 with coordinated iPrOH molecules. The DOSY NMR (C6D6, 298 K) confirms the 

formation of a mononuclear complex with possible coordination of iPrOH (Figure A20). 

 

2.3.1.2 Deuterated Alkyl and Alkoxide Derivatives of D2
DL1 

The deuterated analogues of 1 and 2 were synthesised from D2
DL1 using a similar procedure 

as per above. The NMR spectrum (C6D6, 298 K) of the deuterated alkyl complex DL1Al(Et) (3) 

shows a disappearance of the NH peak, confirming its formation (Figure A10). The 

corresponding isopropoxy-analogue DL1Al(OiPr) (4) was thus synthesised from the reaction of 

3 with one equivalent of iPrOD. The 1H NMR spectrum (THF-d8, 298 K) of 4 indicates a 

disappearance of the NH peaks at δ1
H 5.02 ppm (Figure 12, bottom). Furthermore, the 

methylene signals at δ1
H 2.95 ppm indicate an absence of 3J coupling with the NH moieties 

which confirms the formation of 4.  

 

The IR spectrum shows a characteristic shift of the vibrations associated with NH stretching. 

The peak of 4 is shifted to lower wavenumbers compared to 2 (~3200 cm-1 to ~2390 cm-1; 

νD/νH = 0.75; Figure 13) which again is consistent with the expected vibrational isotope 

effect. 
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Figure 12: Stacked 1H NMR spectra (THF-d8, 298 K) of HL1Al-(OiPr) (2) (top) and DL1Al-(OiPr) (4) (bottom) showing the 

absence of NH signals and 3J coupling for methylene signals (2.80 - 3.10ppm) in the Dl1Al-(OiPr) (4) spectrum. 

 

 

Figure 13: Stacked IR spectra of HL1Al-(OiPr) (2) (top) and DL1Al-(OiPr) (4) (bottom) showing a characteristic shift of the 

vibrations assigned to the amine. 
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2.3.1.3 N-Methylated Alkyl Derivative of H2
MeL1 

To further study the importance of the NH group, the N-methylated complex MeL1Al(Et) (5) 

was synthesised by reacting H2
MeL1 with one equivalent of Al(Et)3 in THF. The 1H NMR 

spectrum (C6D6, 298 K) shows 5 to be C2-symmetric in solution showing a singlet at δ1
H 2.58 

ppm corresponding to the N-Me groups (Figure A11). An interesting aspect of the spectrum is 

the peak corresponding to the CH2 group of the ethyl chain (δ1
H 0.65 ppm) which splits into 

what appears to be a doublet of quartets; likely due to a restricted rotation of the ethyl chain 

resulting in the gem-protons being magnetically inequivalent. Each CH2 proton couples once 

with the geminal proton (2J = 23.2 Hz) and thrice with the CH3 protons (3J = 8.0 Hz). Although 

the NMR suggested the complex to be free of 1, the sample repeatedly failed to pass elemental 

analysis. This was attributed to the presence of inorganic salts (e.g. lithium iodide) that were 

carried over from the ligand synthesis which were eventually removed by dissolving 5 in a 

minimal amount of pentane and passing the solution through a 0.2 µm syringe filter.  

 

Figure 14. Crystal structure of 5 (ellipsoid plot, 50% probability). 

 

A single crystal of 5 was obtained from a cold mixture of THF/pentane (-40 °C). The molecular 

structure of 5 differs considerably from that of 1 (Figure 14). The complex exhibits a distorted 

trigonal bipyramidal geometry (τ5 = 0.63) with a cis-α wrapping around the penta-coordinate 
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aluminium metal centre.107 Instead of a planar conformation of the ligand, the N atoms occupy 

the equatorial position while the phenolate moieties are orientated trans to one another (O-Al-

O = 169.2(11)°). The N2Al six-membered chelate adopts a distorted twisted boat conformation, 

with both N-methyl groups at the equatorial position, pointing away from each other which is 

in stark contrast to the molecular structure of 1 (Figure 10). 

 

2.3.2 Complexes of H2
RL2 

 

 

Scheme 9. Synthesis of complexes 6-11 from pro-ligands H2
HL2, D2

DL2, H2
MeL2. 

 

2.3.2.1 Alkyl and Alkoxide Derivatives of H2
HL2  

As previously observed with H2
HL1, the pro-ligand H2

HL2 was found to react cleanly with 

Al(Et)3 in THF to yield the alkyl aluminium complex HL2Al(Et) (6) (Scheme 10). The 1H NMR 

spectrum (C6D6, 298 K) of the crude product shows 6 to be Ci-symmetric in solution with two 

peaks in the aromatic region (δ1
H 7.42 and 6.62 ppm), two tert-butyl peaks at δ1

H 1.71 and 1.46 

ppm, and one peak corresponding to the NH (δ1
H 2.36 ppm) (Figure 15, top). Furthermore, the 

characteristically shielded triplet and quartet peaks corresponding to the aluminium ethyl group 

(δ1
H 1.51 and 0.24 ppm) confirm the formation of 6. 

  

The purification of the complex was attempted using cold pentane only, since the crude product 

was soluble in all common solvents. This resulted in the precipitation of a new aluminium 

complex as determined by NMR spectroscopy. The 1H NMR spectrum (C6D6, 298 K) shows 

the formation of a different compound, with a Ci-symmetric structure in solution and thus 

essentially a doubling of the number of peaks (Figure 15, bottom). This includes four signals 

in the aromatic region, as well as four signals corresponding to the tert-butyl groups. The fact 

that the ethyl chain was no longer present, and that the NH signal integrated to one proton 

(instead of two), suggest that the new compound was formed from the deprotonation of a NH 

group by the ethyl chain. Every subsequent purification attempt via different techniques (such 
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as recrystallisation or precipitation in cold solvent) of 6 led to the formation of the deprotonated 

complex HL2Al (7). 

 

 
Figure 15. Stacked 1H NMR spectra (C6D6, 298 K) of 6 (top) and 7 (bottom) showing a disappearance of the ethyl chain and 

a doubling of signals upon deprotonation. 

 

NMR studies performed in the group by Stanley Ng have shown the deprotonation of complex 

6 to be significantly slower in THF-d8, which was attributed to the coordination of the solvent 

molecules to the NH groups. As was seen in the crystal structure of 1 (Figure 10), the NH 

moieties likely form H-bonds with the THF, preventing their deprotonation by the ethyl chain. 

However, the addition of a non-coordinating solvent into the mixture may decrease the 

favourability of such interactions, leading to the formation of complex 7. The volatility of 

ethane, as well as the general insolubility of 7, provide the thermodynamic driving force that 

allows this reaction to proceed. 

  

A single crystal of 7 was grown from a THF/pentane mixture of 6, and the molecular structure 

determined using XRD (Figure 16). The complex is a centrosymmetric dimer, consisting of 

two units of complex 7. The two aluminium centres are connected to each other through the 

deprotonated N atoms, forming an Al2N2 quadrangle containing a centre of inversion in the 
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middle. The aluminium centres are both pentacoordinate, exhibiting a near perfect square 

pyramidal geometry (τ5 = 0.05) as was seen with complex 1. The tetradentate O’N’N’O-ligand 

itself is coordinated in a planar fashion, which forms the base of the pyramid with the bridging 

N atom sitting at the apical position. The ethyl chain is not present which is in line with the 

NMR spectrum. 

 

 

Figure 16. Crystal structure of 7 (ellipsoid plot, 50% probability). 

 

Just like the addition of iPrOH to 1 form the isopropoxy-complex 2, an alcohol can be added 

to 7 to form the corresponding alkoxide complex. This was tested with a primary [benzyl 

alcohol (BnOH)], secondary (iPrOH), and a tertiary alcohol [tert-butanol (tBuOH)] (Scheme 

10). The 1H NMR spectra (C6D6, 298 K) show that the addition of 2 equivalents (1 equivalent 

per metal centre) of BnOH or tBuOH leads to the formation of a new well-defined compound. 

This was characterised mainly by a change of the chemical shifts of the complex, the 

appearance of the new alkoxy group on the spectrum, as well as the NH peaks integrating to a 

total of 2 protons. 

 

In the case of 7 + tBuOH, the NMR spectrum (C6D6, 298 K) shows the formation of a new 

complex (8a). The compound exhibits a Ci-symmetric structure in solution, with 2 peaks each 

corresponding to the aromatic protons and the tBu groups. A broader peak is present (δ1
H 1.65 
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ppm) which can be attributed to the new tert-butoxy group formed (Figure 17). Although easily 

formed, the new complex was difficult to purify, which led to inconsistent EA results. 

Furthermore, the high solubility of the complex made growing a single crystal for XRD 

analysis impractical. 

 

 

Scheme 10. Synthesis of alkoxide complexes 8a (R = tBu), 8b (R = iPr), and 8c (R = Bn) from complex 7 by addition of one 

equivalent of the corresponding alcohol. 

 

The addition of iPrOH to 7 led to the formation of a mixture of products as seen on the NMR 

spectrum (C6D6, 298 K). Even after purification using a mixture of THF/pentane, the spectrum 

remains largely unchanged (Figure 17). This can be due to a slow monomer-dimer exchange 

of the complex and/or the adoption of different conformations in solution as previously 

observed for 2. Heating of the mixture at 60 and 80 °C was attempted to force the formation of 

a single species and thus resolution of the NMR spectrum. The resulting spectra showed 

minimal change in the composition of the product. Furthermore, numerous attempts of growing 

a single crystal for XRD turned out fruitless. However, EA indicated the formation of the 

desired complex (8b). 

 

The effect of a primary alcohol was finally explored by synthesising 8c through the addition of 

BnOH to 7. The 1H NMR spectrum of the crude indicated that a new product was formed as 

new peaks appeared in the aromatic region which were eventually attributed to the aromatic 

protons of the benzyloxy moiety (Figure 17). Furthermore, two peaks characteristic of the 

benzyl protons can be seen at δ1
H 4.55 and 4.83 ppm (Figure A16). It was found that 8c was 

soluble in THF but easily purified using pentane, which made the synthesis and purification of 

this complex feasible (79 % yield). A single crystal of 8c was obtained from a concentrated 

C6D6 solution and analysed by XRD. The molecular structure shows a centrosymmetric 

dinuclear structure containing two Al metal centres connected by the bridging µ-O atoms of 

the two benzyloxy co-ligands (Figure 18). The centre of inversion sits in the middle of the 
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Al2O2 quadrangle. Each Al atom is hexacoordinate, exhibiting a distorted octahedral geometry. 

The wrapping of the ligand around the metal centre is conducive to a cis-β conformation as 

three atoms (O, N, and N atoms) occupy the equatorial position while one O atom can be found 

at the apical position. Both benzyloxy moieties occupy an equatorial and axial position around 

the metal centre. 

 

 

 
Figure 17. Stacked 1H NMR spectra (C6D6, 298 K) of complexes 8a, 8b, and 8c compared to complex 7 showing a reaction 

between the deprotonated complex and different alcohols. 

 

The dimeric nature of 8c was an interesting property. Particularly since the octahedral geometry 

of the metal centre saturates the coordination sphere and thus would hinder the catalysis of 

ROP reactions. Through DOSY NMR it was sought to determine whether 8c is only dimeric 

in the solid state or if the aggregation is also maintained in solution. The DOSY NMR run in 

C6D6 (298 K) in fact shows the complex to be dimeric in solution which can be attributed to 

the stability gained by the formation of the dimer (Figure A21). However, in a coordinating 

solvent such as THF-d8, the DOSY shows the complex to be monomeric in solution (Figure 

A22). The coordination of the THF onto the metal centre or the NH moieties may stabilise the 

monomeric species and thus help the breakdown of the dimer. Because of ease of synthesis and 

7 + tBuOH (8a) 

7 + iPrOH (8b) 

7 + BnOH (8c) 
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straightforward purification of 8c, as well as its monomeric nature in a coordinating solvent, 

the complex was chosen as the main initiator for the H2
RL2 series. 

 

Figure 18. Crystal structure of 8c (ellipsoid plot, 50% probability) 

 

2.3.2.2 Deuterated Alkyl and Deprotonated Derivatives of H2
DL2 

The deuterated analogues of 6 and 7 were synthesised from D2
DL2 using similar procedures as 

above. The 1H NMR spectrum (C6D6, 298 K) of the deuterated alkyl complex DL2Al(Et) (9) 

shows a disappearance of the NH peak, confirming its formation (Figure A17). It was thought 

that the deprotonation of 9 might be problematic due to the increased strength of the N-D bond. 

However, stirring 9 in pentane overnight yielded pure DL2Al (10) after purification. The 

difference between the N-H and N-D bond strength is thus not large enough to overcome the 

formation of the thermodynamically favourable dimer. Given that the benzyloxy analogue 8c 

was found to be an easily synthesised and well-defined complex, the synthesis of its deuterated 

analogue from 10 was sought. However, sourcing deuterated benzyl alcohol (BnOD) proved 

difficult and instead the generation of the active species in-situ was sought through the addition 

of  iPrOD to 10 prior to polymerisation. 

 

2.3.2.3 N-Methylated Alkyl Derivatives of H2
MeL2  

The N-methylated analogue of 6 was synthesised by reacting H2
MeL2 with one equivalent of 

Al(Et)3 in toluene. Recrystallisation from pentane afforded clean MeL2Al(Et) (11). The 1H NMR 
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spectrum (Figure 19, C6D6, 298 K) showed the complex to be C2-symmetric in solution with 

two peaks in the aromatic region (δ1
H 7.55 and 7.05 ppm), a single peak corresponding to the 

N-Me groups (δ1
H 2.76), as well as a shielded multiplet corresponding to the CH2 group of Al-

Et (δ1
H -0.15).  

 

 

Figure 19. 1H NMR spectrum (C6D6, 298 K) of complex 11 showing the ethyl chain as well as broad peaks corresponding to 

the tether, indicating a slow exchange 

 

A single crystal of 11 was grown from a concentrated C6D6 solution and analysed through XRD 

(Figure 20). The molecular structure of 11 shows the complex to be dinuclear, containing two 

aluminium metal centres. Due to the absence of an alkoxide co-ligand, the complex was found 

to bridge via the oxygen atom of the o-aminophenolate moiety, resulting in each ligand bearing 

both metal centres. This is in contrast to the benzyloxy-bridged dimeric structure of 8c and the 

mononuclear structure of 5. Each aluminium centre is pentacoordinate, exhibiting a near-

perfect square pyramidal geometry on one centre (τ5 = 0.03) and moderately square-pyramidal 

geometry on the other (τ5 = 0.24). In each case, both catam ligands are coordinated in a trans-

planar fashion, with the ethyl chain sitting at the apical position. What was interesting is the 

lack of symmetry within the molecule which is not in line with the C2-symmetric structure 
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exhibited in the NMR spectrum. Particularly the large difference between the τ5 value for each 

metal centre indicates that the geometry the complex adopts in solution is vastly different. 

 

 

Figure 20. Crystal structure of 11 (ellipsoid plot, 50% probability) 

 

DOSY NMR analysis run in C6D6 (298 K) shows that the 11 remains dimeric in solution 

(Figure A23). Interestingly, carrying out a DOSY in THF-d8 (298 K) shows the complex 

adopting a monomeric structure, which was attributed to the coordinating solvent favouring 

the formation of the mononuclear species via coordination to the Lewis acidic metal centre 

(Figure A24). 

 

To examine whether the presence of a coordinating solvent changes the solid-state geometry 

of 11, a single crystal was grown by evaporation from a concentrated THF solution. However, 

preliminary XRD experiments show the unit cell of the crystal to be the same as in the previous 

case. 

  



83 

 

2.4 Polymerisation Results and Discussion 

This section discusses the employment of the RL1 and RL2 complexes in ROP with a strong 

focus on rac-LA polymerisation. The mechanism was studied carefully using computational 

and experimental methods to elucidate the underlying processes. Other monomers were 

eventually tested in order to establish a substrate scope. 

 

2.4.1 Polymerisation of rac-LA 

2.4.1.1 Room-Temperature Polymerisations 

The HL1 isopropoxide complex, 2, was found to be active for the ROP of rac-LA at room 

temperature in THF (Table 1, Entry 3). At a catalyst loading of 1 mol%, 2 polymerised 91 % 

of the starting material in 90 minutes with the PLA being highly heterotactic (Pr = 0.91). The 

polymerisation itself is conducive to a living polymerisation: 

1. The molar mass of the polymer increases linearly with conversion (Figure B6). 

2. The polymerisation is well-controlled, leading to a low dispersity (Ð). 

3. The rate law is pseudo first order in monomer with a kapp = (4.75 ± 0.29) × 10-4 s-1 

(Figure B5). 

A MALDI-ToF mass spectrum of the polymer was obtained and exhibits metal ion peaks (M 

+ K+) that are equally spaced by 144 a.u. and with exact masses consistent with linear PLA 

with the presence of an isopropoxide group on the ester end (Figure D1). This is in line with 

the coordination-insertion mechanism outlined in Section 1.3.2. A particularly interesting 

feature is the complete lack of transesterification reactions, which can be attributed to the 

polymerisation being run at low temperatures and thus exhibiting more control. Furthermore, 

the lack of peaks conducive to cyclic polymers indicates that back-biting reactions do not take 

place during polymerisation. This contributes to the particularly low Ð of the polymer (1.3). 

The active species 2, can also be generated in-situ by the addition of one equivalent of iPrOH 

to the alkyl complex 1 prior to the addition of rac-LA (Table 1, Entry 1), with very similar 

activities. Furthermore, the Pr and Ð of the polymer are virtually unchanged which indicates 

that the conversion of 1 to 2 occurs rather quickly and cleanly, with minimal formation of 

unwanted by-products. 

 

The analogous salen and salan complexes of 2, which feature the same 2,2-dimethyl-1,3-

propanediamine backbone, were previously synthesised in the group and shown to be lower in 

activity despite being employed at elevated temperatures (Table 1, Entries 8 and 9). 
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The HL2 complexes were found to be particularly active too. The crude alkyl complex 6 was 

tested by generating the active species in-situ through the addition of 1 equivalent of BnOH 

(Table 1, Entry 4). The complex showed remarkable activity at room-temperature (kapp = 3.48 

× 10-4 s-1, Figure B7) , converting 84 % over the course of 90 minutes and affording PLA with 

an isotactic bias (Pm = 0.62).  

 

Table 1. rac-LA polymerisations at room temperature using HL1 complexes 1 and 2 as well as HL2 complexes 6, 7, and 

8c. Polymerisations using their salan and salen analogues are included for comparison. 

Entry Cat. ROH 
Cat./ROH/ LA 

( equiv.) 
Solvent 

T 

(°C) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC)(Ð)b 

(kg/mol) 
Pr

c 
Mn(calc.)

d 

(kg/mol) 

1 1 iPrOH 1/1/100 THF 25 90 92.5 10.8 (1.3) 0.90 13.3 

2e 1 iPrOH 1/1/100 THF 25 15 + 120 85.3 7.3 (1.2) 0.89 12.3 

3 2 - 1/0/100 THF 25 90 91.4 9.5 (1.3) 0.91 13.2 

4 6 BnOH 1/1/100 THF 25 90 84 10.8 (1.2) 0.62 12.2 

5f 6 BnOH 1/1/100 THF 25 15 + 90 72 6.6 (1.2) 0.59 10.3 

6 7 BnOH 1/1/100 THF 25 90 80 8.7 (1.1) 0.62 10.2 

7 8c - 1/0/100 THF 25 90 96 14.3 (1.2) 0.60 13.8 

8 
1-

Hsalang 
iPrOH 1/1/100 Toluene 90 960 46.1 5.7 (1.3) 0.54 6.6 

9108 1-salenh - 1/0/100 Toluene 70 300 94 21.2 (1.1)j 0.08 - 

11109 6-saleni BnOH 1/1/100 Toluene 70 4320 19 5.3j (1.1) 0.79 2.7 

1283 6-salani BnOH 1/1/100 Toluene 70 7200 77 11.3j (1.1) 0.39 10.1 

Reaction conditions: [LA]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of signals at 5.06 ppm (monomer) 

and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Probability of racemic linkages determined by 1H NMR spectroscopy (see ESI); d) Calculated using the conversion; e) 1 was 

generated in-situ by stirring AlEt3 and H2
HL1 in THF for 15 minutes prior to addition of LA and iPrOH (see ESI); f) 6 was 

generated in-situ by stirring AlEt3 and H2
HL2 in THF for 15 minutes prior to addition of LA and BnOH (see ESI); g) salan 

derivative of 1 (see ESI); h) salen derivative of 1 with BnO instead of OiPr,110 i) examples of salen and salan Al 

complexes, analogous to 6; j) as per reference, not corrected. 
 

The deprotonated complex 7 was tested by adding an equivalent to BnOH prior to 

polymerisation, which proceeded with similar activities and selectivities (Table 1, Entry 6). 

This shows that the active species can be generated quickly from the deprotonated complex 7 

without significant losses in activity (kapp = 2.41 × 10-4 s-1; Figure B10). However, comparing 

Entries 4 and 6 in Table 1, the fastest initiator was the alkyl complex 6, which can be attributed 

to the high reactivity of the Al-C bond resulting in fast generation of the active species upon 

addition of an alcohol. 

 

The dimeric benzyloxy complex 8c was tested as a triplicate in THF and found to convert an 

average of 96 % of starting material over 90 minutes (Table 1, Entry 7), showing that the 

complex is active in THF despite its dinuclear solid state structure (Figure 18). The kapp was 

found to be (5.47 ± 0.22) × 10-4 s-1 (Figure B12), which is slightly higher than that of 2 (c.f. 

4.75 × 10-4 s-1). Polymerisations with 6-8c all proceeded in a living fashion with the molar mass 
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of the polymers increasing linearly with monomer conversions while maintaining low 

dispersities (Figures B7-B13). MALDI-ToF analysis of the polymer from Entry 7 shows metal 

ion peaks (M + K+) that are equally spaced by 144 a.u. and with exact masses consistent with 

linear PLA capped with a benzyloxy group on the ester end (Figure D2). Neither 

transesterification nor cyclisation has taken place, indicating that the polymerisation is rather 

controlled, and contributing to the low Ð of the polymers (~1.2). 8c also outperformed its salen 

and salan analogues, which required a reaction temperature of 70 °C and several hours to 

proceed with the polymerisation (Table 1, Entries 11 and 12). 

 

It was investigated whether the active species 2 and 8c can be generated in-situ starting from 

their respective precursors. This was carried out by stirring the pro-ligands H2
HL1 or H2

HL2 

with one equivalent of Al(Et)3 for 15 minutes, prior to the addition of rac-LA and either iPrOH 

or BnOH (Table 1, Entries 2 and 5). Although this led to a noticeable decrease in activity for 

the in-situ generated 2 (85 % conversion over 120 minutes), the heteroselectivity of the species 

was still high (Pr = 0.89) while dispersity of the polymer remained low (Ð = 1.2). However, in 

the case of the in-situ generated 8c, the polymerisation still proceeded, although with lower 

activities and a slight loss in isoselectivity (Table 1, Entry 5). Comparing the kapp of Entries 5 

and 7, there was a 30% decrease in activity (kapp = 3.48 vs. 2.36 × 10-4 s-1; Figures B2 and B8) 

which was attributed to incomplete generation of the active species. 

 

These results are rather promising as the in-situ generation of the catalyst may ease the use and 

translation of the catalyst to industrial application. The fact that both active species 2 and 8c 

can be generated in minutes from the ligand makes the applicability of such a complex more 

feasible. 

 

A remarkable feature of these complexes is the high activity in ambient conditions. As 

mentioned in Section 1.5.1, aluminium complexes often require high temperatures (> 70 °C) 

as well as high loadings (> 1 mol%) to be significantly active, which is not the case for the 

catam complexes. 
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Chart 4. Room temperature active aluminium complexes by Dagorne (left, centre) and Thomas (right) 

 

Compared to other Al catalysts reported in the literature, the complexes were found to be 

significantly more active than Dagorne’s heteroselective anionic aluminium alkoxide complex 

(Chart 4, left), with the kapp being an order of magnitude higher (10-4 vs. 10-5 s-1).111 Further to 

this, 2 is considerably more heteroselective (Pr = 0.90 vs. 0.67). However, the activity does not 

parallel that of the catalytic systems used by the groups of Thomas and Balasanthiran (Chart 4, 

right).112-114 These in-situ generated anionic aluminium complexes require the addition of a co-

catalyst (PPNCl) as well as an epoxide in order to proceed with the room-temperature 

polymerisation of rac-LA. Admittedly,  the system often requires a long pre-activation time 

(up to 16 h) but can in turn achieve full conversion in as little as 30 minutes under similar 

conditions to 8c (TOF = 200 vs. 64 h-1). 

In addition, the NHC-Al adduct developed by Dagorne and co-workers also exhibited faster 

activities than the catam complexes,115 though the polymerisation itself resulted in a high 

degree of transesterification, with the polymer being atactic (Chart 4, centre). However, it needs 

be mentioned that such a polymerisation does not occur through a coordination-insertion 

mechanism. 

 

It is thus evident that the high activity of the catam complexes is a remarkable result, which 

reinforces the favourable features of the catam ligand highlighted in Section 1.5.3. The o-

aminophenolate moieties that form a rigid 5-membered N,O,Al chelate are important to the 

high activity; a finding initially discovered by Chen and co-workers for the ROP of ε-CL.116 

The proximity of the NH groups to the aryl moiety increases the polarity of the N-H bond, 

allowing it to act as a strong H-bond donor. This is due to the carbon atoms in the phenyl ring 

being sp2-hybridized, which increases their s-character which manifests itself as a strong 

electron-withdrawing effect of the aromatic group. 
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Chart 5. Highly heteroselective aluminium catalysts Gibson (left), Kol (centre), and Jones (right) 

 

Regarding the heteroselectivity of complex 2, there are few examples of aluminium complexes 

that lead to highly heterotactic PLA. The vast majority of aluminium-based catalysts tend to be 

isoselective which is a reason why this metal-centre is attractive.117 Gibson and co-workers 

initially reported an alumium salan complex which yielded PLA with a Pr value of 0.96, which 

was attributed to the chloro-substituents on the aryl backbone (Chart 5, left).83 Twelve years 

later, Kol et al. published the synthesis of a chiral salan catalyst built around a 2,2-bipyrrolidine 

core which yielded PLA with a Pr value of up to 0.98 (Chart 5, centre).118 Shortly after Kol’s 

discovery, Jones and co-workers reported a structural analogue to Kol’s complex that produced 

PLA with a Pr of up to 0.87 (Chart 5, right). 

 

2.4.1.2 Determination of the Order in Catalyst  

To gain an understanding of the high activity of 2 and 8c, as well as the high heteroselectivity 

of 2, further studies were conducted using variable time normalisation analysis (VTNA) and 

DFT. 

VTNA is a normalised time scale method that allows for determination of the kinetic order of 

a catalyst or a substrate in a reaction.119, 120 Whilst the order in catalyst can be determined using 

initial rates or continuous rates, the normalised time scale method allows for faster and more 

accurate handling of data. Given that this has been successfully applied to similar 

polymerisation reactions,121-124 this method was employed to determine the order in catalyst 

and thus elucidate the mechanism of rac-LA polymerisation when using 2 and 8c (see 

Appendix B for details). 

 

For complex 2, an order in catalyst close to 1 was observed (Figure B100). This means that the 

mechanism solely occurs via either a monometallic or bimetallic mechanism. Given that the 

crystal structure of 1 is monomeric, and that DOSY NMR analysis showed complex 2 to be 

monomeric in THF-d8, the order of 1 suggests that the rate-determining step proceeds through 
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a monomeric active species. Thus, the stereocontrol proceeds through a CEC mechanism in 

which the chirality of the last inserted LA molecule determines the preference for the next 

insertion. 

 

For complex 8c, the order in catalyst was also found to be close to 1 (Figure B102). Despite 

the dinuclear crystal structure of 8c, DOSY NMR analysis showed the complex to be 

monomeric in THF-d8 which indicates that the rate-determining step proceeds through a 

monomeric active species. To further elucidate the mechanism DFT calculations were carried 

out on a ωB97xD level of theory with a split valence double zeta 6-31G(d,p) basis set. 

 

2.4.1.3 Computational Studies Performed on HL1Al(Et) (2) 

The structure of 2 was deduced the molecular structure of 1 by replacement of the ethyl co-

ligand with a methoxide group (for computational efficiency). This mechanism was previously 

calculated in the Romain group but will be discussed as it provides valuable insight as to how 

the polymerisation proceeds and will serve as comparison for the calculations performed on 

other catalysts. 

 

Initiation Mechanism of 2 and the role of NCIs 

In the coordination step, it was found that one molecule of L-LA can displace two molecules 

of THF, leading to a stabilisation by 1.5 kcal/mol (Figure E1).84 The carbonyl of the LA 

interacts favourably with one of the NH moieties, leading to the formation of a strong H-bond 

with a length of 1.92 Å. A considerably weaker H-bond was also formed between the acyl 

oxygen atom and the other NH moiety (Figure 21, left). This was supported by the NCI surfaces 

calculated for the structure, which show the presence of H-bonds as a bright blue disc (Figure 

21, right).45 The NCIs are shorter and possibly stronger than the C-H···π and C-H···Cl contacts 

reported by Carpentier and co-workers (See Section 2.1.4.2).85-88, 91, 92 

 

Figure 21. Complex formed between L-LA and 2 (left) and NCI surfaces (right). A Hydrogen bond is depicted as a blue disc. 
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These NCIs possibly contribute to suitably orient the monomer prior to the nucleophilic attack. 

Furthermore, the NHs withdraw electron density from the LA carbonyl, which activates the 

monomer similarly to the mechanism of H-bond activated organocatalyst ROP (See Section 

1.3.3).125-128  The steric and electronic influence of NCIs thus contribute to lower the barrier 

for nucleophilic attack by the Al-OMe bond shown by the transition state 2-III(t)-TS with  

ΔΔG298 = 6.9 kcal/mol (Figure 22). The subsequent rearrangement of the monomer from 2-

IV(t) to 2-V(t) is facilitated by the formation of a H-bond between an oxygen atom of the 

hemiacetal and a NH moiety of the ligand. This interaction is maintained in the transition state 

2-VI(t)-TS, which stabilises it and thus contributes to its low barrier (ΔΔG298 = 9.2 kcal/mol). 

The overall energy barrier for the initiation step is 11.8 kcal/mol, indicative of a room 

temperature active reaction (≤ 19 kcal/mol).129 

 

 

Figure 22. PES showing first insertion of a LA monomer into complex 2-I(t). DFT protocol: # ωB97xD/6-31g(d,p) 

scrf=(cpcm, solvent = THF) nosymm integral=grid=ultrafine 

 

Influence of the backbone geometry on polymerisation 

A look at the 2,2-dimethyl-1,3-propanediamine tether reveals that the 6-membered N2Al 

chelate can adopt multiple conformations – chair (2-I(c)), twisted boat (2-I(t)), and half-chair 

(2-I(h)) (Figure 23). Although the chair conformation is the most stable, the room temperature 

active initiation step occurs via the twisted boat conformation. This conformation does not lead 

to a significant energy penalty and likely arranges the propyl backbone in a way that minimises 
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steric repulsion between the ligand and the monomer. To further probe the importance of the 

backbone, the initiation mechanism was calculated for the 2-I(c) and 2-I(h) conformations 

(Figure E3). The mechanism proceeding via the stable chair-configuration interestingly was 

the least favourable, with an overall energy barrier of ΔΔG298 = 20.4 kcal/mol (c.f. 11.8 for 2-

I(t)). Additionally, the half-chair conformation 2-I(h) led to an overall energy barrier of ΔΔG298 

= 14.8 kcal/mol, putting it between 2-I(c) and 2-I(t) in terms of energetics. 

 

 

Figure 23. Relative Gibbs free energies ΔG298 of different conformations of complex 2-I. 

 

 

Figure 24. DFT structure of 2-I(a) as deduced from the crystal structure of 2-Cl through DFT optimisations 

 

To highlight the importance of the NH moieties, a mechanism was calculated in which the two 

hydrogen bond donors point away from the catalytic pocket. This was observed in a chloro 

analogue of 2, synthesised by Dr. Charles Romain within the group, which exhibited a similar 

SQP structure but with the NH moieties pointing down relative to the apical position and thus 
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being shielded from the reactive centre. The crystal structure (2-Cl) was used (See Appendix 

F) and the chloro group replaced with a methoxy group which led to the structure 2-I(a) (Figure 

24). The lowest energy pathway was subsequently calculated for the polymerisation of LA by 

2-I(a), which was found to have an overall energy barrier of ΔΔG298 = 21.4 kcal/mol, roughly 

10 kcal/mol higher than 2-I(t) (Figure E2). As the NH groups do not take an active part in the 

polymerisation, this difference in energy points to the moieties having a profound impact on 

the rate of reaction. However, the geometry of the NH will incur a significant energy penalty 

when the complex adopts an octahedral structure, which may be a contributing factor to the 

high energy barrier. 

 

   

Figure 25. Structure of the resting species of 2-I(c) (left) and its TSM (right) showing the NH groups and bulky tBu groups 

sticking out from the plane of the complex. 

 

Topographic steric map 

To depict the shape of the catalytic pocket, Cavallo and co-workers introduced the concept of 

topographic steric maps (TSM).130, 131 These maps estimate the molecular surface that is 

accessible and provide the user with a shape of the catalytic pocket. This method was 

previously used to rationalise the highly controlled ROP of β-BL by a pentacoordinated 

aluminium complex.132 The TSM for 2-I(c) show a flat space around the catalytic pocket, 

facilitated by the planar coordination of the ligand around the metal centre (Figure 25). The 

NH moieties can be found sticking out from the surface in a manner that facilitates the 

formation of H-bonds. A particularly interesting aspect of this map are the bulky tBu groups 

found in the southern quadrant. These essentially hinder the advance of the monomer and force 

the LA to approach from the northern quadrant and thus take part in H-bonding, which may be 

at the origin of the experimentally observed binding isotope effect (see Section 2.4.1.5).133  
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Propagation mechanism of 2 and observed stereoselectivity 

To gain an understanding of the high stereoselectivity observed, the propagation step after the 

first insertion of a L-LA molecule was calculated. The final structure of the first insertion, VIII 

(Figure 26), was considered and the second insertion calculated with a molecule of D- and L-

LA. In both cases, docking of the monomer on the NH moieties was observed leading to a 

stabilisation of ΔΔG298 = -9.7 and -8.0 kcal/mol for D- and L-LA respectively. The NCI 

surfaces show the same H-bonding interactions observed in the initiation step (Figures E4 and 

E5). The rate-determining step was the acyl oxygen cleavage, leading to a total energy barrier 

of ΔΔG298 = 24.0 and 26.0 for D- and L-LA respectively. The insertion of D-LA is thus 

favoured by 2 kcal/mol which would correspond to a selectivity of around 95%.134 This is in 

good agreement with the experimentally observed heteroselectivity (Pr = 0.90). The results thus 

show that a CEC mechanism devoid of polymeryl exchange events can lead to the high 

stereoselectivity observed for 2. 

 

 

Figure 26. PES showing second insertion of a lactide monomer (red = L-lactide, blue = D-lactide) after initial insertion of L-

lactide as per initiation step in Figure S35. DFT protocol: # ωb97xD/6-31g(d,p) scrf=(cpcm, solvent=THF) NoSymm 

grid=integral=ultrafine. 
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2.4.1.4 Computational Studies Performed on HL2Al(OBn) (8c) 

Given the fact that molecular structure of 8c was dimeric, but that DOSY experiments showed 

the complex to be monomeric in THF, assumptions had to be made regarding its monomeric 

form. The monomeric form of 8c was deduced by breaking the dimer into its components and 

optimising the monomers to a TBP structure. The benzyloxy moiety was subsequently replaced 

by a methoxy group for computational efficiency.  

 

 

Figure 27. PES showing first insertion of a lactide monomer (red = L-lactide, blue = D-lactide) via a “top-down” approach. 

DFT protocol: # ωb97xD/6-31g(d,p) scrf=(cpcm, solvent=THF) NoSymm grid=integral=ultrafine. 

 

Initiation mechanism of 8c 

The initiation mechanism for 8c-I was calculated for an axial approach (referred to as “top-

down” approach) of the pro-R and pro-S faces of the D- and L-LA molecules (Figure 27). The 

lowest overall energy barrier was found to be for the insertion of a D-LA molecule (ΔΔG298 = 

+ 7.8 kcal/mol) which is lower than what was found for 2-I (c.f. ΔΔG298 = + 11.8 kcal/mol for 

2-I). The insertion of D-LA was favoured over that of L-LA by 2.3 kcal/mol. As was the case 

for 2-I, the mechanism was found to incorporate NCIs in some of its steps which likely also 

were a contributing factor to the low energies. So far, only the axial approach of the monomer 

(refer to as “top-down” approach) was considered as it allows for the favourable NCIs to occur 
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throughout the mechanism. An equatorial approach of the monomer (referred to as “side-on” 

approach) was also considered, which resulted in increased energy barriers of ΔG298 = + 9.1 

kcal/mol (Figure 28). This was rather expected, mainly due to the TSM of 2-I(c) (Figure 25) 

showing that the tBu groups at the 3-position of the aromatic ring offer a considerable amount 

of steric bulk, and thus hinder such an approach. However, the polymerisation through a “side-

on” approach can still occur favourably at room temperature. Given that the energy barriers 

between the insertion of a D- and L-LA monomer in a “side-on” approach have only a slight 

difference (0.3 kcal/mol), it could rationalise the reduced stereoselectivity observed during 

polymerisation. 

 

 

Figure 28. PES showing first insertion of a lactide monomer (red = L-lactide, blue = D-lactide) via a “side-on” approach. 

DFT protocol: # ωb97xD/6-31g(d,p) scrf=(cpcm, solvent=THF) NoSymm grid=integral=ultrafine. 

 

Propagation mechanism of 8c and observed stereoselectivity 

Given that the considered isomer 8c-I preferentially inserts a D-LA molecule at the initiation 

stage, the propagation was calculated to gain insight into the stereoselectivity of the complex. 

Thus, using 8c-VII, the insertion of D- and L-LA via various approaches was considered 

(Figure 29). Interestingly, 8c-VII favours the insertion of another D-LA molecule over L-LA 

with an energy difference of ΔΔG298 = + 5.3 kcal/mol. While this is in line with the 

experimental formation of isotactic polymers (Pm = 0.60), an energy difference of 5.3 kcal/mol 
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should lead to much higher tacticity control. This suggests that other mechanisms may take 

place that lower the stereoselectivity. This includes but is not limited to “side-on” approaches 

which were found to be favourable in the initiation step but result in little stereoselectivity, as 

well as interconversion of the active species between conformational isomers which exhibit 

different selectivities.  

 

Figure 29. PES showing second insertion of a lactide monomer (red = L-lactide, blue = D-lactide) after insertion of a D-LA 

monomer. DFT protocol: # ωb97xD/6-31g(d,p) scrf=(cpcm, solvent=THF) NoSymm grid=integral=ultrafine. 

 

 

2.4.1.5 Kinetic Isotope Effect Studies  

 

Table 2. rac-LA polymerisations at room temperature using H/DL1 complexes 2 and 4 as well as H/DL2 complexes 7 

and 10. 

Entry Cat. ROH 
Cat./ROH/ LA 

( equiv.) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC)(Ð)b 

(kg/mol) 
Pr

c 
Mn(calc.)

d 

(kg/mol) 

1 2 - 1/0/100 90 91.4 9.5 (1.3) 0.91 13.2 

2 4 - 1/0/100 90 83.9 16.5 (1.3) 0.91 11.8 

3 7 iPrOH 1/1/100 90 80 8.7 (1.1) 0.62 10.2 

4 10 iPrOD 1/1/100 90 85 - - - 

Reaction conditions: [LA]0 = 1 mol.L-1, 25 °C, THF; a) Determined by 1H NMR by relative integration of signals at 5.06 

ppm (monomer) and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in THF and 

corrected (see ESI) c) Probability of racemic linkages determined by 1H NMR spectroscopy (see ESI); d) Calculated using 

the conversion 
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To elucidate the importance of the NH moieties, polymerisations were carried out with the 

deuterated analogue of 2, DL1Al(OiPr) (4). Complex 4, was found to still be a highly active 

rac-LA ROP catalyst at room temperature, resulting in an 84 % conversion over 90 minutes, 

while keeping the high heteroselectivity (Table 2, Entries 1 and 2). However, the kapp of 4 is 

lower (2.52 × 10-4 s-1, Figure B14) than that of 2 (4.75 × 10-4 s-1, Figure B5), resulting in a 

kinetic isotope effect (KIE). In fact, 2 is almost twice as fast as 4 (kH/kD ≈ 1.9) which confirms 

that the NH moieties on the ligand are important to the activity of the catalyst (Figure 30). The 

KIE value is too small to be considered a primary KIE, meaning that the N-H bond is not 

broken during the RDS. A secondary KIE adopts a value up to 1.2,135 putting the observed 

value in a similar range. However, the fact that the value of 1.9 is still considerably large for a 

secondary KIE suggests that it likely arises from equilibrium or binding isotope effects, which 

is indicative of the monomer binding to the NH moieties in the catalytic pocket.133 This agrees 

with the DFT calculations outlined in Section 2.4.1.3 in which NCIs were found to be present 

during the monomer’s approach to the catalytic pocket. 
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Figure 30. First-order plots of rac-LA ROP initiated by 2 and 4 showing a clear isotope effect. 

 

The KIE was probed for the complexes bearing a RL2 ligand by testing 7 and its deuterated 

analogue 10. The initiating alcohols used were iPrOH and iPrOD respectively, given the fact 

that BnOD was difficult to source. The polymerisation with the protonated complex 7 (+ 

iPrOH) was run as a triplicate and yielded the average kH
app = 3.93 × 10-4 s-1

 (Figure B15). This 

was higher in activity than the polymerisation of 7 + BnOH which can be attributed to the 

isopropoxide being a secondary alcohol, giving the complex a propensity to remain 
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monomeric. The deuterated complex 10 (+ iPrOD) was subsequently tested as a duplicate, 

yielding an average kD
app = 3.72 × 10-4 s-1 (Table 2, Entry 4; Figure B16). This translates to a 

KIE of kH/kD ≈ 1.06 which is negligible, suggesting that the NH moieties are not as impactful 

as for complex 2 (Figure 31). It is worth mentioning that the RL2 complexes are less selective 

and only exhibit a slight isotactic bias (Pm = 0.60). This is in contrast to the RL1 complexes 

which exhibit high heteroselectivity (Pr = 0.90). The NCIs thus may not play a significant role 

in the polymerisations using RL2. Given that DFT calculations found a “side-on” approach to 

be favourable, it could well be that the NH moieties are not as involved in 8c as they are in 2. 

Furthermore, it was outlined in Section 2.3.2.1 that the isopropoxy complex generated from 7 

shows multiple species in the 1H NMR spectrum (Figure 17). As it is difficult to attribute a KIE 

to multiple species and the results thus remain inconclusive. 
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Figure 31. First-order plots of rac-LA ROP initiated by 7 and 10 showing a negligible isotope effect. 

 

2.4.1.6 Use of Methylated Analogues Bearing the MeL1 and MeL2 Ligands 

 

Table 3. rac-LA polymerisations at room temperature using MeL1 complex 5 and MeL2 complex 11. 

Entry Cat. ROH 
Cat./ROH/ LA 

( equiv.) 
Solvent T (°C) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC)(Ð)b 

(kg/mol) 
Pr

c 
Mn(calc.)

d 

(kg/mol) 

1 5 iPrOH 1/1/100 

THF 

(THF) 

[Toluene] 

25 

(50) 

[90] 

180 

(240) 

[960] 

0 

(0) 

[39] 

- 

- 

8.4 (1.0) 

- 

- 

0.43 

- 

- 

5.6 

2 11 BnOH 1/1/100 THF 
25 

(50) 

90 

(16 × 60) 

0 

(20) 
- 0.28 - 

Reaction conditions: [LA]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of signals at 5.06 ppm (monomer) 

and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Probability of racemic linkages determined by 1H NMR spectroscopy (see ESI); d) Calculated using the conversion;  
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Having established the importance of the NH moieties in the room temperature activity of rac-

LA polymerisation, methylated analogues were tested. Complex 5 bearing the MeL1 ligand was 

employed in rac-LA ROP in THF at 25 and 50 °C (Table 3, Entry 1). In either case, no 

conversion was observed, even when left to react for up to 4 hours. Running the reaction in 

toluene at 90 °C resulted in a 39 % conversion after 16 hours, with an activity close to the salan 

analogue previously outlined (Table 1, Entry 8). The stereoselectivity changed dramatically as 

well, with the Pr of 0.43 indicating a slight isotactic bias. This outlines the profound impact 

that the NH moieties may have on activity and selectivity of the catam series. It was initially 

thought that the low activity of 5 was due to it not being reactive to iPrOH. The active species 

would thus not be generated, and polymerisation would not proceed. However, 1H NMR 

studies (C6D6, 298 K) confirm that 5 reacts with iPrOH and that the low activity must arise 

from somewhere else (Figure A12). The NH moieties are thus likely important to the 

polymerisation activity which could be due to them allowing the complex to adopt a favourable 

geometry in solution. Comparing the molecular structure of 1 and 5, the former adopts a square 

pyramidal geometry while the other exhibits a trans-phenolato trigonal bipyramid, which can 

have a profound effect on activity and selectivity (Figures 10 and 14). A change of geometry 

was also observed by Jones and co-workers where salan ligands were found to wrap differently 

around the Al centre because of weak interactions between a NH moiety of the ligand and O 

atom of the OiPr group.136 A change in reactivity was observed by Mehrkhodavandi and co-

workers who reported indium complexes that exhibit a change in activity when substituting a 

secondary amine in the ligand with a tertiary amine.137 The latter was found to be less active 

by two orders of magnitudes compared to the secondary amine analogue. Although weak H-

bonding has been observed in the solid-state structures, Mehrkhodavandi could not fully 

attribute the higher activity to such interactions.  

 

Complex 11 bearing the MeL2 ligand was found to be inactive in THF at room temperature. 

However, heating the mixture at 50 °C overnight resulted in a 20 % conversion (Table 3, Entry 

2). As elucidated in Section 2.3.2.3. the unusual dimeric structure of 11 breaks down into its 

monomeric form in THF. Despite this occurring, the complex requires elevated temperatures 

to proceed with the polymerisation, indicating that the NH moieties are important to the catam 

scaffold regardless of the linker involved. As was previously seen with 5, the polymer formed 

by 11 was found to have a different stereoregularity to its non-methylated counterparts, 

exhibiting moderate heterotacticity (Pm = 0.28 vs. 0.60 for 8c). This inversion of 

stereoselectivity highlights that the NH moieties have an impact that extends beyond activity. 
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2.4.1.7 Computational Studies Performed on MeL1Al(Et) (5) 

Initiation Mechanism of 5 

As shown in the previous section, the polymerisation using the methylated analogue 5 was 

found to only occur at high temperatures (90 °C), albeit at sluggish rates (Table 3, Entry 1). 

Using the molecular structure of 5, the alkyl chain was replaced with a methoxy group to yield 

5-I and DFT calculations were subsequently carried out to elucidate the mechanism of 

polymerisation and thus explain the slow activity (Figure 32). Interestingly, the total energy 

barrier was found to be ΔΔG298 = 8.4 kcal/mol, considerably lower than the barrier found using 

the protonated structure 2-I(t) (11.8 kcal/mol). This can be attributed to the starting structure, 

which adopts a TBP configuration. This puts the system closer to the octahedral transition states 

of the polymerisation and thus less energy is required for these to be adopted. Furthermore, the 

trans-phenolato coordination of the ligand may be more efficient in withdrawing electron-

density from the metal centre, making it more Lewis acidic. However, the disparity between 

experimental and computational evidence remains, and points to other mechanisms taking 

place during the reaction which ultimately hamper 5 from carrying out the polymerisation.  

 

 

 

Figure 32. PES showing first insertion of a LA monomer into complex 5-I. DFT protocol: # ωB97xD/6-31g(d,p) scrf=(cpcm, 

solvent = THF) nosymm integral=grid=ultrafine 

 

 

 

 



100 

 

Framework Distortion Energies and their relation to Activation Energy 

 

Table 4. FDEs calculated for complexes 2-I(t),(c),(h),(a), and 5 as well as their calculated activation energies 

Entry Complex Activation Energy (kcal/mol) FDE (kcal/mol) 

1 2-I(t) 11.8 5.8 

2 2-I(c) 20.4 8.0 

3 2-I(h) 14.8 11.0 

4 2-I(a) 21.4 21.0 

5 5-I 8.4 2.1 

 

Having calculated the activation energies for the initiation via 2-I(t),(c),(h),(a) (Figure 23) and 

5-I, framework distortion energy (FDE) calculations were carried out to elucidate the 

importance of backbone conformation. Tolman and Cramer found that the ease at which a 

ligand can be distorted can dictate activity of a catalyst in cyclic ester ROP.138-142 The FDE 

indicates the energy penalty that is incurred when the ligand geometry of the resting species is 

distorted to that of the rate-determining step. For each of the complexes, their optimised 

structure was used as the GS and compared to their largest TS. The alkoxide co-ligand and LA 

molecule are removed to remove any steric or electronic influence of the substrate. The 

resulting structures were optimised and the energy difference between GS and TS used as the 

FDE. The favourable polymerisation mechanism, carried out by 2-I(t), features a low FDE of 

5.8 kcal/mol (Table 4, Entry 1) which is among the lowest FDE values reported for cyclic ester 

ROP by similar Al complexes. This is in good agreement with the low energy barriers that were 

calculated (ΔΔG298 = 11.8 kcal/mol). Backbone conformation must play an important role in 

the FDE, as other conformations such as the chair conformation (Table 4, Entry 2) and the half-

chair conformation (Table 4, Entry 3) were found to exhibit higher FDE values (8.0 and 11.0 

kcal/mol respectively). The twisted conformation thus allows for the complex to adopt a 

suitable TS structure while minimising steric factors, which ultimately leads to the low 

activation energy of polymerisation. The orientation of the NH groups has a profound impact, 

with the structure 2-I(a) featuring a FDE of 21.0 kcal/mol (Table 4, Entry 4), a big outlier in 

the series. Interestingly, the FDE for the methylated analogue 5-I is surprisingly low (Table 4, 

Entry 5), showing an energy penalty of 2.1 kcal/mol for the adoption of the TS geometry. 

Nonetheless, experimental results show the ROP mediated by 5 to be slow, which hints that 

other mechanisms may be present during the reaction which deactivate the species. 

 

Plotting the activation energy as a function of the FDE, shows that there is a positive 

relationship between the two variables (Figure 33). Despite the usefulness of such a method, 

one should not reduce the polymerisation mechanism to such a primitive form. Given that NCIs 
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and aggregation can play a role in determining activity and selectivity, the FDE should be used 

ad hoc as a complementary tool only.    
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Figure 33. Scatter plot of activation energy as a function of FDE showing a positive correlation between both variables 

 

2.4.1.8 Solvent Effects on Polymerisation 

 

Table 5. rac-LA polymerisations at room temperature using 2 and 8c in different solvents 

Entry Cat. Solvent 
T 

(°C) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC)(Ð)b 

(kg/mol) 
Pr

c 
Mn(calc.)

d 

(kg/mol) 

1 2 THF 25 90 91.4 9.5 (1.3) 0.91 13.2 

2 8c THF 25 90 96 14.3 (1.2) 0.60 13.8 

3 2 DCM 25 90 66.5 9.5 (1.2) 0.69 9.6 

4 8c DCM 25 90 50 12.1 (1.3) 0.57 7.2 

5 2 Dioxane 
25 

(90) 

240 

(60) 

0 

(0) 

- 

- 

- 

- 

- 

- 

Reaction conditions: Al/LA = 1/100, [LA]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of signals at 5.06 

ppm (monomer) and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in THF and 

corrected (see ESI); c) Probability of racemic linkages determined by 1H NMR spectroscopy (see ESI);  

d) Calculated using the conversion 
 

Complexes 2 and 8c were also briefly tested in solvents other than THF to examine whether 

they can influence performance. Interestingly, using DCM as the polymerisation solvent for 2 

led to a lower activity and selectivity when compared to THF (Table 5, Entry 1 vs. 3). In fact, 

the kapp was essentially halved (2.15 vs. 4.75 × 10-4 s-1) and the Pr was lowered from 0.90 to 

0.70. This attributed this to the fact that DCM is a non-coordinating solvent. It was outlined in 

Section 2.3.1.1 that 2 was in a slow monomer-dimer equilibrium at room temperature in C6D6 

(Figure A12). In DCM, 2 is likely not completely monomeric, with a fraction of it being in its 

inactive dimeric form at any given time, resulting in a lower activity overall. This however 

does not explain the decrease in heteroselectivity observed, which is not as straightforward. A 

possible explanation for the change in stereoselectivity may be that the dimeric species formed 



102 

 

is still active in the polymerisation but not as selective as its monomeric counterpart, leading 

to an overall lowering of the Pr value. As was discussed previously in this chapter, the H-bonds 

that the NH moieties form with the monomer are integral to both, the activity and 

stereoselectivity. It has been previously shown that H-bonds are weakened in less polar 

solvents.143 Given that the polarity index of DCM is lower than THF (3.1 vs. 4.0),144 one may 

consider DCM a H-bond disruptor which could result in lower stereoselectivities as well as 

lower activities. It must be stated that this is purely speculative, and that further studies must 

be conducted to elucidate this drastic shift in stereoselectivity. 

 

Using 8c in DCM resulted in a considerably slower polymerisation (50 % in 90 min; Table 5, 

Entries 2 vs. 4) which is akin to what was found for 2. Given that 8c was found to be dimeric 

in the non-coordinating C6D6, the lower activity may be attributed to a slow breakdown of the 

dimer into the active species. This would also explain the high discrepancy between the 

predicted Mn and that measured by SEC. 

Polymerisations with 2 were also conducted in 1,4-dioxane at both, 25 and 90 °C (Table 5, 

Entry 5). In either case, no conversion was observed which was attributed to the dioxane being 

able to coordinate strongly with either the NH moieties or the metal centre of the catalyst. Its 

ability to crowd the secondary coordination sphere of the complex can thus hinder the monomer 

approach. 

 

2.4.1.9 Polymerisations at High Temperatures 

 

The potential of the catalysts was explored by carrying out polymerisations at higher 

temperatures. Preliminary studies outlined in Section 2.3.1.1 indicated that complex 2 was 

stable in immortal polymerisation conditions (Figure A9). Indeed, immortal polymerisation 

was found to proceed without any deactivation at low loadings (0.1 and 0.2 mol%) and high 

temperatures (50 and 90 °C) in both THF and toluene (Table 6 Entries 1, and 2). Even though 

the molecular weight control was maintained (Ð = 1.1), the stereoregularity of the polymer was 

found to decrease with increasing temperature, which is known to decrease monomer 

selectivity. Polymerisation using complex 2 was also found to proceed in molten monomer 

(130 °C), converting 41 % within 3.5 minutes (Table 6, Entry 3). This contrasts with the salen 

analogue and aluminium isopropoxide which were found to be significantly slower in the melt 

(Table 6, Entries 4 and 5). 
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Table 6. rac-LA polymerisations at elevated temperatures complexes 2 and 8c 

Entry Cat. ROH 
Cat./ROH/ LA 

( equiv.) 
Solvent 

T 

(°C) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC)(Ð)b 

(kg/mol) 
Pr

c 
Mn(calc.)

d 

(kg/mol) 

1 2 
iPrOH 

1/9/1000 Toluene 90 30 90 11.5 (1.1) 0.61 13.0 

2 2 
iPrOH 

1//4/500 THF 50 60 56 7.0 (1.2) 0.85 8.0 

3 2 
- 

1/0/250 Bulke 130 3.5 41 4.3 (1.1) 0.61 5.9 

4 1-salenf,145 
- 

1/0/300 Bulke 130 30 25 14.3 (1.1)g 0.09 - 

5 Al(OiPr)3
146

 
- 

1/0/2085 Bulke 110 45 × 60 80 - - - 

6 8c 
BnOH 

1/4/500 THF 50 60 86 10.7 (1.1) 0.61 12.4 

7 8c 
BnOH 

1/9/1000 Toluene 90 15 98 14.3 (1.6) 0.55 14.1 

8 8c 
BnOH 

1/9/1000 Bulke 130 4 77 4.9 (1.6) 0.51 11.2 

9 8c 
- 

1/0/500 THF 50 60 60 45.9 (1.1) 0.56 43.5 

Reaction conditions: [LA]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of signals at 5.06 ppm (monomer) 

and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Probability of racemic linkages determined by 1H NMR spectroscopy (see ESI); d) Calculated using the conversion; e) in 

molten monomer; f) salen derivative of 2 as per reference; g) Determined by SEC calibrated with polystyrene standards in 

CHCl3, value not corrected.145 

 

8c was stable when employed at high temperatures in THF and toluene under immortal 

conditions (Table 6, Entries 6 and 7) but resulted in a less stereoregular polymer. This was 

particularly the case at 90 °C in toluene where a near-atactic polymer was obtained. 

Furthermore, the polymerisation in the absence of any solvent resulted in an atactic polymer 

with a high discrepancy between the calculated and observed molecular weights (Table 6, Entry 

8). This can be attributed to slow mass transfer during the reaction. The ability of 8c to produce 

high Mn polymers was also investigated by omitting any further addition of the BnOH initiating 

species (Table 6, Entry 9). The high conversion, as well as the good agreement of the Mn with 

what is expected, show that the complex can produce high molecular weight polymers with 

ease. 

 

2.4.2 Polymerisation of L-LA and meso-LA 

 

Chart 6. Structures of L-LA and meso-LA 
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Table 7. Polymerisation of L-LA and meso-LA using 2 and 8c 

Entry Complex Monomer 
Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Ð)b 

(kg/mol) 

Mn(calc).
d 

(kg/mol) 

kapp 

(s-1) 

1 2 L-LA 150 66 12.8 (1.1) 9.4 9.44 × 10-5 

2 8c L-LA 60 96 17.5 (1.1) 13.8 9.17 × 10-4 

3 2 meso-LA 40 89 10.5 (1.1) 12.8 9.06 × 10-4 

4 8c meso-LA 40 99 11.3 (1.1) 14.2 1.98 × 10-3 

Reaction conditions: Al/LA = 1/100 [LA]0 = 1 mol.L-1, 25 °C, THF; a) Determined by 1H NMR by relative integration of 

signals at 5.06 ppm (monomer) and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in 

CDCl3 and corrected (see ESI); c) Probability of racemic linkages determined by 1H NMR spectroscopy (see ESI); d) 

Calculated using the conversion;  

 

Given that 2 is a heteroselective catalyst, the polymerisation for L-LA proceeded slower than 

for rac-LA (Table 7, Entry 1), resulting in a 5-fold decrease of the kapp (c.f. 4.75 × 10-4 s-1 for 

rac-LA). This reinforces the notion that the selectivity arises through a CEC mechanism. On 

the other hand, when using 8c, the polymerisation was about twice as fast as with rac-LA 

(Table 7, Entry 2). This can be traced to the initiator being slightly isoselective and therefore 

preferring subsequent insertion of the same monomer. 

 

To gain a further understanding regarding the mechanism of polymerisation of an enantiopure 

substrate, the catalyst order was determined via the use of the normalised time scale method. 

Compared to rac-LA polymerisation, the order in catalyst did not change much. Complexes 2 

and 8c exhibited an order of 0.9 and 1.0 respectively, indicating that the rate-determining step 

proceeds through a largely monomeric species (Figures B101 and B103). In the case of 2, this 

is a further indicator of the polymerisation proceeding through a CEC mechanism. 

 

Polymerisations of meso-LA using 2 proceeded twice as fast as for rac-LA (Table 7, Entry 3) 

which was unusual. When Kricheldorf and co-workers first polymerised meso-LA using Al(III) 

and Sn(II) initiators, they observed a substantially lower rate compared to the polymerisation 

of rac-LA.147, 148 This was attributed to the trans configuration of the methyl groups lending 

the monomer increased thermodynamic stability. This was observed experimental studies 

carried out by the groups of Coates and Feijen,149-151 and highlighted with computational 

studies by Jitonnom and Meelua.152 The inverse is true for 2, which could be attributed to the 

meso-LA possessing two centres of opposite chirality, giving the initiator a greater freedom of 

choice. Not only does 2 polymerise meso-LA faster than rac-LA; previously reported Al-based 

catalysts require temperatures above 60 °C for the polymerisation to occur. However, the high 
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stereoselectivity of 2 was not carried over. The polymers exhibited a Pm of 0.54, conducive to 

a slight heterotactic bias (See Appendix C). 

As was the case with 2, the activity of 8c with meso-LA was unprecedented, approaching full 

conversion within 40 minutes, which is twice as fast as 2 (Table 7, Entry 4). The resulting 

polymer was slightly heterotactic, exhibiting a Pm of 0.58.  

 

 2.4.3 Polymerisation of ε-CL and ε-DL 

 

Chart 7. Structures of ε-CL and ε-DL 

 

The polymerisation of ε-CL was explored to probe the effect of ring-size on the polymerisation. 

Furthermore, upon opening, the polymer chain forms a primary alkoxide which may lend itself 

to different reactivities for subsequent insertions. The polymerisation of ε-DL was also tested, 

having the same ring size as ε-CL. However, the butyl chain present at the ε-position of the 

ring results in the formation of a secondary alcohol which may result in different overall 

reactivities to ε-CL. ε-DL has received relatively little attention in the polymer industry,153-155 

despite being a naturally occurring monomer that can be produced through fungal 

technology.156, 157 It has been shown that ε-DL can be used as a comonomer to increase thermal 

resilience and elasticity of the resulting copolymer.158, 159 

 

Table 8. Polymerisation of ε-CL and ε-DL using 2 and 8c 

Entry Complex Monomer 
Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Ð)b 

(kg/mol) 

Mn(calc).
c 

(kg/mol) 

kapp 

(s-1) 

1 2 ε-CL 1260 61 44.7 (1.4) 7.0 2.07 × 10-5 

2 8c ε-CL 1260 60 10.8 (1.3) 6.9 1.24 × 10-5 

3 2 ε-DL 1395 86 21.7 (1.1) 14.6 2.38 × 10-5 

4 8c ε-DL 660 89 28.4 (1.2) 15.1 6.16 × 10-5 

Reaction conditions: Al/M = 1/100, [M]0 = 1 mol.L-1, 25 °C, THF; a) Determined by 1H NMR by relative integration of 

signals at 5.06 ppm (monomer) and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in 

CDCl3 and corrected (see ESI); c) Calculated using the conversion;  
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Complexes 2 and 8c can polymerise ε-CL, albeit with a significant loss in control (Table 8, 

Entries 1 and 2). The polymerisation using 2 was considerably active at the beginning, 

converting 34 % within 4 hours, but eventually slowed down with time. After 21 hours a 

conversion of 61 % was achieved, and the resulting polymer showed high discrepancies 

between the expected and measured Mn (7.0 vs. 44.7 kg/mol) as well as a high dispersity (1.4). 

This may be due to the opening of the ε-CL forming a primary alkoxide on the metal centre, as 

opposed to a secondary alcohol obtained from the opening of LA, which can give the complex 

a propensity to dimerise as it reduces the steric bulk around the metal centre. Previous results 

within the group have shown that the benzyloxy-analogue of 2 is a dimer that cannot be broken 

in solution and thus does not polymerise any monomer. It is suspected that the opening of ε-

CL slowly deactivates the catalytic species in solution, eventually leaving only a small number 

to proceed with polymerisation. This explains the high difference between the expected and 

measured Mn. Complex 8c did not exhibit such discrepancies, but it is thought that the primary 

alkoxide formed by the opened ε-CL molecule still hampers polymerisation. 

 

The order in catalyst for 8c was determined using the normalised time scale method and was 

found to be 0.65. As previously observed by others, this is indicative of the formation of an 

inactive dimeric species which must break down prior to continuing with the polymerisation. 

The importance of the alkoxide can thus not be understated as it can have a profound impact 

on activity.  

The polymerisation of ε-DL (Chart 7) was thus probed as its opening results in the formation 

of a secondary alkoxide upon opening of the monomer, which should prevent the deactivation 

of the catalyst. As a matter of fact, the polymerisation of ε-DL by 2 proceeds without any sign 

of catalyst deactivation (Table 8, Entry 3; Figure B31), with the resulting polymer Mn being 

closer to what is expected. Likewise, polymerisation using 8c resulted in a 5-fold increase in 

activity, polymerising 89 % in 11 hours (Table 8, Entry 4). This indicates that the nature of the 

alkoxide is an important aspect to consider when employing 2 and 8c. It must be added that 

these, to my knowledge, are the first aluminium-based catalysts reported for polymerisation of 

ε-DL. 
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2.4.4 Polymerisation of Other Monomers 

Further testing was carried out on other monomers to get a clearer picture of the scope in 

which 2 and 8c can be employed (Chart 8). 

 

Chart 8. Other monomers employed for this scope test 

 

As discussed in Section 1.2.3, β-BL is an attractive monomer that is interesting to investigate 

due to its low reactivity with aluminium complexes despite its high ring strain. Macrolactones 

(n > 10) were investigated since their low ring strain makes their polymerisation particularly 

difficult, and thus entropy-driven as opposed to enthalpy-driven. These are derived from fatty 

acids and the properties of the resulting polymers mimic those of polyethylene,160-163 which has 

garnered attention in the research community. The chosen macrolactones were ω-

pentadecalactone (ω-PDL) and ethylene brassylate (EB). Finally, monomers bearing different 

functional groups were included. One being trimethylene carbonate (TMC), a six-membered 

carbonate ester which is bio-degradable and finds its applications in the biomedical industry.164, 

165 Another interesting monomer class were 1,3-dioxolan-4-ones (DOX), developed by the 

Shaver group, which upon polymerisation produce poly(α-hydroxy acid)s and release an 

equivalent of formaldehyde or ketone, hence driving the reaction (Scheme 13).166, 167 

 

 

Scheme 11. ROP of S-PhDOX showing formation poly(α-hydroxy acid) and release of formaldehyde 
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Table 9. Polymerisation of β-BL, TMC, PDL, EB, and S-PhDOX using 2 and 8c 

Entry Complex Monomer Solvent 
T 

(°C) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Ð)b 

(kg/mol) 

Mn(calc).
c 

(kg/mol) 

kapp 

(s-1) 

1 2 β-BL THF 25 600 74 5.3 (1.1) 6.4 3.74 × 10-5 

2 8c β-BL THF 25 240 57 4.1 (1.1) 5.8 7.32 × 10-5 

3 2 TMC THF 25 90 56 11.4 (2.3) 5.7 1.03 × 10-4 

4 8c TMC THF 25 1400 74 22.3 (1.4) 7.5 1.63 × 10-5 

5 2 ω-PDL Toluene 100 360 15 14.4 (1.5) 3.6 - 

6 8c ω-PDL Toluene 100 360 6 5.2 (1.6) 1.4 - 

7 2 EB Toluene 90 960 0 - - - 

8 8c EB Toluene 90 960 0 - - - 

9 2 S-PhDOX Toluene 100 960 0 - - - 

10 8c S-PhDOX Toluene 100 960 0 - - - 

Reaction conditions: Al/M = 1/100, [M]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in CDCl3 and corrected (see ESI); c) 

Calculated using the conversion;  

 

The results concerning β-BL were surprising, with 2 and 8c showing moderate activity at room 

temperature (Table 9, Entries 1 and 2). Complex 8c was twice as fast as 2, converting 57 % in 

4 hours and yielding a kapp of 7.32 × 10-5 s-1 (c.f. 3.74 × 10-5 s-1 for 2). A look at the log plot 

however reveals a considerable lag time, indicating that the dimeric structure of 8c may have 

trouble breaking down in the presence of the monomer (Figure B37). The high activity 

exhibited by 2 and 8c comes with a cost: the resulting polymer exhibits little stereoregularity 

(Pr = 0.47 and 0.57 respectively; See Appendix C). 

 

While the monomer has been continuously employed to tune thermal properties or 

biodegradability,132, 168-173 homo-polymerisations using Al-based complexes were less 

investigated as they can result in undesirable properties (See Section 1.2.3). Generally, the 

polymerisation of β-BL proceeds slower than that of rac-LA and requires higher temperatures. 

Nomura and co-workers found that aluminium complexes bearing a phenoxy-imine ligand 

required 6 days at 70 °C to reach 82 % conversion.174 Another group with the same name 

conducted structure activity relationship studies with this scaffold and found that minor 

changes in the structure can lead to loss of its propensity to polymerise β-BL.175 Unpublished 

results by Carpentier and Guillaume showed that a Al(OTf)3/BnOH system can function at 60 

°C leading to 35 % conversion in 30 minutes.176  
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Regarding the polymerisation of TMC, not many aluminium catalysts have been reported. Most 

require temperatures above 70 °C to proceed,177-179 except for a complex reported by Dagorne 

and co-workers.180 The N’O’N-supported tetracoordinate aluminium complex can reach up to 

90 % conversion in 5 minutes with good control. Complex 2 was capable of polymerising TMC 

at room temperature, albeit at lower activities (Table 9, Entry 3). The discrepancy between 

calculated and measured Mn, as well as the very high dispersity of the polymer, indicate that 

similar deactivation processes as in the case of ε-CL might be in place. A look at the log plot 

(Figure B39) reveals a sharp drop in activity after the first data point, suggesting that the 

primary alkoxide formed by the opening of the TMC may promote the dimerisation and 

subsequent deactivation of the catalyst. This notion was reinforced using 8c (Table 9, Entry 4), 

which formed polymers that differ highly from the expected Mn (22.3 vs. 7.5 kg/mol). The log-

plot shows a straight line that passes through the origin, indicating that the primary alcohol 

merely slows down the polymerisation rate and does not deactivate the catalytic species (Figure 

B40). 

Interestingly, complexes 2 and 8c were only able to polymerise ω-PDL out of the entropy-

driven monomers (Table 9, Entries 5-10), requiring a temperature of 100 °C to proceed with 

the polymerisation. These polymerisations only reached conversions up to 15 % with the 

polymer having substantially higher molecular weights than was expected. The high dispersity 

(Ð > 1.5) suggests that the complexes may also form stable dimeric complexes due to 

the primary alkoxide formed upon ring-opening of ω-PDL. 

 

EB and S-PhDOX were not polymerised at either room temperature or elevated 

temperatures (up to 90 °C). The monomers differ from the ones previously tested in the sense 

that the thermodynamic driving force of their polymerisation is an increase in entropy as 

opposed to a release in enthalpy. The macrolactones may be too big to take full advantage of 

the NH moieties of the complexes. Furthermore, while smaller lactones adopt a cisoid 

conformation, macrolactones lack ring strain which results in them adopting a transoid 

conformation.181 This can make the ester moiety less accessible for NCI formation, resulting 

in low activities. A further increase in temperature may facilitate polymerisation by helping to 

overcome the activation energy as well as increasing the contribution of entropy towards the 

spontaneity of the reaction (ΔG = ΔH – TΔS). 
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Scheme 12. Possible deactivation pathways of aluminium complexes by formaldehyde 

 

The inactivity towards S-PhDOX was particularly interesting. Polymerisations of this 

monomer run by Shaver and co-workers used an aluminium salen complex tethered by a 1,3-

propanediamine.167 It was suspected that the NH moieties on 2 and 8c were the reason why 

these catalysts were inactive. The opening of one equivalent of S-PhDOX results in the release 

of one equivalent of formaldehyde which may react with the acidic NH groups in a similar 

fashion as in the Mannich reaction (Scheme 14). Not only does this reaction lead to the loss of 

the NH moiety, but the intermediate (I) can react with another equivalent of the secondary 

amine to form a methylenebisamine which would also result in a drastic change in reactivity. 

Indeed, research conducted by Fernandez and Butler,182 as well as Wagner,183 show this to be 

a feasible route at room temperature. The release of an equivalent of water may react with the 

aluminium metal centre to form a hydroxo complex, leading to a complete deactivation. This 

theory of deactivation was tested by adding 20 equivalents of benzaldehyde to a polymerisation 

mixture of 2 and rac-LA. If the polymerisation does not proceed, then that indicates a 

decomposition reaction between the catalyst and the benzaldehyde. However, over multiple 

runs, no deactivation occurred. This indicates that benzaldehyde is either not reactive enough, 

or that another process is responsible for the deactivation of the complex. 

 

2.4.5 Reactions using MeL2Al(Et) (11) 

Due to the lack of reactive NH moieties, the use of the methylated analogue 11 on S-PhDOX 

was investigated. However, employing 11 at temperatures of 25, 50, and 90 °C did not result 

in any conversion of the starting material. Given that the complex was not reactive towards 

rac-LA, it is still unclear whether the general lack of reactivity of the catam complexes towards 



111 

 

S-PhDOX stems from a side-reaction of the NH groups with the produced formaldehyde, or 

from general incompatibility. 

 

 

Scheme 13. Mechanism of the aluminium catalysed Tishchenko reaction 

 

To study this further, 11 was employed in the Tishchenko reaction which involves the 

disproportionation of 2 equivalents of an aldehyde to form the corresponding ester (Scheme 

15).184 Aluminium-based complexes are particularly effective in the catalysis of this 

transformation.185 The reaction was thus used to probe whether the aldehydes deactivate 11. 

Using 11 in C6D6 with 50 equivalents of benzaldehyde and one equivalent of iPrOH, the 

reaction was found to have reached 88% conversion in 5 minutes at room temperature, making 

this complex particularly active (Figure A13). The aldehyde functionality thus does not appear 

to be reason for the inactivity of 11 towards S-PhDOX and points to an incompatibility of 

another kind being present. 

 

2.4.6 H2
HL1 and H2

HL2 as Organocatalysts 

Given that complexes 2 and 8c were found to form favourable NCIs during polymerisation, the 

pro-ligands H2
HL1 and H2

HL2 were tested as organocatalysts for the ROP of rac-LA. The 

solvent that was predominantly used was DCM as the coordinating abilities of THF may 

hamper the rate of polymerisation. In addition to being a H-bond donor, the systems also 

require the addition of an alcohol (iPrOH) and a base [(-)-sparteine]. In the absence of a pro-

ligand, polymerisations of rac-LA were slow, converting only 7 % of the monomer after 24 

hours at room temperature (Table 10, Entry 1). Furthermore, the polymerisations were not 

found to occur in the absence of either iPrOH or sparteine (Table 10, Entries 2 and 3). However, 

when all components of the catalytic system were present, an enhancement in activity was 

observed in which a conversion of 27 % was achieved after 24 hours for H2
HL1 (Table 10, 

Entry 4). This activity almost doubled when H2
HL2 was employed (Table 10, Entry 5). The 

catam ligand is thus an interesting molecule as the use of the salan analogue of H2
HL1 hampered 

the polymerisation (Table 10, Entry 7). Therefore, the presence of NH moieties alone is not 
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enough to cause activity in the polymerisation. Likely, the distance between the NH groups as 

well as their arrangement in space is considerably more favourable in the catam ligands, 

allowing them to mimic the mechanism of thioureas and squaramides. 

As expected, when the polymerisation was carried out in THF, the conversion dropped to 4 % 

indicating that the choice of solvents is crucial in the organocatalysis (Table 10, Entry 6). 

Table 10. rac-LA ROP catalysed by H2-HL1, H2
HL2, and H2-salan. 

Entry Cat Cat./iPrOH/sparteine/LA Solvent 
T 

(°C) 

Time 

(h) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc)
c
 

(kg/mol) 

1 - 0/1/1/20 DCM 25 24 7 0.8 (1.3) 1.1 

2 H2
HL1 1/0/0/20 DCM 25 67 0 - - 

3 H2
HL1 1/1/0/20 DCM 25 67 0 - - 

4 H2
HL1 1/1/1/20 DCM 25 24 27 1.0 (1.1) 3.8 

5 H2
HL2 1/1/1/20 DCM 25 24 50 - - 

6 H2
HL1 1/1/1/20 THF 25 24 4 NA 0.6 

7 
H2-

salan 
1/1/1/20 DCM 25 24 0 - - 

Reaction conditions: [LA]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of signals at 5.06 ppm (monomer) 

and 5.20 ppm (polymer); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion. 

 

 

2.5 Conclusion 

 

This chapter demonstrated the relative ease in which the catam pro-ligands H2
HL1 and H2

HL2 

can be synthesised and modulated. The NH groups were found to be reactive enough to 

deuterate the pro-ligands to D2
DL1 and D2

DL2. Furthermore, N-methylations could be 

performed via a one-step reaction to yield H2
MeL1 and H2

MeL2.  

The pro-ligands were successfully reacted with Al(Et)3 and various alcohols to yield aluminium 

alkyl and alkoxide derivatives  1-11. These were successfully characterised using methods such 

XRD as well as NMR and IR spectroscopy.  

Application of the complexes in rac-LA polymerisation showed the HL complexes to be very 

active in polymerisation at room temperature yielding highly heterotactic and slightly isotactic 

PLA for 2 and 8c respectively. The use of the deuterated DL complexes resulted in a decrease 

in activity indicating that the NH moieties play an important role in the polymerisation which 

was substantiated by DFT calculations. The substrate was found to bind onto the NH groups, 
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which suitably orients and withdraws electron density from the monomer prior to nucleophilic 

attack. The polymerisation was found to only occur at elevated temperatures upon use of the 

MeL complexes, further substantiating the claims. 

Polymerisations carried out on a variety of monomers showed the protonated complexes to be 

active at room temperature in the polymerisation of L-LA, meso-LA, ε-CL, ε-DL, β-BL, and 

TMC. Despite the absence of stereoselectivities for meso-LA and β-BL, catam catalysts were 

found to be highly versatile toward lactone ROP. However, ROP of entropy-driven monomers 

such as PDL, EB, and S-PhDOX remains challenging.  

The catam ligand is a promising ligand scaffold which affords highly active catalysts for 

lactone ROP. Owing to these positive results, the catam family was explored further in the 

subsequent chapters by modification of the scaffold. 
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3.1 Introduction 

As will be elucidated in this section, chiral metal complexes can be synthesised using chiral 

pro-ligands. Chirality transfer from a ligand onto a metal complex has been of interest in 

catalysis as enantiopure compounds are of importance across many fields in chemistry.1-3 

However, such a chirality transfer is not always straightforward and can result in multiple 

diastereomers being produced (see complexes IV-a to -c in this section). This introduction 

describes recent examples of chiral aluminium complexes in cyclic ester ROP. For the sake of 

brevity, only aluminium-based complexes will be discussed. 

 

3.1.1 Pioneering Work on Chiral Aluminium Catalysts 

As mentioned in Section 1.5.1, Spassky and co-workers were the first to employ salen metal 

complexes in the polymerisation of cyclic esters.4, 5 Achiral aluminium methoxide complexes 

required high temperatures to proceed with the polymerisation of LA (70 - 100 °C), and 

generally offered poor control (Ð ~ 2 - 5). In 1996, Spassky and co-workers published a 

landmark paper in which they use a chiral aluminium SalBinap (salen ligand tethered by a 

Binap linker) methoxide complex (R-SalBINAP-Al-OMe) for the ROP of rac-LA (Chart 1, 

(R)-I).6 The enantiopure complex, which consisted of the (R) enantiomer exclusively, still 

required elevated temperatures to proceed but was able to reach a 19 % conversion having 

polymerised mostly D-LA (Pm = 0.88). In fact, (R)-I polymerised D-LA 20 times faster than L-

LA, meaning that polymerisations in rac-LA go through two distinct kinetic regimes: 

- An initial fast regime in which (R)-I predominantly polymerises the D-LA molecules 

present in the substrate leading to highly isotactic PDLA. 

- A slower regime after most of the D-LA in the substrate pool is consumed. This regime 

polymerises the L-LA left in the mixture at a slower rate (in this case 20-fold). 

By allowing the polymerisation to go to completion (97.5 % conversion), the resulting polymer 

was found to form a stereoblock polymer (PDLA-b-PLLA) [Mn = 12.7 kg/mol, Đ = 1.3] 

exhibiting melting points higher than that of optically pure PLLA (187 °C vs. 175 °C for PDLA-

b-PLLA vs. PLLA respectively), indicating the formation of a stereocomplex.7 Ovitt and 

Coates found that (R)-I had a propensity to aggregate, which was hindered by substituting the 

methoxide ligand with the bulkier isopropoxide group (Chart 1, (R)-II).8, 9 The stereoselectivity 

of the complex remained the same, showing that rac- and meso-LA can be polymerised to yield 

isotactic and syndiotactic PLA respectively regardless of the nuclearity of the complex.7-9 
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Chart 1. Salen complexes bearing BINAP and diaminocyclohexane linkers. 

 

In 2000, Radano et al. extended this research by synthesising a racemic mixture of the complex 

(Chart 1, rac-II) and employing it in the polymerisation of rac-LA.10 This should have ideally 

led to the parallel synthesis of PDLA and PLLA chains (and thus resulting in a stereocomplex) 

as each enantiomer of the catalyst preferentially polymerises an enantiomer of rac-LA.11 

Although the resulting polymer exhibited a higher melting point than optically pure PLLA, 

Coates and co-workers proved that PDLA-b-PLLA block polymers were formed instead of 

separate PLLA and PDLA chains.7, 9 This was attributed to the fact that stereoerrors cause the 

polymer chain to exchange to a catalyst preferential to that error. This results in propagation of 

the stereoerror which is exhibited by the formation of isotactic regions in the chain. In 2004, 

Majerska and Duda took advantage of this mechanism to synthesise stereoblock polymers with 

a melting point of 210 °C via a chiral-ligand-exchange mechanism.12 Therein, they allowed S-

SalBINAP and Al(OiPr)3 to react in THF for 24 hours prior to the addition of rac-LA. The 

polymerisation was then monitored until a conversion of 50 % was reached, upon which an 

equimolar amount of R-SalBINAP (relative to S-SalBINAP) was introduced. The 

polymerisation was allowed to continue until high conversions (> 90 %) were reached. A 

crystallinity of 70 % was observed in the polymer and the unusually high melting temperatures 

point towards the formation of a stereocomplex. 

 

Overall, the SalBINAP system illuminated a grey area in LA polymerisation, allowing to 

finally make stereocomplex PLA from rac-LA and thus omitting the need of blending PLLA 

and PDLA. In 2002, Feijen and co-workers expanded on this research by studying aluminium 

isopropoxide complexes bearing the well-studied Jacobsen salen ligand.13, 14 Extensively 

employed in asymmetric epoxidation,15 the Jacobsen ligand is considerably more convenient 
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to synthesise than the SalBINAP ligand and bears two stereocentres on the cyclohexyl moiety. 

Thus, complexes (R,R)-III-a and rac-III-a (Chart 1) were prepared from the enantiopure (R,R) 

and a racemic mixture of the Jacobsen ligand respectively. (R,R)-III-a was found to have a 

strong preference for L-LA, polymerising the enantiomer 14 times faster than with D-LA (c.f. 

kD / kL = 20 for R-I).16 The racemic complex rac-III-a catalysed the polymerisation of rac-LA 

to form a stereoblock PLA with a Pm of 0.93. The high isoselectivity was maintained in solvent 

free conditions (130 °C) which was at the time unprecedented. Furthermore, the polymer 

showed no signs of transesterification which was in sharp contrast to achiral aluminium salen 

methoxides.17 

 

In 2015, Gao et al. extended Feijen’s work to other aluminium complexes by changing the 

substituent of the aromatic backbone ((R,R)-III-b to (R,R)-III-d).18 It was found that high 

isoselectivities were generally maintained with (R,R)-III-b and (R,R)-III-d (Pm > 0.85). 

However, the use of the chloro-substituted (R,R)-III-c resulted in a loss in selectivity (Pm = 

0.57). Although Gao and co-workers attributed this behaviour to the loss of steric bulk on the 

aromatic substituents, it is important to note that Carpentier and co-workers observed C-H···Cl 

interactions between the chloro groups and the protons on the polymer chain when using a 

chloro-substituted yttrium complex (see Section 2.1.4.2). Furthermore Chen et al. synthesised 

a racemic analogue rac-III-e which bears the bulkier cumyl substituents instead and found a 

decrease in the isoselectivity of their complex (Pm = 0.76).19 Thus the observed trend may not 

simply be reduced to steric bulk only. The electronic effects that come with the change in 

substituents may influence the complex and even lead to the formation of NCIs between the 

ligand and the polymer chain, affecting stereoselectivity.  

 

3.1.2 Enantiotopic-Site Control vs. Chain-End Control Mechanism 

As mentioned in Section 1.4.4, stereocontrol can mainly occur via two mechanisms: 

- Chain-end control (CEC) in which the chirality of the chain-end bound to the catalyst 

determines the preference of the next monomer insertion. 

- Enantiotopic-site control (ESC) in which the chirality of the catalyst dictates the 

preference for the enantiomer regardless of the chirality of the chain-end. 

The above results indicate that stereocontrol can occur through an ESC mechanism as 

enantiopure forms of the described catalysts preferentially polymerise one LA enantiomer over 

the other when placed in rac-LA. This can be rationalised by the stereocentres imparting a 
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chirality on the catalytic pocket that favours a particular LA enantiomer.20 However, 

mechanistic studies conducted by Chisholm et al. show that rationalising and segregating 

catalyst selectivities into ESC and CEC mechanisms is an inaccurate method.21, 22 Furthermore, 

looking at Feijen’s system specifically (III), it was postulated that the chiral centres on the 

catalyst, the chirality of the ultimate (as well as the penultimate) unit of the chain-end, the 

coordination mode of the ligand around the metal centre (Λ vs. Δ), and the solvent all affect 

stereoselectivity. 

Thus, a chiral catalyst does not necessarily regulate stereoselectivity via an ESC mechanism 

only and can carry out both forms of stereocontrol simultaneously. 

 

3.1.3 Elucidation of Selectivity in Chiral Catalysts 

 

Chart 2. Salan analogues of Feijen’s salen complex III. 

 

In 2009, Feijen and co-workers extended their work to include chiral salan ligands.23 Using 

their previous “Jacobsen motif”, the group attempted to synthesise enantiopure and racemic 

versions of different chiral salan aluminium ethyl complexes (Chart 2). Interestingly, NMR 

studies have found that complexes (R,R)-IV-a to -c exist as two monomeric diastereomers in 

solution in which the N-Me groups are either cis or trans to one another. At room temperature, 

these exist in a cis:trans ratio of 10:4, 10:2.5, and 10:3 for (R,R)-IV-a, -b, and -c respectively. 

Despite the presence of multiple diastereomers in solution, IV-a to -c were tested in the 

polymerisation of rac-LA. The microstructure of the polymers ranged from slightly isotactic 

(Pm = 0.66) to moderately heterotactic (Pr = 0.73). Furthermore, the complexes bearing the 

(R,R) ligand showed a strong propensity to polymerise one enantiomer over the other, albeit to 

a lesser extent than I and III-a. For example, (R,R)-IV-a polymerises L-LA 10 times faster 

than D-LA but still only produces PLA with an isotactic bias (Pm = 0.66). While preferential 

polymerisation of one LA enantiomer over the other is indicative of an ESC mechanism, it is 

impossible for it to produce heterotactically biased PLA as was seen with complexes (R,R)-IV-

b and -c. This indicates that the ESC and CEC mechanisms co-exist in these cases. It has been 

postulated that both mechanisms compete (leading to lower stereoselectivity) and that polymer 
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chain exchange occurs throughout polymerisation. However, given that diastereomers of the 

complexes were observed in solution, it is difficult to rationalise whether the competition 

between CEC and ESC mechanisms arises due to each diastereomer preferring one mechanism 

over the other, or whether both mechanisms are simultaneously carried out regardless of the 

diastereomer. 

 

 

Chart 3. Chiral complexes synthesised by Kol and co-workers, Pilone et al., and Maudoux et al. 

 

The exchange of the propagating chain was later coherently incorporated into a mechanism by 

Kol and co-workers.24 The group synthesised enantiopure and racemic versions of two 

complexes supported by a chiral 2,2’-bipyrrolidine salan ligands (Chart 3, left). The 

polymerisation of rac-LA by (R,R)-V-a resulted in PLA with moderate isotacticity (Pm = 0.72) 

while the use of the racemic catalyst rac-V-a led to a significantly lower isotacticity (Pm = 

0.56). The use of (R,R)-V-b led to the formation of slightly heterotactic PLA (Pr = 0.64) while 

rac-V-b produced highly heterotactic PLA (Pr = 0.86). The drastic increase in heteroselectivity 

was explained with a mechanism in which the insertion of a given lactide enantiomer is only 

favoured for a specific chirality of the catalyst (Scheme 1). The resulting diastereomeric 

combination leads to an inactive species which undergoes polymeryl exchange with a catalyst 

of opposite chirality, leading to an active diastereomeric combination that can insert the next 

lactide unit and thus restart the cycle. This is conducive to a chain-end control mechanism in 

which the insertion of a monomer specifies the preference of the next monomer insertion. 
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Scheme 1. Chain-end control mechanism proposed for the heteroselectivity of catalysts (Adapted from Kol and co-

workers).24 

 

An ESC mechanism is not imperative to the production of isotactically enriched PLA. For 

example, Pilone et al. reported chiral aluminium salalen catalysts that partly rely on a CEC 

mechanism for the isoselective polymerisation of rac-LA (Chart 3, centre).25 (S)-VI was 

slightly slower than rac-VI (78 vs. 85 % conversion after 24 hours at 70 °C) but produced PLA 

that was more isotactic (Pm = 0.82 vs. 0.70). Analysis of aliquots taken periodically during 

polymerisation of rac-LA by (S)-VI found an ESC mechanism to be preferred at low 

conversions. However, the CEC mechanism becomes more dominant as conversion increases 

and was found to be the prevailing mechanism over the course of the polymerisation. Maudoux 

et al. have also described an enantiopure chiral aluminium salen catalyst (Chart 3, right) that 

generates highly isotactic PLA (Pm ~ 0.90) albeit with low activities (38 % after 144 hours at 

90 °C).26 Kinetic studies found no change in the kinetic regime as rac-LA was polymerised 

indicating that a CEC mechanism was dominant. 

 

3.1.4 Other Chiral Aluminium Catalysts 

Chen et al. found that a salen aluminium alkoxide complex tethered by a chiral 1,3-

pentanediamine linker was highly isoselective (Pm = 0.97) at 70 °C, converting 57 % of rac-

LA over 24 hours while retaining the living features of ROP (Chart 4, VIII-a).19 Interestingly, 

its alkyl analogue (VIII-b) was found to be more active at the same conditions (with addition 

of BnOH), reaching conversions of 93 % after 18 hours albeit with lower selectivities (Pm = 

0.60). Furthermore, the same ligand bearing two aluminium metals (Chart 4, IX) was found to 

be slower (73 % after 18 hours) but exhibited higher selectivities (Pm = 0.76). 
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Zhao et al. synthesised several monomeric and dimeric chiral biaryl Schiff-base aluminium 

complexes tethered by BINAP-type linker. Interestingly, all polymerisations led to 

heterotactically-enriched PLA.27-30 

 

 

Chart 4. Chiral complexes synthesised by Chen et al. 

 

Exploration of chiral aluminium catalysts was not only limited to salen/salan complexes. 

Carpentier and co-workers examined aluminium complexes of fluorinated dialkoxy-diimino 

salen-like ligands (Chart 5, X) showing that high isoselectivities can be maintained in solution 

and melt conditions (Pm = 0.77 – 0.81).31 A conversion of 68 % was achieved after 24 hours at 

70 °C while 88 % of monomer was converted after 72 hours in the melt (130 °C). However, 

the high isoselectivity was not exclusive to the chiral complexes but also exhibited by the more 

active achiral catalyst (Chart 5, XI), indicating that the chiral component of the catalyst may 

not be the reason for such selectivities. 

 

 

Chart 5. Chiral and achiral dialkoxy-diimino salen-like complexes synthesised by Carpentier and co-workers. 

 

It should become increasingly apparent that stereoselectivity is not inherently linked to chirality 

of a catalyst. In fact, a clear rationale is not present regarding the design of chiral catalysts as 

many different factors affect a catalyst’s performance. For example, Okuda and co-workers 

synthesised complexes bearing O’S’S’O-donor ligands (Chart 6, rac-XII and rac-XIII).32 
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Complex rac-XII was a stable dimer. The crystal structure of rac-XIII showed a dimeric 

heterochiral structure, meaning that the mers correspond to a (R,R) and (S,S) component. 

However, the complex was found to be monomeric in solution. In polymerisation, complex 

rac-XIII was found to be 8 times more active than the dimeric rac-XII, reaching 91 % 

conversion after 6 hours at 70 °C. Complex rac-XII required a polymerisation time of 49 hours 

to reach the same conversion. It is thus apparent that nuclearity of the complexes makes a 

difference in rac-LA polymerisation. However, the PLA was found to be atactic in both cases, 

indicating that the proximity of the chiral centres to the metal centre may not always have an 

impact on stereoselectivity. 

 

 

Chart 6. Complexes synthesised by the groups of Okuda (XII and XIII) and Du (XIV). 

  

Du and co-workers synthesised a range of chiral aluminium anilido-oxazolinate complexes that 

feature a chiral centre on the fifth membered ring backbone (Chart 6, XIV, R1 = (S)-iPr, (R)-

Ph, (R)-tBu). The complexes polymerised rac-LA at 80 °C in a controlled fashion, reaching 

conversions of up to 98 % after 24 hours, with polymer microstructures ranging from slightly 

isotactic to moderately heterotactic (Pr = 0.4 – 0.74) . The authors attributed the observed trends 

to the other substituents on the ligands (R2 - R4), citing electronic and steric factors as the sole 

reason for the observed behaviour.33  

 

Darensbourg and Karroonnirun reported chiral (and achiral) half-salen complexes (Chart 7). 

Complexes XV-a to -d were dinuclear aluminium complexes of which XV-a was the most 

active and isoselective (57 % conversion after 66 hours at 70 °C; Pm = 0.70). Interestingly, 

complex XV-d showed no activity at the same conditions. All complexes were found to 

epimerise rac-LA into meso-LA to some extent. Complexes XVI-a and XVI-b showed better 

activity, polymerising up to 36 and 42 % of rac-LA after 15 hours at the same conditions. 

Furthermore, stereoselectivity was found to be moderate (Pm = 0.74 and 0.72 for XVI-a and 
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XVI-b respectively). Although not discussed the mononuclearity of the complexes XVI-a and 

-b is likely the cause for the higher activity. Whether this contributed to the increased 

isoselectivity is unclear. 

 

 

Chart 7. Chiral complexes synthesised by Darensbourg and Karroonnirun. 

 

In the same vein, Jones and co-workers synthesised a variety of chiral aminopiperidine-based 

half-salalen ligands (Chart 8, XVII-a to XVII-c) and complexed them with AlMe3 (amongst 

other metals). The complexes were active at 80 °C, polymerising between 72 – 96 % over 24 

hours.34 Complexes XVII-a and -b were moderately heteroselective (Pr = 0.69 and 0.68 

respectively) while XVII-c was slightly isoselective (Pm = 0.61). They noted that the 

production of isotactic PLA for the adamantylated XVII-c was due to steric contributions. The 

group extended the research to salalen complexes bearing the same aromatic substitutions as 

with complexes XVII (XVIII-a to -c). These were considerably slower with complexes XVIII-

a to -c taking 10 days at 80 °C to reach a conversion of 88, 88, and 89 % respectively. 

Furthermore, the molecular weights were much higher than anticipated (19.4 – 22.7 kg/mol vs. 

expected weights of ~12.7 kg/mol). This could be due to slow generation of an active species, 

resulting in only a fraction of the complexes carrying out the polymerisation. While XVIII-a 

exhibited a slight isotactic bias (Pm = 0.63), complexes XVIII-b and -c produced atactic (Pr = 

0.56) and moderately heterotactic (Pr = 0.68) polymers respectively. 
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Chart 8. Chiral salan and salalen complexes synthesised by the Jones group. 

 

Salan ligands bearing the same motif were also considered (XIX-a to -c) with complex XIX-a 

showing moderate isoselectivity (Pm = 0.75) and converting 65 % of rac-LA after 3 hours at 

80 °C. Complexes XIX-b and XIX-c showed slight isoselectivities (Pm = 0.59 and 0.64). 

 

3.1.5 Aims and Objectives 

 

Figure 1. Structure of H2
HL3. 

 

It is apparent that chiral components in a catalyst can lead to enhanced stereoselectivities, 

although the mechanism through which this occurs is not always clear. An ESC mechanism is 

not always a dominant one and the selectivity can end up being governed by the chirality of 

the chain-end instead (via CEC). Further to this, Gibson and co-workers previously showed 

how sensitive aluminium catalysts are to the nature of substituents on their ligand, meaning 

that a slight change in steric or electronic properties can nullify the advantageous effects that a 

chiral component may bring.35 This is substantiated by the studies conducted by the groups of 

Darensbourg and Jones. There are numerous instances where highly isotactic PLA was 

achieved using achiral aluminium catalysts,19, 36-39 which prompts the question as to why a 

chiral catalyst is necessary in the first place. Given the lack of understanding for structure-

activity relationships with aluminium-based catalysts, the field of chiral catalysis was explored 

further by synthesising chiral catam ligands and examining their behaviour in cyclic ester ROP. 
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The previous chapter detailed how the HL2 ligand led to Al catalysts affording highly active 

polymerisation at room temperature and slightly isotactic PLA (Pm = 0.60). Given these 

promising results, chiral ligands were sought after to enhance stereoselectivity whilst keeping 

high activity. The ethylene linker was replaced by a trans-cyclohexane bridge (Figure 1, dotted 

line) to yield H2
HL3, which would increase the rigidity of the scaffold as well as introduce two 

chiral centres, both factors being beneficial to stereoselectivity. As the salen-analogue by 

Feijen was known to be highly stereoselective (III-a), this catam ligand was a good contender. 

 

 

3.2 Pro-Ligand Synthesis and Complex Characterisation 

 

3.2.1 Pro-Ligand Synthesis 

 

Scheme 2. Synthesis of pro-ligands (R,R)-, (S,S)-, rac-, and cis-H2
HL3. 

 

The synthesis of rac-H2
HL3 was initially attempted using the method previously reported by 

Wieghardt and co-workers in which the diamine and catechol reagents were refluxed in 

acetonitrile.40 Although the procedure was successful for the synthesis of H2
HL1 and H2

HL2, 

no product precipitated out of solution. Instead, a modified literature procedure was employed, 

where 3,5-di-tert-butylcatechol and rac-trans-1,2-diaminocyclohexane were stirred in n-

hexane with a catalytic amount of triethylamine over the course of 4 days at room temperature 

(Scheme 2).41 This resulted in a precipitate, which was filtered and washed with n-hexane to 

afford the pro-ligand in good yield. Although the synthesis of this compound was never 

described academically, a patent that follows a similar synthetic procedure mentioned its use 

as a precursor for the synthesis of a N-heterocyclic carbene ligand.42 The 1H NMR spectrum 

(CDCl3, 298 K) of rac-H2
HL3 exhibits a C2-symmetric species in solution with two 

characteristic aromatic doublets (δ1
H = 7.17 and 6.85 ppm) and tBu peaks (δ1

H = 1.45 and 1.36 
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ppm) (Figure A3). The protons on the cyclohexyl moiety appear to be non-equivalent, resulting 

in multiple downfield signals across the spectrum (1.26 < d < 2.40).  

 

 

 

Figure 2. Top: CD spectra of ligands rac-H2
HL3 (blue), (R,R)-H2

HL3 (orange), (S,S)-H2
HL3 (red) in dichloromethane (c = 

0.33 mM). Bottom: Chiral HPLC traces for rac-H2
HL3 (top), (S,S)-H2

HL3 (middle), and (R,R)-H2
HL3 (bottom) showing a 

high enantiomeric excess for the enantiopure ligands. 

 

Given the success in the synthesis of rac-H2
HL3, the scope was extended to the synthesis of 

enantiopure analogues (R,R)- and (S,S)-H2
HL3 using (R,R)- and (S,S)-trans-1,2-

diaminocyclohexane respectively. The 1H NMR spectra (CDCl3, 298 K) of the enantiopure 
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pro-ligands are identical to that of the racemic ligand, which was expected due to enantiomers 

exhibiting only a difference in optical properties as opposed to physical properties (Figure A4). 

However, this does not guarantee that the expected products were formed as the chirality of the 

reactants may not be retained throughout the reaction. Thus, the optical activity of the racemic 

and enantiopure ligands were analysed by circular dichroism (CD) (Figure 2, top). The overlay 

of the traces shows that the enantiopure ligands each absorb circular polarised light of one 

particular direction, resulting in traces that are opposites of each other. The racemic ligand 

however exhibits a trace that is relatively flat due to the absorptions of the enantiomers 

cancelling each other out. These results indicate that the enantiopure ligands are at an 

enantiomeric excess. The analysis was extended through the use of chiral HPLC which found 

that the enantiopure ligands had a high enantiomeric excess (%ee > 99 %) while the racemic 

ligand had a %ee of 0 (Figure 2, bottom). It can thus be said with certainty that the chiral centres 

of the diamines were retained throughout the ligand synthesis, resulting in a highly enantiopure 

ligand in the case of (R,R)- and (S,S)-H2
HL3, and a racemic ligand in the case of rac-H2

HL3. 

 

Using the same synthetic procedure as for (R,R)-, (S,S)-, and rac-H2
HL3, the synthesis of cis-

H2
HL3 was attempted using cis-1,2-diaminocyclohexane (Scheme 2), which features two chiral 

carbon atoms of opposite absolute configuration. After 4 days, a precipitate had formed which 

was filtered and washed. The 1H NMR spectrum (CDCl3, 298 K) shows a C2-symmetry in 

solution and exhibits a distinct set of broad peaks (Figure A5). This indicates that a slow 

exchange occurs as the peaks are not sharp and thus difficult to integrate. Three signals 

corresponding to the cyclohexyl CH2 protons, integrating to a total of 6 protons, can be found 

at δ1
H = 1.69 ppm. A fourth peak is present under the tBu peak at δ1

H = 1.41 ppm. The high-

resolution mass spectrum (HRMS) confirmed the formation of the expected product cis-H2
HL3. 

Thus, the synthesis of (R,R)- and (S,S)- and rac- and cis-H2
HL3 was carried out successfully 

through a modified literature procedure resulting in good yields (> 45 %).41 

 

3.2.2 Modification of Aromatic Substituents 

In order to increase the bulkiness around the metal, synthesis of the rac-H2
HL3 analogue 

bearing adamantyl (Ad) instead of tBu groups was undertaken. The synthesis of a partially and 

fully adamantylated ligand was targeted (Scheme 3). Although not expanded on in this thesis, 

this work seeks to demonstrate that aromatic modulation of the catam pro-ligand is possible. 
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The 3,5-di-adamantyl-catechol was synthesised following a well-established literature 

procedure in which 1 equivalent of catechol was stirred with 2 equivalents of 1-adamantol in 

trifluoroacetic acid (TFA) for 16 hours at room temperature (Scheme 3, top).43 The protonation 

of the hydroxy group of 1-adamantol by TFA is favoured, which following a dehydration yields 

a stable tertiary cation that can undergo electrophilic substitution on the aromatic ring. 

 

 

Scheme 3. Synthesis of 3,5-di-adamantyl catechol (top) and 3-tert-butyl-5-adamantyl catechol (bottom). 

 

The partially adamantylated 3-tert-butyl-5-adamantyl-catechol was also synthesised in a 

similar fashion as per above using 1 equivalent of 4-tert-butylcatechol and 1 equivalent of 1-

adamantol instead (Scheme 3, bottom). The 1H NMR spectrum (CDCl3, 298 K) shows the 

presence of one tBu and one Ad group on the catechol (Figure A6). Further confirmation of the 

product was obtained via HRMS. 

 

Two equivalents of the partially adamantylated 3-tert-butyl-5-adamantyl-catechol was reacted 

with one equivalent of rac-trans-1,2-diaminocyclohexane in hexane under the presence of a 

catalytic amount of triethylamine to yield rac-H2
AdL3 after 4 days. Interestingly, the 1H NMR 

spectrum (CDCl3, 298 K) showed the presence of two species in solution, making attribution 

to the peaks complicated. This likely arises from different forms of intramolecular H-bonding 

involving the NH and OH moieties, giving rise to species that are magnetically inequivalent. 

However, upon measuring the 1H NMR spectrum in DMSO-d6 (298 K), a single set of peaks 

was obtained (Figure 3). As DMSO can act as an H-bond acceptor, it would influence the 

intramolecular H-bonding to yield a single species in the 1H NMR spectrum. The molecule 

exhibits a C2-symmetric structure in solution with two peaks in the aromatic region (δ1
H 6.91 

and 6.81 ppm) as well as characteristic NH (δ1
H 4.71 ppm), adamantyl (δ1

H 2.09, 2.01, and 1.71 

ppm), and tBu (δ1
H 1.21 ppm) signals. This confirms the successful synthesis of the rac-H2

AdL3. 
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Figure 3. 1H NMR spectrum (DMSO-d6, 298 K) of rac-H2
AdL3. 

 

The synthesis of the fully adamantylated Cy-catam ligand (rac-H2
Ad2L3) was then attempted 

with two equivalents of 3,5-di-adamantyl-catechol being reacted with one equivalent of rac-

trans-1,2-diaminocyclohexane. The only successful route appeared to be the refluxing of the 

reagents in MeCN over 2 hours. The resulting product was poorly soluble in most common 

organic NMR solvents (e.g. CDCl3, C6D6, DMSO-d6, and THF-d8) at room temperature, 

preventing characterisation of the substance. However, HRMS indicated the formation of the 

desired product. It appears that the substitution of all tBu groups with adamantyl groups led to 

a worsening of solubility properties. Thus, rac-H2
Ad2L3 was not employed any further. The 

increased solubility of 3-tert-butyl-5-adamantyl-catechol and the ligand rac-H2
AdL3 arises 

from the tBu group at position 3. As this hydrophobic group is at the periphery of the ligand, it 

can interact better with organic solvent molecules, leading to better solubility properties. 

Keeping one tBu group on the aromatic ring is thus beneficial as it allows for easier synthesis 

of pro-ligands and complexes, as well as facilitating their subsequent employment.  
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3.2.3 Attempted Synthesis of the Alkyl Complexes of rac- and cis-H2
HL3 

 

Scheme 4. Attempted synthesis of alkyl complexes bearing rac- and cis-H2
HL3 affording unextractable mixtures referred to 

as rac- and cis-mix12 respectively. 

 

The synthesis of Al complexes was initially explored using the pro-ligands rac- and cis-H2
HL3 

(Scheme 4). Their reaction with one equivalent of AlEt3 in THF at room temperature afforded 

an unextractable mixture of products (rac-mix12 and cis-mix12 respectively) after purification 

in pentane (Figures A25 and A26). These were comprised of the desired aluminium ethyl 

complex as well as the NH-deprotonated complex, similar to what was observed with complex 

7 (See Section 2.3.2.1). This was attributed to the cyclohexyl ligand backbone which is a C2-

linker (like the ethylene backbone in H2
HL2), leading to a geometry favouring the NH 

deprotonation. Stirring the crude product mixtures in pentane over 2 days did not change the 

composition of either rac- or cis-mix12, contrary to what was previously observed with 

complex 6. Furthermore, heating an NMR sample (C6D6) of cis-mix12 at 80 °C for 3 days did 

not resolve the spectrum (Figure A26, bottom).  

 

 

Scheme 5. Synthesis of deprotonated complex rac-13 from rac-H2
HL3 involving a step in which the mixture was heated. 

 

However, after dissolving rac-mix12 in toluene and heating it at 80 °C over 5 days (Scheme 

5), a single well-defined species was obtained as determined by 1H NMR spectroscopy. The 

1H NMR spectrum (CD2Cl2, 298 K) exhibits a C1-symmetric structure in solution (Figure 4) 

with four aromatic peaks (δ1
H 7.07, 6.86, and 6.54 ppm), one NH peak (δ1

H 2.65 ppm), and four 
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tBu peaks (δ1
H 1.52, 1.48, 1.17, and 0.87 ppm). The absence of the alkyl chain indicates the 

formation of the deprotonated complex rac-13. However, high yielding purification of the 

complex was found to be difficult due to high solubility in all common solvents (such as THF, 

pentane, toluene, diethyl ether, and DCM) and no satisfactory EA was obtained. 

 

 

Figure 4. 1H NMR spectrum (CD2Cl2, 298 K) of rac-13 obtained from the deprotonation of rac-mix12 through heating the 

mixture in toluene at 80 °C. 

 

Single crystals of rac-13 were grown by slow cooling of a warm solution in DCM and the 

molecular structure was determined using XRD (Figure 5). As with complex 6, the crystal 

structure is a centrosymmetric dimer consisting of two units. The two aluminium centres are 

bridged by the deptrotonated µ-N atoms, forming an Al2N2 quadrangle with a centre of 

inversion sitting at the middle. Both aluminium centres are pentacoordinate, exhibiting a 

geometry intermediate between square pyramidal and trigonal bipyramidal (τ5 = 0.53). This 

contrasts with complex 6, in which each aluminium centre exhibits a near-perfect square 

pyramidal geometry due to meridional coordination of the ligand. This deviation can be traced 

back to the rigid nature of the cyclohexyl linker, which forces the O’N’N’O-donors to occupy 

equatorial and axial positions. The dimer consists of both a (R,R)- and a (S,S)-HL3 unit, resulting 

in the formation of a heterochiral dimer. As the 1H NMR spectrum is in line with the formation 
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of a single species, this indicates that the heterochiral dimer (as observed by XRD analysis) is 

likely to be more stable than the corresponding homochiral dimers. Due to difficult high-

yielding synthesis of pure rac-12 and rac-13, the synthesis of alkoxide derivatives was 

investigated. 

 

 

Figure 5. Crystal structure of rac-13 (ellipsoid plot, 50% probability) showing a µ-N bridged dimeric structure as seen with 

complex 7 (Section 2.3.2.1). 

 

3.2.4 Synthesis of the Benzyloxy Complexes of (R,R)-, (S,S)-, and rac-H2
HL3 

3.2.4.1 Attempted Synthesis of (R,R)-, (S,S)-, and rac-14  

 

Scheme 6. Attempted complexation of (R,R)-, (S,S)-, and rac-H2
HL3 and reaction with BnOH yielding unextractable 

mixtures referred to as (R,R)-, (S,S)-, and rac-mix14 respectively 
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Given that a well-defined benzyloxy complex (8c) was synthesised through the addition of one 

equivalent of BnOH to the alkyl complex of H2
HL2 (6), and that the cyclohexyl moiety of pro-

ligand H2
HL3 is a C2-linker just like the ethylene moiety of H2

HL2, the synthesis of HL3Al(OBn) 

was attempted (Scheme 6). However, the reaction of (R,R)-, (S,S)-, and rac-H2
HL3 with AlEt3 

and subsequent addition of BnOH led to unextractable mixtures referred to as (R,R)-, (S,S)-, 

and rac-mix14. The 1H NMR spectra (C6D6, 298 K) of (R,R)- and (S,S)-mix14 are identical (as 

expected using enantiomeric ligand precursors) but differ significantly from the spectrum of 

rac-mix14 (Figure 6). As the EA suggests that the desired product was formed in all cases, it 

was thought that the spectra consist largely of a variety of aggregated species. This is favoured 

by the oxophilic nature of aluminium as well as the primary nature of the alkoxide co-ligand, 

allowing the species to aggregate in multiple ways, leading to a convoluted NMR spectrum. 

This was reinforced through DOSY analysis (C6D6, 298 K) on (S,S)-mix14, which shows that 

the relevant peaks adopt the same diffusion coefficient in line with a dinuclear structure (Figure 

A27). 

 

 

Figure 6: Stacked 1H NMR spectra (C6D6, 298 K) of (R,R)-mix14 (top), (S,S)-mix14 (middle), and rac-mix14 (bottom) 

obtained at room temperature by reaction of AlEt3 and BnOH with rac-H2
HL3, (S,S)-H2

HL3 and (R,R)-H2
HL3 respectively. 

 

rac-mix14 

(S,S)-mix14 

(R,R)-mix14 
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The NMR samples of (S,S)-, and rac-mix14 (C6D6, 298 K) were heated at 80 °C. For (S,S)-

mix14, the 1H NMR spectrum did not resolve after 16 hours (Figure A28). However, by either 

heating the solution of rac-mix14 at 80 °C over 2 hours or allowing it to stand at room 

temperature overnight, the 1H NMR spectrum became resolved and showed the formation of a 

single well-defined species termed rac-14 (Figure 7). 

 

 

Figure 7. Stacked 1H NMR spectra (C6D6, 298 K) showing the formation of the well-defined single species rac-14 upon 

heating of rac-mix14 at 80 °C for 2 hours. 

 

Thus, assuming that the unextractable mixtures consist of multiple diastereomers, the above 

findings would suggest that a solution containing 50% of (R,R)-mix14 and 50% of (S,S)-mix14 

would eventually lead to the formation of the well-defined rac-14. This was confirmed 

experimentally by preparing an NMR sample (C6D6) containing an even mixture of both 

enantiomers. Although initially convoluted (Figure 8, top), the 1H NMR spectrum (C6D6, 298 

K) eventually resolved itself into a single species upon heating the tube overnight at 80 °C 

(Figure 8, centre). The resulting spectrum is identical to that of rac-14 (Figure 8, bottom), 

suggesting that the unextractable mixture formed consists of diastereomers.  

 

rac-mix14 

Unextractable mixture 

rac-14 

Afforded from heating rac-mix14 

at 80 °C for 2 hours 
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Figure 8: Stacked NMR spectra (C6D6, 298 K) of a 1 : 1 mixture of (R,R)-mix14 : (S,S)-mix14 at room temperature (top), 

after heating at 80°C overnight (middle), and rac-14 synthesised from rac-H2
HL3 (bottom). 

 

To investigate the unextractable mixtures, a single crystal of (S,S)-mix14 was grown by slow 

diffusion of pentane into a concentrated C6D6 solution, and subsequently analysed by XRD. 

The crystal structure shows a dinuclear structure with two Al centres connected by two bridging 

µ-O atoms of a benzyloxy and hydroxy moiety (Figure 9). The hydroxide was likely introduced 

by the adventitious presence of water. Although not ideal, an interesting aspect of the structure 

is the absolute configuration of the stereocentres on one of the (S,S)-HL3 ligands. Instead of the 

N atoms adopting a R- and S- configuration as in the structure of rac-14 (see next Section), the 

absolute configuration of one (S,S)-HL3 ligand is (S)-N(7), (S)-C(8), (S)-C(13), (S)-N(14), 

resulting in the NH moieties being trans to one another. The collection of the crystal XRD data 

was incomplete as the wrong unit cell was assumed after the pre-experiment. This means that 

the data is not of sufficient quality to be published. However, it can be used as a starting point 

for DFT optimisations, which were carried out to study the energetics of dimerisation of this 

complex family (Section 3.2.6). 

Racemic mixture of (R,R)-mix14 

and (S,S)-mix14 before heating 

80 °C, 16 h 

rac-14 
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Figure 9. Crystal structure of a diastereomer of (S,S)-mix14 (ellipsoid plot, 50% probability) showing a µ-O bridged dimeric 

structure with a set of NH moieties trans to one another. 

 

3.2.4.2 Synthesis and Characterisation of rac-14 

 

Scheme 7. Direct synthesis of rac-14 from rac-H2
HL3 involving a step in which the mixture is heated overnight. 

 

Knowing that the well-defined rac-14 can be accessed through heating of rac-mix14, the 

synthesis of the complex was targetted. The unextractable mixture rac-mix14 was initially 

synthesised. The crude product was then redissolved in toluene and heated for 16 hours at 80 

°C which afforded rac-14 in high yields (82 %) after removal of volatiles and purification in 

pentane (Scheme 7). The 1H NMR spectrum (CD2Cl2, 298 K) of rac-14 exhibits a C1-

symmetric structure in solution displaying (amongst others) two well-defined peaks (δ1
H 4.63 

and 3.24 ppm) attributed to the NH moieties as well as the aromatic proton peaks (δ1
H 7.51, 
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7.49, and 7.23 ppm) attributed to the benzyloxy moiety (Figure A29). Interestingly, the 

hydrogens on the cyclohexyl backbone each experience their own environment and thus show 

up as separate peaks. 

 

 

Figure 10. Crystal structure of rac-14 (ellipsoid plot, 50% probability) showing a µ-O bridged dimeric structure as with 8c. 

 

A single crystal of rac-14 was grown by slowly cooling a hot solution (in DCM), and the 

molecular structure was determined by XRD. The crystal structure shows a centro-symmetric 

dinuclear structure containing two Al centres connected to each other by two bridging µ-O 

atoms of two benzyloxy groups (Figure 10). The centre of inversion sits in the middle of the 

Al2O2 quadrangle and each hexacoordinated Al centre exhibits a distorted octahedral geometry. 

The wrapping of the tetradentate O’N’N’O-ligand yields a cis-β conformation with the µ-O 

atoms of the benzyloxy moieties occupying equatorial and axial positions, thus completing the 

coordination sphere. This crystal structure is very similar to that of the H2
HL2 analogue, 8c 

(Section 2.3.2.1, Figure 18). The dimeric structure of rac-14 is heterochiral, meaning that it 

includes both (S,S)-HL3 and (R,R)-HL3 ligands. These adopt cis-β wrappings that are in opposite 

direction to each other (i.e. Λ-cis-β and Δ-cis-β) which minimises steric repulsion and thus 

facilitates the dimerisation. Each ligand has four stereogenic centres (two C and two N atoms), 

exhibiting an absolute configuration of (R)-N(7), (R)-C(8), (R)-C(13), (S)-N(14) for (R,R)-HL3, 

and (S)-N(7), (S)-C(8), (S)-C(13), (R)-N(14) for (S,S)-HL3. The NH moieties on each ligand are 
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cis to each other and thus pointing towards the same general direction. Since the 1H NMR 

spectrum shows only four signals for the o-aminophenolate moieties (δ1
H = 7.15 ppm, 6.89ppm, 

6.85 ppm, and 6.79 ppm) and four signals for the tBu groups (δ1
H = 1.75 ppm, 1.19 ppm, 1.15 

ppm, and 0.82 ppm), the spectrum is in good agreement with a solid-state molecular structure 

that features an inversion centre (Figure A29). 

 

Contrary to 8c, which retains a dimeric structure in C6D6 but a monomeric structure in THF-

d8, the DOSY NMR of rac-14 shows that the dimeric structure is retained in both solvents, 

suggesting that the dimer is too stable to be broken up by a coordinating solvent at room 

temperature (Figures A30 and A31). 

 

3.2.5 Synthesis and Characterisation of (R,R)-, (S,S)-, rac-, and cis-15 

 

Scheme 8. Complexation of (R,R)-, (S,S)-, rac-, and cis-H2
HL3 and reaction with tBuOH yielding (R,R)-, (S,S)-, rac-, and cis-

15 respectively. 

 

It is becoming abundantly clear that the catalyst’s propensity to dimerise and form multiple 

aggregated species increases the complexity of the system. Using a mixture of compounds as 

initiators can be detrimental to the polymerisation as different species may have different 

reactivities, leading to differences in the polymer chains formed. The lack of a single well-

defined species can complicate analysis and thus the synthesis of a monomeric species was 

sought. Coates and co-workers previously reported that they changed their dimeric catalytic 

system into a monomeric one by substitution of the methoxide ligand by a bulkier isopropoxide 

group.8, 9 The benzyloxy group on complex rac-14 is a primary alcohol which may allow for 

the dimerisation to proceed. Thus, a synthesis was carried out in which a bulky tertiary alcohol 

(tBuOH) was used (Scheme 8). 
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The pro-ligand rac-H2
HL3 was reacted with one equivalent of AlEt3 to yield rac-mix12 (alkyl 

derivative and deprotonated species). The mixture was redissolved in toluene and reacted with 

one equivalent of tBuOH overnight at room temperature. Upon removal of the volatiles and 

purification with pentane, the complex rac-15 was afforded (63 % yield). The 1H NMR 

spectrum (C6D6, 298 K) shows a C1-symmetric structure in solution with four signals in the 

aromatic region (δ1
H = 7.52, 7.42, 6.81, and 6.66 ppm), 10 signals for the cyclohexyl moiety, 

and two distinct signals for the NH groups (δ1
H = 3.69 and 2.65 ppm) (Figure A32). Amongst 

the four aromatic tBu groups (δ1
H = 1.89, 1.66, 1.38, and 1.32 ppm), another peak 

corresponding to the tert-butoxy group can be observed (δ1
H = 1.62 ppm). DOSY NMR 

analysis (C6D6, 298 K) shows that the complex is monomeric in solution, confirming that the 

use of a bulky alkoxide hindered dimerisation (Figure A33). 

 

 

Figure 11. Stacked 1H NMR spectra (C6D6, 298 K) of rac-15 (top), (R,R)- 15 (middle), and (S,S)-15 (bottom) showing 

identical spectra. 

These results prompted the repetition of the synthesis using the enantiopure pro-ligands (R,R)- 

and (S,S)-H2
HL3. The resulting complexes (R,R)- and (S,S)-15 were isolated in good yields 

(77% and 80% respectively). The 1H NMR spectra (C6D6, 298 K) are identical to that of rac-

15 (Figure 11), showing that the complexes are optical isomers of each other and confirming 

rac-15 

(R,R)-15 

(S,S)-15 



149 

 

that no diastereomers are formed. This is remarkable as complexations with an enantiopure 

ligand do not always lead to enantiopure complexes. As detailed in the introduction (see 

Section 3.1.3), Feijen’s enantiopure salan analogue of (R,R)-H2
HL3 led to the formation of 

diastereomers when reacted with Al(Et)3.
23 The fact that the 1H NMR spectra of (R,R)- ,(S,S)-, 

and rac-15 are identical, indicates that they are devoid of diastereomers and that successful 

chirality transfer from the ligand onto the complex occurred. 

 

 

Figure 12. Crystal structure of (S,S)-15 (ellipsoid plot, 50% probability) showing a monomeric trigonal bipyramidal 

structure. 

 

Twinned crystals were grown by slow diffusion of pentane into a concentrated solution of rac-

15 in C6D6 and analysed by XRD. The crystal structure of (S,S)-15 was obtained, which features 

a mononuclear molecular structure (Figure 12). The aluminium centre is pentacoordinate and 

adopts a distorted trigonal bipyramidal geometry (τ5 = 0.59) in line with the results obtained 

by 1H NMR and DOSY analysis. The tetradentate O’N’N’O-ligand coordinates around the 

metal centre in a folded fashion where three atoms (O, N and N) occupy equatorial positions 

while one O atom occupies an axial position. This is different from previously mentioned 

pentacoordinate aluminium catam complexes (1 and 5) which did not exhibit such a 

coordination. There are four stereogenic centres present on the ligand for which the absolute 

configuration is: (S)-N(7), (S)-C(8), (S)-C(13), (R)-N(14). 
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The same synthetic procedure as for (R,R)-, (S,S)-, and rac-15 was employed for the meso cis-

H2
HL3 pro-ligand (Scheme 8) to yield cis-15 in good yields (64 %). The 1H NMR spectrum 

(C6D6, 298 K, Figure A34) of cis-15 shows a single well-defined species as a C2-symmetric 

structure in solution with two peaks in the aromatic region (δ1H = 7.48 and 6.77 ppm) as well 

as a doublet corresponding to the NH groups (δ 1H = 3.26). The alkyl region features two 

singlets corresponding to the aromatic tBu groups (δ 1H = 1.80 and 1.36 ppm) and a singlet 

corresponding to the tert-butoxy group (δ 1H = 1.65 ppm). This suggests that the desired 

complex cis-15 was formed. The DOSY (C6D6, 298 K) confirms that the complex is 

monomeric in solution, suggesting that cis-15 has similar aggregation properties (or lack 

thereof) as the trans-15 complexes (Figure A35). 

 

 

Figure 13. Crystal structure of a diastereomer of cis-15 (ellipsoid plot, 50% probability) showing a µ-O bridged dimeric 

structure obtained from the adventitious presence of water. 

 

Single crystals were grown out of a concentrated solution of cis-15 in C6D6 (obtained via vapor 

diffusion method using pentane as precipitant) and analysed by XRD. The crystal structure of 

cis-15 was found to be a dimeric hydroxo complex, likely due to the adventitious presence of 

water (Figure 13). It features a centrosymmetric dinuclear structure containing two Al centres 

connected to each other by two bridging µ-O atoms of two hydroxy groups. There is a centre 

of symmetry sitting in the middle of the Al2O2 quadrangle with each hexacoordinated Al centre 
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exhibiting a distorted octahedral geometry. As seen with the structure of 8c (Section 2.3.2.1, 

Figure 18) and rac-14 (Section 3.2.4.2, Figure 10), the ligands wrap around the metal centre to 

yield a cis-β conformation where the µ-O atoms occupy an axial and equatorial position. The 

nature of the cis linker appears to allow the ligand to adopt cis-β wrappings that are in opposite 

direction of one another (i.e. Λ-cis-β and Δ-cis-β). The absolute configuration of each ligand 

was found to be (S)-N(7), (S)-C(8), (R)-C(13), (R)-N(14) and (R)-N(7), (R)-C(8), (S)-C(13), 

(S)-N(14). 

 

3.2.6 Preliminary DFT Calculations on the Stability of Dimers 

As highlighted by the previous reactivity studies, the attempted synthesis of enantiopure and 

racemic benzyloxy complexes initially led to the formation of various aggregated species 

(Section 3.2.4.1). However, if a racemic mixture of these species were heated, the formation of 

a single well-defined species (rac-14) was observed. Clearly, the chirality of the backbone 

plays a role in directing aggregation and the dimerisation behaviour was elucidated using DFT. 

The dinuclear molecular structures obtained from rac-14, (S,S)-mix14, and cis-15 were used 

as a starting point for the DFT calculations (details in the ESI). The bridging -OBn and -OH 

groups were replaced by -OMe groups for computational efficiency. The geometries were then 

optimised in the gas-phase at the M06-2X level using the split-valence double-zeta basis set 6-

31G(d,p). It is clear that the heterochiral dimer (rac-II) is favoured over the homochiral dimers 

(S,S-II and S,S-II’) by at least 3.6 kcal/mol (Figure 14). This explains why rac-mix14 

eventually leads to the formation of rac-14; the stability drove the transformation. It also 

explains why an even mixture of (R,R)-mix14 and (S,S)-mix14 was found to form rac-14 when 

heated.  
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Figure 14. Graphical representation of the energies of the dimeric structures rac-II, S,S-II, S,S-II’, and cis-II showing a 

stabilisation of at least 3.6 kcal/mol for the heterochiral dimer rac-II. 

 

The structure cis-II was found to be 4 kcal/mol higher in energy than the heterochiral dimer 

rac-II. Furthermore, the structure was similar in energy to the homochiral dimers S,S-II and 

S,S-II’ (3.6 and 3.9 kcal/mol respectively). This indicates that the nature of the cis-HL3 ligand 

would not favour a dimeric structure in solution. As seen in the previous section, this is in line 

with the measured DOSY NMR spectrum (C6D6, 298 K) which shows a monomeric structure 

of cis-15 in solution (Figure A35).  
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3.3 Polymerisation Results and Discussion 

 

As mentioned in the introduction, the chiral nature of the complexes makes them good 

candidates for the stereoselective ROP of cyclic esters. The trans complexes (R,R)-, (S,S)-, and 

rac-15 will be discussed first, followed by the meso complex cis-15. For the trans complexes, 

the studied monomers are examined by increasing order of “complexity” starting from the 

achiral ε-CL and then moving onto the enantiopure L-LA, followed by meso-LA, and finally 

rac-LA. Other monomers such as β-BL, ε-DL, TMC, and PDL were briefly examined and are 

discussed towards the end. When appropriate, the mechanism of the polymerisation was 

elucidated using DFT calculations, normalised time scale methods (as seen in the previous 

chapter), and kinetic models. 

 

3.3.1 Polymerisations with Enantiopure [(R,R)-15 and (S,S)-15] and Racemic 

Catalysts (rac-15) 

3.3.1.1 Polymerisation of an Achiral Monomer (ε-CL) 

 

Table 1. ε-CL polymerisations using complexes (R,R)-, (S,S)-, and rac-15, (8c added for comparison). 

Entry Catalyst 
ε-CL 

(equiv.) 

Time 

(h) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 

Initial rated 

(M s-1) 

TOF 

(h-1) 

1 (R,R)-15 100 19.25 87 11.1 (1.9) 9.9 2.79 × 10-5 5 

2 (S,S)-15 100 19.25 82 10.5 (2.0) 9.4 2.79 × 10-5 4 

3 rac-15 100 19.25 55 7.1 (1.8) 6.3 9.31 × 10-6 3 

4 8c 100 21 60 10.8 (1.3) 6.9 NA 3 

Reaction conditions: [ε-CL]0 = 1 mol.L-1, THF, 25 °C; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion; d) Determined assuming a zero order in monomer 

 

The complexes were found to work for the room-temperature ROP of ε-CL (Table 1). The 

polymerisations were well-controlled, exhibiting a linear increase of molecular weight with 

conversion (Figures B41 and B42) but resulted in larger dispersities (Đ = 1.8 – 2.0) than what 

was previously observed with complexes 2 and 8c in Chapter 2 (Đ = 1.3 – 1.4). Using two 

different initial concentrations of ε-CL ([ε-CL]0 = 1.0 and 1.5 M), a partial positive order (i.e. 
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between 0 and 1) in monomer was observed for both the enantiopure and racemic complexes 

(Figures B109 and B110). This signifies that kapp cannot be calculated using pseudo-first order 

plots as these are meant for reactions following a first order in monomer. In most literature, a 

first order dependency in ε-CL is reported. However, zero or partial positive orders have been 

reported in some instances, which was explained by “saturation kinetics” arising from 

reversible catalyst-monomer binding equilibria.44-48 These stem from Michaelis-Menten 

kinetics which relate the concentration of the substrate to the rate of reaction. DFT calculations 

of the ε-CL coordination on the monomeric and dimeric aluminium complexes were carried 

out and support a favourable interaction between the substrate and the catalyst, showing a 

stabilisation of 6.9 and 19.0 kcal/mol for the monomeric and dimeric aluminium catalysts 

respectively (Figure E6). This is not surprising as complexes 2 and 8c were found to interact 

favourably with LA through the formation of hydrogen bonds via the NH moieties. It is 

important to note that a partial positive order does not necessarily exclude the coordination-

insertion mechanism from being considered. To the knowledge of the author, the ROP still 

occurs via this mechanism. 

 

The kinetic profiles of ε-CL ROP were superimposed and are shown in Figure 15 the 

enantiopure catalysts (R,R)- and (S,S)-15 appear to have similar activities while rac-15 was 

slower throughout the reaction. As the order in monomer is close to zero towards the beginning 

of the polymerisation, the kapp of the polymerisations were calculated using initial rates that 

assume a zero order rate law. As only the first three data points are used, the method can lend 

itself to inaccuracy and the extracted values should only be used to gauge the polymerisation 

behaviour. With that in mind, the initial rate of (R,R)- and (S,S)-15 was 2.79 × 10-5 M s-1 (Table 

1, Entries 1 and 2). However, rac-15 was more than 2.9 times slower (kapp = 9.31 × 10-6 M s-

1), confirming the trend observed on the kinetic profiles (Table 1, Entry 3). This would suggest 

that different catalytic species arise from the employment of rac-15 which ultimately slow 

down the reaction. The activity of rac-15 is comparable to that of the achiral derivative 8c 

bearing the HL2 ligand (Table 1, Entry 4), showing that the enantiopure catalysts can 

outperform racemic as well as achiral derivatives in the ROP of an achiral monomer.  
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Figure 15. Superimposition of kinetic profiles showcasing the higher activity (R,R)- and (S,S)-15 (black and red) over that of 

rac-15 (green) in ε-CL polymerisation. 

 

Apart from a paper published by Kong et al. in which an enantiopure nacnac aluminium 

complex was found to be faster than its racemic counter-part,49 very little is known on the effect 

of catalyst chirality on the rate of ε-CL ROP. Given the results and the fact that DFT studies 

conducted in Section 3.2.6 suggested that heterochiral dimers are thermodynamically favoured, 

the lower activity of rac-15 was rationalised by its propensity to form heterodimers that lead 

to a lower overall activity. As (R,R)- and (S,S)-15 formed less favourable homodimers, they 

were able to polymerise ε-CL at higher rates.  

An additional experiment was carried out in which scalemic mixtures of complex 15 were 

prepared and subsequently employed in ε-CL ROP. The initial rates can then give a picture of 

how the rate varies with respect to %eecat = ([(R,R)-15] – [(S,S)-15]) / ([(R,R)-15] + [(S,S)-15]). 

Starting from pure samples of (R,R)-15, complex (S,S)-15 was added to make scalemic 

mixtures of %eecat = 80, 60, 40, 20, and 0. The ε-CL ROP was then carried out for each mixture 

and initial rates were measured (Figure B43). A plot of the rates as a function of %eecat is shown 

in Figure 16 below. Starting from the slower racemic catalyst (%eecat = 0; rac-15), the rate 

increases in a linear fashion as the enantiopurity of the catalyst mixture increases. The addition 

of an enantiomeric impurity to an enantiopure catalyst thus hampers the rate of reaction as 

%eecat decreases, which further confirms the DFT results. The lower the %eecat, the higher the 

propensity of the catalyst mixture to form the less active heterodimers. The mechanism through 

which this occurs will be elucidated in the following section. 
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Figure 16. Plot of initial rates as a function of %eecat [(R,R)-15 = 100 and rac-15 = 0] for the polymerisation of ε-CL. The 

trend was modelled using a linear fit and appears to exhibit a linear relationship. 

 

3.3.1.2 Kinetic Analysis of ε-CL ROP 

Using the VTNA method previously described in Chapter 2, the order in catalyst for (R,R)- and 

rac-15 was investigated (see details in Appendix B).50, 51 Whereas a catalyst order close to one 

(~ 0.8) was determined for (R,R)-15 (Figure B97), an order between 0.5 and 0.6 (Figure B98) 

was observed for rac-15. 

While the former is in line with a well-controlled polymerisation occurring via a coordination-

insertion mechanism involving a mononuclear active species,52 the order of 0.5 for rac-15 

suggests the formation of a dimeric species that is not part of the catalytic cycle.53 Such an 

order has been previously observed in the context of cyclic ester ROP which was attributed to 

the formation of an inactive dimer.54, 55 The formation of the heterodimeric benzyloxy complex 

rac-14, as well as the DFT calculations carried out in Section 3.2.6 are in agreement with the 

formation of higher order species when using rac-15 in ε-CL ROP. The ring-opening of ε-CL 

leads to the formation of a primary alkoxide species which would favour aggregation, yielding 

dimeric species of lower activity due to presence of a racemic mixture of ligands. It is important 

to note that predicting catalyst nuclearity in ROP is not straightforward. A dinuclear species in 

the solid state can easily dissociate into a mononuclear species in solution, and vice-versa. 

Furthermore, the nuclearity of a complex is not necessarily conducive to its activity, as a dimer 

can also be active due to a cooperative mechanism arising from the proximity of two metal 
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centres. Mehrkhodavandi and co-workers details this in a review on dinuclear catalysts for LA 

ROP,56 and active as well as inactive bimetallic species have been previously reported in 

literature.57-61 

 

To gain an understanding of catalyst speciation and their relative activity, further kinetic 

analysis was carried out by the Bures group at the University of Manchester. As this was done 

externally by collaborators, the kinetic theory behind the procedure will not be discussed at 

length. The reader is advised to refer to the published joint paper which gives a detailed 

treatment of the kinetic analysis.62 Given that ROP mechanisms involving monomeric and 

dimeric species have been deduced, a general mechanism in which both species can be active 

was investigated. Assuming that: 

- The monomeric and dimeric species are in a thermodynamic equilibrium. 

- ε-CL can reversibly bind onto the species. 

- Both species can propagate the reaction. 

It was found that the rate of polymerisation of the enantiopure catalysts was over twice as fast 

for the monomeric species than its dimeric counterpart for catalyst orders of 0.8. This was 

attributed to the formation of tightly bound dimers which make the approach, coordination, 

and insertion of the monomer less favourable. The speciation and relative activity was 

illustrated with a plot of the fraction of starting material consumed by the monomeric species 

(Ymono) as a function of the fraction of the catalyst existing in its monomeric form (fmono) 

 

Figure 17. Possible fractions of catalyst as a monomeric species (fmono) and fraction of starting material consumed by the 

monomeric species (Ymono) for different catalyst orders 𝜀[𝑐𝑎𝑡]𝑇
𝑟 . 
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The graph does not only help the visualisation of fringe cases [e.g. where an order of 0.5 leads 

to no consumption of the monomer by the dimeric species (Ymono = 1; fmono = 0)] but gives an 

idea of the polymerisation behaviour involving intermediate orders between 0.5 and 2.0. Thus, 

an order of 0.8 leads to the conclusion that: 

- At least 25 % of the catalyst is present as a dinuclear species. 

- At least 40 % of ε-CL is consumed by the mononuclear species. 

Therefore, a small amount of the catalyst will be present in its dimeric form, which can still be 

active in polymerisation as it can consume up to 60 % of the ε-CL. 

 

The mechanism for polymerisation carried out by a racemic mixture of catalysts also considers 

the formation of monomeric and dimeric species. However, the presence of both catalyst 

enantiomers allows for the formation of homodimers and heterodimers. Referring to Figure 17, 

a catalyst order of 0.6 thus signifies that the monomeric species is not the most abundant one 

in solution, representing less than 33 % of the total amount of catalyst. This confirms the 

hypothesis that the employment of a racemic mixture of catalyst favours the formation of 

dimeric species, as confirmed by previously discussed DFT calculations. Furthermore, the 

monomeric species has the highest activity, and accounts for the polymerisation of at least 80 

% of ε-CL, in line with the interpretation that a catalyst order of 0.5 indicates the formation of 

“inactive” dimers that are not part of the productive catalytic cycle. Furthermore, knowing that 

the enantiopure catalysts are 2.9 times faster than the racemic one, the formation of the 

heterodimeric species has an equilibrium constant that is 44 times larger than the formation of 

homodimeric species. From those observations, one can conclude that: 

- The homodimeric species makes up less than 4 % of the total catalyst in solution. 

- The heterodimeric species is the most abundant one, making up over 66 % of the total 

catalyst in solution. 

 

Further calculations indicate that the homodimeric and heterodimeric species consume less 

than 5 % and 17 % of ε-CL respectively, making them the least productive species. This 

fortifies the claim that a racemic mixture of chiral catalysts favours aggregation which 

ultimately affects the polymerisation rate as the species are less productive than their 

monomeric counterparts. The use of an enantiopure catalyst can thus disfavour these processes, 

leading to a higher overall activity. Given these results, catalysts (R,R)-, (S,S)-, and rac-15 were 

investigated with enantiopure substrates (i.e. D- and L-LA). 
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 3.3.1.3 Polymerisation of an Enantiopure Monomer (D- and L-LA) 

 

Table 2. L-LA and D-LA polymerisations using complexes (R,R)-, (S,S)-, and rac-15, (8c added for comparison). 

Entry Catalyst 
Monomer 

(equiv.) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 

kapp
d 

(s-1) 

TOF 

(h-1) 

1 (R,R)-15 L-LA (100) 180 64 10.5 (1.1) 9.2 9.20 × 10-5 21 

2 (S,S)-15 L-LA (100) 6 83 13.7 (1.1) 12.0 4.53 × 10-3 830 

3 rac-15 L-LA (100) 20 93 14.3 (1.2) 13.4 2.33 × 10-3 282 

4 (R,R)-15 D-LA (100) 8 87 15.6 (1.1) 12.6 4.50 × 10-3 670 

5 8c L-LA (100) 60 96 17.5 (1.1) 13.8 9.17 × 10-4 96 

6e (S,S)-15 L-LA (1,000) 60 66 12.4 (1.1) 9.5 - 660 

7f (S,S)-15 L-LA (10,000) 4.5 92 14.1 (1.3) 13.2 - 122,667 

Reaction conditions: [LA]0 = 1 mol.L-1, THF, 25 °C; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion; d) Determined assuming a pseudo-first order; e) Immortal conditions (9 equiv. of iPrOH 

added); f) Carried out without solvent at 150 °C 

 

Complexes (R,R)- (S,S)- and rac-15 were tested for the polymerisation of L-LA at room 

temperature in THF (Table 2, Entries 1-3). In every case, living characteristics were exhibited 

throughout polymerisation (Figures B44-49). MALDI-ToF analysis of the polymers indicates 

the presence of tert-butoxide end-groups, as is expected from a coordination-insertion 

mechanism (Figure D3). However, peaks that were spaced apart by 72 a.u. were found, 

suggesting a small extent of transesterification occurring throughout polymerisation. Analysis 

of catalyst activities (extracted assuming a pseudo-first order rate law) clearly shows that each 

catalyst enantiomer has a strong preference for one lactide enantiomer. (S,S)-15 requires only 

6 minutes to convert 83 % of L-LA while (R,R)-15 requires 3 hours to reach a conversion of 

64 %. When comparing the kapp values, this makes (S,S)-15 about 50 times faster than (R,R)-

15 (kSS / kRR ~ 49). Conversely, (R,R)-15 was employed with D-LA ROP (Table 2, Entry 4) 

and as expected, the resulting rate constant was nearly identical to that of (S,S)-15 for L-LA 

ROP (4.50 × 10-3 vs. 4.53 × 10-3 s-1). These findings are in line with the fundamentals of kinetic 

resolution where one catalyst enantiomer reacts favourably with one given enantiomer of the 

substrate.61, 63 When rac-15 was employed in L-LA ROP, the resulting rate was an average of 
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that of (S,S)-15 and (R,R)-15 ((kSS + kRR) / 2 = 2.31 × 10-3 s-1; rac-15 = 2.33 × 10-3 s-1), which 

initially hinted at a linear relationship between the %eecat and the rate constant.  

The activity of (S,S)-15 in the polymerisation of L-LA is unprecedented. Not only is it ~4.9 

times faster than its achiral counterpart 8c (Table 2, Entry 5), but it outperforms every 

aluminium-based catalyst that has been published to date.64 The catalyst is also active at low 

loadings and immortal conditions (0.1 mol%; 9 equiv. of iPrOH), polymerising 66 % of 1000 

equivalents of L-LA in 1 hour while maintaining good control (Đ = 1.1) (Table 2, Entry 6). 

(S,S)-15 was also tested in industrially relevant conditions and showed very high activity, 

10,000 equivalents of L-LA (and 99 equiv. of iPrOH) at 150 °C, reaching 92 % conversion in 

4.5 minutes with only a slight increase in dispersity (Đ = 1.3) (Table 2, Entry 7). This is in stark 

contrast to other aluminium complexes employed at similar conditions, of which the fastest 

requires 18 minutes to polymerise 50 % of 900 equivalents.65 The results highlight the 

advantage that a matching enantiopure catalyst can bring to the polymerisation of enantiopure 

monomers. 

To gain an understanding of how the activity varies with catalyst enantiopurity, the testing of 

scalemic mixtures of catalysts with L-LA was undertaken (Figures B52 and B53). 

 

Following a similar procedure as previously described, the kapp was determined (assuming a 

first order in monomer) for different scalemic mixtures of catalysts and plotted as a function of 

%eecat. In this case, %eecat values of -100, 0, and +100 corresponded to (R,R)-, rac-, and (S,S)-

15 respectively. The corresponding graph suggests that the rates are distributed along an “S-

shaped” curve rather than a linear trend (Figure 18, a sigmoid and linear trend were plotted for 

information). Starting from a racemic mixture of the catalyst (eecat = 0), a small impurity of the 

“match” catalyst leads to a kapp significantly higher than that of an expected linear trend (“rate 

amplification”). Here, this will be referred as “Non-Linear Kinetic Effect” (NLKE) which 

describes a rate amplification without an asymmetric amplification. Thus, the graph indicates 

a positive NLKE for %eecat = 0 - 100. Conversely, a small impurity of the “mismatch” catalyst 

leads to a kapp lower than that of an expected linear trend (“rate suppression”, negative NLKE 

for %eecat = -100 - 0). However, starting from an enantiopure catalyst (eecat = -100 or +100), a 

small impurity initially only has a small effect on the kapp, which becomes more apparent as 

the fraction of chiral impurity increases. This is favourable as it means that one does not require 

a 100 % enantiopure catalyst of which its resolution may not be industrially feasible.  
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Figure 18. Plot of kapp as a function of %eecat [(R,R)-15 = -100 and (S,S)-15 = +100] for the polymerisation of L-LA. The 

trend was modelled using a sigmoid fit and appears to exhibit a NLKE. 

 

Pioneered by Kagan, the field of non-linear effects (NLE) has cemented itself as a powerful 

tool that allows for elucidation reaction mechanisms in asymmetric catalysis, and thus improve 

catalyst design.66, 67 By looking at the product ee as a function of catalyst ee, NLE studies allow 

for the creation of models which explain the relationship of both variables.68-70 These usually 

imply the formation of dimeric or even polymeric species (e.g. MLn model and reservoir 

model).71, 72 Noyori and co-workers extensively studied NLEs in the enantioselective addition 

of dialkylzincs to alcohols, which validated many of the proposed models.73, 74 To date, a 

variety of reactions were found to exhibit an NLE, though studies in the context of 

polymerisation catalysis remain scarce. Nozaki and co-workers observed an asymmetric 

amplification in the asymmetric alternating copolymerisation of CHO and CO2 using chiral 

zinc complexes (prepared from diethylzinc and chiral alcohols).75 Horeglad and co-workers 

reported the effect of Lewis bases on the formation of homochiral dimeric Ga and In alkoxides 

and their stereoselectivity in rac-LA polymerisation. They observed an NLE between 

heteroselectivity and the fraction of homochiral complexes.76 The chiral bipyrrolidine scaffold 

by Kol and co-workers (See Section 3.1.3) also led to the postulation that an NLE may exist 

within that system as they suggested that enantiomeric impurities may increase the 

stereoselectivity of their system.24, 77 In 2012, the Mehrkhodavandi group observed that the kapp 

of a chiral dinuclear indium catalyst decreases in a non-linear fashion as its enantiopurity is 

increased starting from a racemic mixture of catalyst in rac-LA ROP.61 The stereoselectivity 

decreases in a similar fashion from Pm = 0.6 to 0.5. However, these relationships were never 

considered for aluminium-based catalysts. In most cases, NLEs were related to asymmetric 
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amplification and how the enantiomeric excess of the catalyst species influences the 

enantiomeric outcome of the reaction.  

 

To complement these results, an experiment was conducted in which the enantiopurity of the 

monomer was varied from D- to L-LA with scalemic mixtures (%eeLA = -100 or +100) whilst 

the enantiopurity of the catalyst remained the same (in this case (S,S)-15 was used, Figures B54 

and B55). %eeLA values of -100, 0, and +100 correspond to L-, rac-, and D-LA respectively. 

The kapp were measured assuming a pseudo-first order rate law in monomer. The resulting plot 

shows an obvious non-linear dependence of kapp on the enantiopurity of the monomer (Figure 

19). When using (S,S)-15, a small quantity of chiral impurity in the monomer (%eeLA > -100) 

leads to a significant decrease of the reaction rate. This rate of change decreases rapidly and 

plateaus the closer the monomer is to pure D-LA (%eeLA > 0). It appears that the ‘mismatch’ 

monomer, D-LA, acts as a poison to (S,S)-15 and thus decreases the kapp. The catalyst poisoning 

pictured in Figure 19 likely arises from fractional deactivation by forming an inactive 

diastereomeric catalyst-substrate complex. The chirality of the chain-end appears to play an 

important role in governing the stability of these species, and further studies were eventually 

conducted on more complicated systems involving meso- and rac-LA.  

 

 

Figure 19. Plot of kapp as a function of %eeLA [L-LA = -100 and D-LA = +100] for the polymerisation of LA by (S,S)-15. 

 

3.3.1.4 Kinetic Analysis of L-LA ROP 

Having elucidated the mechanism of polymerisation of an achiral monomer, the understanding 

of a more complex system was sought. (S,S)-15 preferentially polymerises L-LA over D-LA 

by a factor of 49. Varying the enantiomeric excess of the catalyst (%eecat) from -100 to 100 

whilst using L-LA resulted in it having a sigmoidal relationship with kapp (Figure 18). Varying 
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the enantiomeric excess of LA (%eeLA) from -100 to 100 whilst using (S,S)-15 resulted in 

poisoning of the catalyst as more of the mismatch substrate (D-LA) was added (Figure 19). 

To gain a further understanding of the system, the catalyst order for (S,S)-, (R,R)-, and rac-15 

with L-LA was determined (Figures B104, B106, and B108). A first order was observed for 

complex (S,S)-15 which indicates that the polymerisation occurs solely through either a 

mononuclear of dinuclear active species. However, (R,R)-15 exhibited an order of 1.5 which 

suggests that a dimeric species can be part of the catalytic cycle and involved in an elementary 

step of the mechanism. This contrasts with the catalyst order of 0.6 for rac-15 in the ROP of ε-

CL where the dimeric species is not involved in the polymerisation mechanism (“in-cycle” vs. 

“off-cycle”). A catalyst order that is greater than 1 is not unheard of in LA ROP. Kol and co-

workers reported that polymeryl exchange via a dimeric species can lead to catalyst orders that 

are greater than 1.24 The supposedly dimeric elementary step in the mechanism of (R,R)-15 can 

have a higher activation energy than the mononuclear mechanism of (S,S)-15, which results in 

the polymerisation having a lower overall activity. 

 

Somewhat expectedly, the order of rac-15 in L-LA ROP is 1.25, an average of the order of 

(S,S)-15 (1.0) and (R,R)-15 (1.5). This trend is analogous to the rate constants observed where 

that of rac-15 (2.33 × 10-3 s-1) is an average of that of (S,S)-15 (4.53 × 10-3 s-1) and (R,R)-15 

(9.20 × 10-5 s-1). Whether this order arises from the mechanisms of (R,R)- and (S,S)-15 

occurring simultaneously, or from a new mechanism altogether, remains unclear. 

 

The dimerisation mechanism for ε-CL ROP can be extended to the sigmoidal trend observed 

when scalemic mixtures of the catalysts were tested with L-LA (Figure 18). It was found that 

a positive NLKE (rate amplification) occurred for scalemic mixtures of %eecat > 0. In those 

cases, part of the slower species, (R,R)-15, is consumed to form a heterochiral species which 

suppresses the formation of the “slower” homochiral dimer of (R,R)-15. The negative NLKE 

(rate suppression) was observed for scalemic mixtures of %eecat < 0. There, the faster species 

(S,S)-15 is incorporated into the heterochiral species and thus into a mechanism that is thought 

to be slower than that of the monomeric (S,S)-15. The mechanism is summarised in Scheme 9. 
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Scheme 9. Proposed mechanism of the ROP of L-LA via scalemic mixtures of (R,R)- and (S,S)-15 which may form 

heterochiral species that affect the overall rate, yielding a NLKE. 

 

3.3.1.5 Polymerisation of meso-LA 

 

Table 3. meso-LA polymerisations using complexes (R,R)-, (S,S)-, and rac-15, (8c added for comparison). 

Entry Catalyst 
meso-LA 

(equiv.) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 
Pm

d 
kapp

e 

(s-1) 

TOF 

(h-1) 

1 (R,R)-15 100 30 90 - - 0.38 1.04 × 10-3 180 

2 (S,S)-15 100 30 96 - - 0.40 1.34 × 10-3 192 

3 rac-15 100 6 96 8.9 (1.2) 13.9 0.76 6.69 × 10-3 960 

4 8c 100 40 99 11.3 (1.1) 14.2 0.54 1.98 × 10-3 149 

Reaction conditions: [LA]0 = 1 mol.L-1, THF, 25 °C; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion; d) Probability of meso linkage determined by 1H NMR spectroscopy (see ESI); e) 

Determined assuming a pseudo-first order 
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Figure 20. Superimposition of log plots showcasing the higher activity of rac-15 (red) over that of (R,R)- and (S,S)-15 (black 

and green) in meso-LA polymerisation. 

 

Polymerisations carried out with meso-LA showed that the monomer was polymerised readily 

which is not usually seen with aluminium-based catalysts (See Section 2.4.2).8, 23, 78-81 The 

complex rac-15 was found to outperform the enantiopure catalysts by a factor of ~ 6 (Figure 

20). The conversion of 96 % of monomer within 6 minutes makes the ROP of meso-LA by rac-

15 the fastest polymerisation so far achieved with catam catalysts at standard conditions (Table 

3 Entry 3). Interestingly, (R,R)- and (S,S)-15 led to the formation of syndiotactic PLA (Pm ~ 

0.4) while rac-15 produced predominantly heterotactic PLA (Pm = 0.76) (Table 3, Entries 1 

and 2). GPC analysis was carried out on the polymers of rac-LA. The measured molecular 

weight was significantly lower than expected (8.9 vs. 13.9 kg/mol) although dispersities 

remained low (Đ = 1.2). The molecular weights were found to increase linearly with 

conversion, indicating that the polymerisation displayed living characteristics (Figure B56). 

Given that a change in catalyst resulted in a change in activity as well as a change in 

stereochemical outcome, scalemic mixtures of the catalysts with meso-LA were tested to study 

the variation of kapp as a function of %eecat (Figure B57). Starting from the enantiopure catalyst 

(S,S)-15 (%eecat = 100 %), the kapp increases the closer one gets to a racemic mixture (%eecat = 

0 %). The trend itself is non-linear (Figure 21) which is expected given previous results with 

chiral monomers (L-LA). This is a positive NLKE as a small amount of (R,R)-15 added to 

(S,S)-15 increases the kapp more than is expected (blue dotted line). A particularly interesting 

feature of the graph is how the stereoregularity changes with %eecat. Whilst the enantiopure 
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catalyst (%eecat = 100 %) produces slightly syndiotactic PLA (Pm = 0.35), a small presence of 

chiral impurity (%eecat = 80 %) shifts the stereoselectivity drastically towards heterotactic PLA 

(Pm = 0.58). The heteroselectivity then increases linearly up to a Pm of 0.70. This is the first 

occurrence of an NLE concerning the stereoselectivity in this thesis. 

 

 

Figure 21. Plot of kapp as a function of %eecat [rac-15 = 0 and (S,S)-15 = +100] for the polymerisation of meso-LA, 

exhibiting a NLKE. The polymer became more heterotactic as %eecat approached 0. 

 

This trend is not the first of its kind: Ovitt and Coates have reported a similar behaviour when 

employing racemic and enantiopure aluminium SalBINAP complexes.9 The enantiopure 

complex produced highly syndiotactic PLA while the racemic counterpart produced 

heterotactic PLA (Pm = 0.80). To account for this, the group has proposed a mechanism that 

considers polymeryl exchange and absolute stereoconfiguration upon opening and is 

conceptually related to an ancillary ligand exchange mechanism proposed by Brookhart and 

Wagner in 1996.82 Together with mechanisms published by Kol and co-workers,24, 77 the 

insights were adapted to fit with the HL3 catalytic systems (Scheme 10). 

 

It was assumed that (R,R)- and (S,S)-15 open meso-LA at the R and S stereocentre respectively 

(A). Whilst the proximal stereocentre is involved in the reaction, it is the distal stereocentre 

that forms the chain-end upon opening. This signifies that (R,R)- and (S,S)-15 will bear a chain 

end with a S and R configuration respectively (B). In a racemic mixture of the catalyst, these 

diastereomers are then present in equal quantities but will undergo polymeryl exchange through 
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a µ-alkoxide species to yield (R,R)- and (S,S)-15 with a R and S configuration respectively (C). 

These species then insert another meso-LA unit and steps B and C are repeated, ultimately 

yielding heterotactic PLA. We postulate that the diasteromeric species in B have a low activity, 

mainly due to the fact that these are the species predominantly present when the enantiopure 

catalysts are employed. These are lower in activity than rac-15 by a factor of 6 and continue 

inserting meso-LA without polymeryl exchange, leading to syndiotactic PLA. The polymeryl 

exchange step itself is fast and favourable, as evidenced by the fact that a small chiral impurity 

in the enantiopure catalyst (%eecat = 80 %) leads to a large increase in activity and an immediate 

shift to heterotactic PLA being produced (Figure 21). 

 

 

Scheme 10. Proposed mechanism for the formation of heterotactic PLA when rac-15 was employed with meso-LA. Fast 

polymeryl exchange is thought to be the source of the selectivity. 
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3.3.1.6 Polymerisation of a Racemic Monomer (rac-LA) 

 

Table 4. rac-LA polymerisations using complexes (R,R)-, (S,S)-, and rac-15, (8c added for comparison). 

Entry Catalyst 
rac-LA 

(equiv.) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 
Pm

d 
kapp

e 

(s-1) 

TOF 

(h-1) 

1 (R,R)-15 100 50 59 10.1 (1.2) 8.6 0.50 2.86 × 10-4 71 

2 (S,S)-15 100 50 51 11.0 (1.2) 7.3 0.50 2.32 × 10-4 61 

3 rac-15 100 40 94 15.9 (1.2) 13.6 0.50 1.23 × 10-3 141 

4 8c 100 90 96 14.3 (1.2) 13.8 0.60 5.47 × 10-4 64 

5f rac-15 + 8c 100 60 95 17.3 (1.1) 13.8 0.50 - 95 

6 rac-15 1000 13 * 60 93 77.0 (1.2) 134.0 0.52 - 71 

7 rac-14 100 21 * 60 44 21.2 (1.1) 6.4 0.50 - 2 

Reaction conditions: [LA]0 = 1 mol.L-1, THF, 25 °C; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion; d) Probability of meso linkage determined by 1H NMR spectroscopy (see ESI); e) 

Determined assuming a pseudo-first order; f) Equimolar amount of rac-15 and 8c were used  

 

Given that an NLE was observed in meso-LA ROP, the complexes were tested for the 

polymerisation of rac-LA in THF at room temperature. For each of the three catalysts, the 

polymerisation proceeded in a controlled fashion, displaying the usual characteristics of a 

living polymerisation (Figures B58-B63) including a pseudo-first order in monomer and a 

linear increase in molecular weight vs. conversion. It was found that rac-15 polymerised rac-

LA considerably faster than the enantiopure complexes with krac/kRR ~ krac/kSS ~ 4.5, as 

depicted in Figure 22 (data in Table 4, entry 1-3). 

 

Complex rac-15 is so far the fastest catalyst in the catam-series for rac-LA polymerisation. 

Due to rac-15 being composed of an equimolar amount of (R,R)- and (S,S)-15, this initially led 

to the conclusion that the increased activity was due to each of the catalyst enantiomers 

preferring the insertion of a single LA enantiomer (as per an ESC mechanism). This would also 

explain the lower activities of the enantiopure complexes as only one of the LA enantiomers is 

considered a “match” (Table 4, Entries 1 and 2). However, decoupled 1H NMR analysis showed 

all polymers to be atactic (Pm = 0.50) (See Appendix C). This is in contrast to the achiral 8c 

which exhibited an isotactic bias, albeit with lower activities (Table 4, Entry 4). Thus, the 
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incorporation of a chiral component within the catalyst framework as well as the use of 

enantiopure catalysts did not result in an improvement in tacticity control (compared to the 

achiral analogue). At first glance, the results appear to be antithetical to those obtained with L-

LA where a given catalyst enantiomer prefers to polymerise a given LA enantiomer by a factor 

of 49. However, the use of a racemic monomer mixture can cause the preferred mechanism of 

polymerisation to change. The quasi-random insertions of LA enantiomers are thought to arise 

from CEC and ESC mechanisms competing with one another, leading to an atactic polymer. 
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Figure 22. Superimposition of log plots showcasing the higher activity of rac-15 (red) over that of (R,R)- and (S,S)-15 (black 

and green) in rac-LA polymerisation. 

 

As seen with meso-LA, an NLE was observed in the activity and stereoselectivity when 

scalemic mixtures were employed (Figure 21). In the hopes of gaining an understanding of the 

underlying mechanism of rac-LA polymerisation, scalemic mixtures of complex 15 were 

prepared (%eecat = 0 – 100 %) and employed in rac-LA ROP. For each reaction, kapp values 

were measured, assuming a first order in monomer (Figure B64). These were then plotted on a 

graph as a function of %eecat (Figure 23). As with meso-LA, the graph shows a non-linear 

dependence between %eecat and kapp with a large deviation from an expected linear trend (blue 

dotted line). Adding a small chiral impurity [(R,R)-15 to (S,S)-15] resulted in a tripling of the 

rate constant which slowly tapers off as a racemic catalyst mixture (%eecat = 0) is approached. 

An interesting point to make is that none of the polymerisations resulted in an enhancement of 

the tacticity, shown by the Pr values being around 0.50 in every case. This differs from the ROP 
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of meso-LA as well as from NLEs usually reported in asymmetric catalysis where asymmetry 

enhancement is usually associated with a rate decrease (or vice-versa).69  
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Figure 23. Plot of kapp as a function of %eecat [rac-15 = 0 and (S,S)-15 = 100] for the polymerisation of rac-LA, exhibiting an 

NLKE. The tacticity of the polymer did not vary throughout. 

 

Many factors such as catalyst deactivation, dimerisation, and polymeryl exchange could be 

occurring, which ultimately affects the reaction rate. It was demonstrated in Section 3.2.4.1 

that the chiral complexes can form multiple species with varying degrees of stability. Whilst 

the trans-15 complexes are monomeric, the addition of a polymer chain (2° alkoxide) can result 

in a decrease in steric bulk and give the active species a propensity to dimerise throughout the 

reaction. Coupled with the fact that the chirality of the catalyst and chirality of the lactide can 

lead to multiple combinations, the problem increases in complexity. 

 

To evaluate whether polymeryl exchange occurs, rac-15 was employed along with 8c in a 1:1 

ratio (Table 1, Entry 5) as carried out by Lamberti and co-workers to highlight the prevalence 

of polymeryl exchange in their ROP mechanism.25 As these complexes differ significantly in 

activity (kapp = 1.23 × 10-3 s-1 vs. 5.47 × 10-4 s-1), a lack of polymeryl exchange should result in 

a bimodal distribution of polymer molecular weights on the GPC trace. However, the polymer 

was found to be exhibit a narrow monomodal distribution, meaning that the polymer chains are 

continuously exchanged between the complexes. Thus, to minimise polymeryl exchange, rac-

15 was employed at high dilution which would shift its equilibrium towards a monomeric 

species (Table 1, Entry 6). This would ideally lead to a higher stereoregularity of the polymer. 
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However, results show that despite the dilution, the resulting polymer is atactic. The 

confirmation of polymeryl exchange also affirms the proposed mechanism for heteroselectivity 

of rac-15 in meso-LA ROP (Scheme 10). 
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Figure 24. Plot of Pm as a function of conversion for rac-LA ROP by (S,S)-15 and rac-15, showing atactic PLA being 

regardless of conversion. 

 

The change in tacticity with conversion was also evaluated. Lamberti and co-workers have 

found that their catalyst initially polymerised rac-LA via an ESC mechanism. However, as the 

monomer was consumed, a predominantly CEC mechanism was observed. Thus, 

polymerisations were carried out in which aliquots were periodically taken and the 

stereoregularity of the polymer examined (Figure 24). It was found that at all conversions for 

(S,S)- and rac-15, the polymer was atactic (Pm = 0.42 – 0.50). This signifies that a CEC 

mechanism is dominant throughout polymerisation.  

 

The dimeric complex rac-14 was employed to evaluate whether polymerisation can be initiated 

by a dimeric Al complex (Table 1, Entry 7). A conversion of 44 % was achieved after 21 hours 

at room temperature, with the polymer having a molecular weight more than 3 times larger 

than expected (assuming that one Al centre initiates one polymer chain). The fact that the 

dispersity is surprisingly low (Đ = 1.1) indicates that the amount of active species remains 

constant during the reaction as newly generated active species would initiate much later, 

resulting in shorter chains that affect dispersity. This is dependent on the nature of the 

monomer-dimer equilibrium and solely a thermodynamic phenomenon. Assuming that the 
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polymerisation is carried out by a single active species, the discrepancy between the expected 

and measured molecular weight (6.4 vs. 21.2 kg/mol) indicates that only 30 % of the Al is 

present in its active form. 

 

The order in catalyst was determined for rac-LA ROP by (R,R)-, (S,S)-, and rac-15. For the 

enantiopure catalysts (R,R)- and (S,S)-15, an order in catalyst of 1.2 was obtained (Figure 

B105). The racemic analogue rac-15 exhibited a slightly lower order of 1.1 (Figure B107). In 

either case, a multinuclear species is part of the mechanism and plays an active role in the 

activity. This dimerisation, which is not part of the traditional coordination-insertion 

mechanism, is thought to be the cause of the observed lack of stereoselectivity. In this context, 

the dimerisation can take the form of a polymeryl exchange intermediate which could be a 

source for the quasi-random insertions. The other possibility is that the dimerisation yields a 

stable and thus inactive dimer that reduces the number of certain reactive species in solution. 

Unfortunately, a coherent mechanism cannot be drawn based on this kinetic data alone. DFT 

studies were thus conducted to further elucidate the mechanism of polymerisation. 

 

3.3.1.7 Computational Studies on LA ROP 

As was the case in the previous chapter, the calculations were carried out on an ωB97xD level 

of theory using a split valence double zeta 6-31G(d,p) basis set and implicit modelling of THF 

(cpcm) (details in the Appendix E). The crystal structure of (S,S)-15 was used as a starting 

point and the tert-butoxide group replaced with methoxide for computational efficiency. This 

yielded the structure (S,S)-I. A standard mononuclear coordination-insertion mechanism was 

initially envisaged for the polymerisation of LA. 

 

For the initiation step, multiple approaches of D- and L-LA were considered of which the most 

favourable one was displayed in Figure 25. In both cases, the rate-determining step was found 

to be the nucleophilic attack. However, (S,S)-I preferentially inserted L-LA with an activation 

energy of ΔΔG298 = 5.6 kcal/mol (vs. 11.0 kcal/mol for D-LA). Compared to the DFT 

calculations involving the initiation of LA by complexes 2 (ΔΔG298 = 11.8 kcal/mol) and 8c 

(ΔΔG298 = kcal/mol), the activation energy is much lower, in line with the observed trend where 

the polymerisation of L-LA by (S,S)-15 (kapp = 4.53 × 10-3 s-1) is much faster than the 

polymerisation of rac-LA by 2 (kapp = 4.75 × 10-4 s-1) as well as the polymerisation of L-LA by 
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8c (kapp = 5.47 × 10-4 s-1). Interestingly, the insertion of a D-LA unit only required an activation 

energy of ΔΔG298 = 11.0 kcal/mol, making it significantly disfavoured to the L-LA.  

 

 

Figure 25. PES showing first insertion of a LA monomer into (S,S)-15 (I). DFT protocol: # ωB97xD/6-31g(d,p) scrf=(cpcm, 

solvent = THF) nosymm integral=grid=ultrafine. 

 

Previous DFT studies on the complexes 2 and 8c highlighted the importance of NCIs in the 

room-temperature active ROP of rac-LA. Not surprisingly, such interactions were also present 

in this family of catalysts where favourable H-bonding occurred between the ester carbonyl of 

the monomer and the NH moieties of (S,S)-I. This was mainly observed in the coordination 

step and thought to withdraw electron density from the carbonyl to facilitate the subsequent 

nucleophilic attack (Figure 26). The framework distortion energy (FDE) was calculated and 

found to be 5.7 kcal/mol. This is considerably lower than that of complex 2 (c.f. 8.0 kcal/mol) 

and was attributed to the trigonal bipyramidal geometry of the complex being closer in shape 

to the octahedral transition states of the polymerisation, reminiscent of Hammond’s postulate. 
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Figure 26. NCI surface of the monomer coordination step (II) featuring a hydrogen bond between the NH moiety and LA 

carbonyl (blue disc). 

 

The propagation step was calculated for two pathways (Figure E7). Given the atactic nature of 

the polymers produced in rac-LA ROP, the propagation after the insertion of L-LA (the 

preferred initiation) as well as D-LA was considered. This is meant to emulate the different 

chiralities of the chain end while maximising computational efficiency. It was hoped that an 

insight is gained into the activity and selectivity of the diastereomers [(S,S)-I-PLLA] and [(S,S)-

I-PDLA]. After initiation via the opening of a L-LA monomer, it was found that the catalyst 

hardly exhibits a preference. The second insertion of L-LA requires an activation energy of 

ΔΔG298 = 17.4 kcal/mol which is 0.7 kcal/mol lower than the insertion of D-LA (ΔΔG298 = 18.1 

kcal/mol). Both insertions are still conducive to a room temperature active polymerisation as 

observed. However, while the difference between both insertions is rather small, an isoselective 

bias in the rac-LA polymerisations should still be observed. Since the occurrence of 

dimerisation and polymeryl exchange mechanisms during polymerisation was suggested, the 

reactivity of (S,S)-15 with a D-LA chain-end was studied. In this case, the active species clearly 

prefers the insertion of L-LA at an activation energy of ΔΔG298 = 10.2 kcal/mol. The insertion 

of a second D-LA molecule is disfavoured by 3.9 kcal/mol (ΔΔG298 = 14.1 kcal/mol). Given 

the current data, a completely mononuclear reaction mechanism devoid of dimerisation and 
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polymeryl exchange would still lead to an isotactically biased polymer. Thus, polymeryl 

exchange appears to be an integral part in the mechanism of rac-LA polymerisation and likely 

one of the leading causes for the lack of stereoselectivity observed. 

 

 

Figure 27. PES showing first insertion of a LA monomer into the dimeric (S,S)-II. DFT protocol: # ωB97xD/6-31g(d,p) 

scrf=(cpcm, solvent = THF) nosymm integral=grid=ultrafine. 

 

As a final step a dimeric mechanism was calculated to gauge its plausibility. So far, it was 

assumed that the dimerisation of the active species leads to inactivity and must thus be 

suppressed. Using the optimised dimeric structure of S,S-II from Figure 14 in Section 3.2.6, 

evaluated the opening of a D- and L-LA molecule was evaluated (Figure 27). Interestingly, it 

was found that the polymerisation of L-LA can occur at room temperature in a dimeric state, 
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requiring an activation energy of ΔΔG298 = 17.7 kcal/mol. This is only 0.3 kcal/mol higher than 

the propagation step of a mononuclear active species (ΔΔG298 = 17.4 kcal/mol), suggesting that 

either one of the pathways is favourable. However, the opening of D-LA requires an activation 

energy of ΔΔG298 = 23.1 kcal/mol which is not conducive to a room temperature active 

polymerisation. This means that while S,S-II can readily polymerise L-LA whilst in a dinuclear 

state, it cannot do so with D-LA and thus has to break apart into its mononuclear constituents 

to carry out the polymerisation. This is reflected in the catalyst orders calculated for the 

polymerisation of L-LA by (R,R)-15 and (S,S)-15. The respective orders of 1.5 and 1.0 show 

that (R,R)-15 undergoes a multinuclear intermediate in the rate-determining step.  

 

To summarise, the DFT calculations show that for a given catalyst enantiomer (e.g. (S,S)-15), 

its mononuclear polymerisation mechanism prefers the opening of its corresponding match 

monomer (L-LA). In the case of rac-LA ROP one would expect an isotactic instead of an atactic 

polymer. This indicates that additional processes beyond the classical coordination-insertion 

mechanism are occurring, which result in a lack of stereoregularity. The fact that the order of 

the enantiopure and racemic catalysts in rac-LA ROP is 1.2 and 1.1 respectively, indicates that 

dimerisation and polymeryl exchange may occur during polymerisation. 

The DFT calculations also support the trends observed in L-LA ROP: (S,S)-15 generally prefers 

L-LA and any stereoerror caused by the insertion of the mismatch enantiomer (D-LA) finds 

itself corrected. The data involving dinuclear polymerisation clearly shows that L-LA can be 

polymerised at room temperature while D-LA cannot. This is also reflected in the catalyst 

orders where the polymerisation of L-LA by (S,S)-15 and (R,R)-15 exhibited a catalyst order 

of 1.0 and 1.5 respectively. 

The notion that a dimeric species cannot proceed with polymerisation was dispelled. Although 

a higher activation energy was observed, a dimeric analogue of (S,S)-15 can polymerise LA at 

room temperature. 
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3.3.1.8 Polymerisation of β-BL 

 

Table 5. β-BL polymerisations using complexes (R,R)-, (S,S)-, and rac-15, (8c added for comparison). 

Entry Catalyst 
β-BL 

(equiv.) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 
Pm

d 
kapp

e 

(s-1) 

TOF 

(h-1) 

1 (R,R)-15 100 50 70 5.3 (1.1) 6.0 0.55 3.88 × 10-4 84 

2 (S,S)-15 100 50 68 5.5 (1.1) 5.8 0.55 3.70 × 10-4 82 

3 rac-15 100 50 71 5.3 (1.1) 6.1 0.55 4.07 × 10-4 85 

4 8c 100 240 57 4.1 (1.1) 5.8 0.43 7.32 × 10-5 14 

5 (S,S)-15 1000 120 36 17.5 (1.2) 31.0 0.56 - 180 

6 rac-15 1000 120 25 15.5 (1.2) 21.1 0.54 - 125 

Reaction conditions: [β-BL]0 = 1 mol.L-1, THF, 25 °C; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion; d) Probability of meso linkage determined by 1H NMR spectroscopy (see ESI); e) 

Determined assuming a pseudo-first order 

 

As previously mentioned, synthesis of P3HB through ROP would allow for control of polymer 

properties via molecular weight and stereoregularity,83, 84 but aluminium-based catalysts 

exhibit low activities and selectivities.85 Complexes (R,R)-, (S,S)-, and rac-15 polymerised β-

BL much faster than their achiral derivative 8c (kapp = 7.32 × 10-5 s-1), reaching 70 % conversion 

in 50 minutes at room temperature (Table 5, Entries 1 – 4). Unlike with the previous monomers, 

the activity of the trans-15 complexes did not differ from each other, reflected by the similar 

kapp values (Figure 28). Whilst the polymerisations were very controlled (Figures B65 – B70), 

none exhibited any notable stereoselectivity. The groups of Carpentier and Rieger synthesised 

yttrium and lanthanide complexes which exhibited characteristically high activity (TOF = 4800 

and 6900 h-1 respectively at room temperature) and stereoselectivity (Pr > 0.80).86, 87 Although 

the synthesis of an aluminium catalyst of this activity is unprecedented, the lack of 

stereoselectivity is a major flaw.  

Polymerisations were conducted in bulk at room temperature to gauge whether the change in 

solvent would influence the stereoregularity of the polymers produced (Table 5, Entries 5 and 

6). In either case, atactic P3HB was produced with no significant change in tacticity. 
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Furthermore, the molecular weights of the resulting polymers differed from the expected 

values, likely due to the reaction mixture increasing in viscosity and hindering mass transport. 
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Figure 28. Superimposition of log plots showcasing the similar activity between (R,R)-, (S,S)-, and rac-15 (black, red, and 

green respectively) in β-BL polymerisation. 

 

 

Figure 29. PES showing first insertion of a β-BL monomer into (S,S)-15 (I). DFT protocol: # ωB97xD/6-31g(d,p) 

scrf=(cpcm, solvent = THF) nosymm integral=grid=ultrafine. 
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To gain a better understanding, DFT calculations were carried out on an ωB97xD level of 

theory using a split valence double zeta 6-31G(d,p) basis set (details in the ESI). The crystal 

structure of (S,S)-15 was used as a starting point and the tert-butoxide group replaced with a 

methoxide for computational efficiency. A standard mononuclear coordination-insertion 

mechanism was envisaged for the polymerisation of β-BL. The initiation step was considered 

with multiple approaches of the R and S monomers. Each enantiomer led to an activation energy 

of ΔΔG298K = 9.5 kcal/mol, in line with a room-temperature active polymerisation (Figure 29). 

The same activation energy for both enantiomers reflects the experimental data which shows 

the polymers to be atactic regardless of the catalyst employed. Furthermore, the kapp is the same 

overall which further indicates a lack of discrimination of monomer enantiomers by the 

catalysts. 

 

Figure 30. NCI surface of the monomer coordination step (II) featuring a hydrogen bond between the NH moiety and β-BL 

carbonyl (blue disc). 

 

Inspecting the NCI surfaces of the various polymerisation intermediates, multiple favourable 

interactions between the carbonyl of the monomer and NH moieties of (S,S)-15 can be 

discerned during the coordination step (Figure 30), as was the case with the polymerisation of 

rac-LA. Furthermore, such interactions were also present in certain transition states which 

would have a stabilising effect and thus decrease the activation energy of the ROP (Figure E9). 



180 

 

These results further highlight the importance of NCIs in the ROP activity of the catam family 

and demonstrate how these interactions are not only important to LA, but also to other cyclic 

esters. 

 

3.3.1.9 Polymerisation of Other Monomers  

 

Table 6. Polymerisation of ε-DL, TMC, and PDL using complexes (R,R)-, (S,S)-, and rac-15 (8c added for comparison). 

Entry Catalyst 
Monomer 

(equiv.) 

T 

(°C) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 

kapp
d 

(s-1) 

TOF 

(h-1) 

1 (R,R)-15/(S,S)-15 

ε-DL (100) 25 

7 * 60 79 21.5 (1.2) 12.2 7.21 × 10-5 11 

2 rac-15 7 * 60 91 27.1 (1.2) 15.5 1.04 × 10-4 13 

3 8c 11 * 60 89 28.4 (1.2) 15.1 6.16 × 10-5 8 

4 (R,R)-15/(S,S)-15 

TMC (100) 25 

4 * 60 63 18.6 (2.0) 6.4 5.42 × 10-5 16 

5 rac-15 25 * 60 75 - - 1.39 × 10-5 3 

6 8c 23 * 60 74 22.3 (1.4) 7.5 1.63 × 10-5 3 

7e (R,R)-15/(S,S)-15 

PDL (100) 100 6 * 60 

8 10.5 (1.4) 1.9 - 1.3 

8e rac-15 6 11.9 (1.5) 1.4 - 1 

9e 8c 6 5.2 (1.6) 1.4 - 1 

Reaction conditions: [M]0 = 1 mol.L-1, THF, 25 °C; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF c) Calculated using the 

conversion; d) Determined assuming a pseudo-first order; e) Carried out in toluene 

 

For the sake of comparison, further polymerisations were carried out with other monomers 

previously screened (Table 6). As discussed in Section 3.3.1.1, the polymerisation of ε-CL was 

faster using enantiopure catalysts, which was attributed to the differing dimerisation behaviour 

of both catalysts. Interestingly, whilst ε-DL is also a seven-membered ring, its polymerisation 

was much faster than that of ε-CL (at least 3 times as fast). Furthermore, the polymerisation of 

ε-DL was 40 % faster when mediated by the racemic complex (Table 6, Entry 2) instead of the 

enantiopure complexes (Table 6, Entry 1). The polymerisations by the trans-15 complexes 

were faster than their achiral analogue 8c (Table 6, Entry 3). Whilst the achiral nature of ε-CL 

brought the dimerisation behaviour of the complexes to the forefront, the chiral nature of ε-DL 

had two distinct effects: 

- The ring-opening of ε-DL results in the formation of a secondary alcohol which may 

suppress dimerisation as it increases steric bulk around the metal centre. This has 

already been postulated for 8c (Section 2.4.3). 
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- Each catalyst enantiomer will have a ‘match’ chirality of the ε-DL. This has the effect 

that the individual components of rac-15 are more likely to encounter a ‘match’ 

monomer, thus increasing the overall rate. 

 

This is contrasted by using TMC as a monomer, which is achiral and forms a primary alcohol 

upon opening. In this case, the dimerisation behaviour of the catalyst dominates again which 

results in the enantiopure complexes outperforming the racemic complex by a factor of ~ 3.9 

(Table 6, Entries 4 and 5). The dispersity of the polymer is high (2.0) which further indicates 

the formation of inactive species that may result in a broadening of the molecular weight 

distribution. An interesting aspect is the fact that the enantiopure complexes were much faster 

than rac-15 and their achiral analogue 8c (Table 6, Entry 6). Given previous results with 

complexes 2 and 8c deactivation via dimerisation is a plausible mechanism that would explain 

the ROP of TMC. The use of enantiopure complexes thus may again help the ROP of achiral 

monomers by disfavouring dimerisation.  

 

The polymerisation of PDL proceeded sluggishly for both enantiopure and racemic complexes 

at 100 °C (≤ 8 % after 6 h, Table 6, Entries 7 and 8). The activity is comparable to that of the 

achiral complex 8c (Table 6, Entry 9). Whilst dimerisation and subsequent deactivation via a 

primary alcohol is plausible, the observed activities are generally low which indicates that the 

coordination-insertion mechanism itself is slow. 

 

3.3.2 Polymerisations with cis-15 

Having extensively studied the polymerisation behaviour of chiral catalysts bearing a trans-

diaminocyclohexane core, the focus was shifted onto cis-15 which is tethered by the meso 

analogue. This complex still bears chiral centres, although it cannot be separated into individual 

components as it only forms one distinct species. The crystal structure shows the cyclohexane 

core to crowd the catalytic pocket unilaterally (Figure 13), which was hoped to impart 

stereoselectivity onto the catalyst. 
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3.3.2.1 Polymerisation of rac-LA, L-LA, meso-LA and ε-CL 

 

Table 7. Polymerisation of rac-LA, L-LA, meso-LA, and ε-CL using complex cis-15. 

Entry 
Monomer 

(equiv.) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 
Pm

d 
kapp

e 

(s-1) 

TOF 

(h-1) 

1 rac-LA (100) 75 85 12.8 (1.1) 12.2 0.54 4.29 × 10-4 68 

2 L-LA (100) 40 83 14.9 (1.0) 11.9 - 7.85 × 10-4 125 

3 meso-LA (100) 20 89 10.7 (1.1) 12.8 0.54 1.85 × 10-3 267 

4 ε-CL 10 67 32.9 (1.5) 9.7 - 2.17 × 10-3 402 

Reaction conditions: [M]0 = 1 mol.L-1, THF, 25 °C; a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion; d) Probability of meso linkage determined by 1H NMR spectroscopy (see ESI); e) 

Determined assuming a pseudo-first order 

 

The ROP of rac-LA showed good activity comparable to that of complexes 2 and 8c (Table 7, 

Entry 1). Furthermore, cis-15 was twice as fast as (R,R)-/(S,S)-15 but much slower than rac-

15. The polymerisation itself was very controlled, following a linear relationship between 

molecular weight and conversion (Figure B77 and B78) with narrow dispersities (Đ = 1.1). 

Unfortunately, despite the constrained shape of the active site, cis-15 afforded atactic PLA (Pm 

= 0.54). Whether this arises from a lack of selectivity or polymeryl exchange is unclear. The 

fact that the ROP of L-LA was ~1.8 faster indicates that the catalyst is slightly isoselective 

(Table 7, Entry 2). The crystal structure of cis-15 as well as DFT calculations indicated that the 

mononuclear catalyst can adopt both Λ and Δ wrappings at identical energies. Given the 

isoselectivity of the catalyst, one can presume that each of these wrappings prefers a specific 

LA enantiomer. Given that the crystal structure of cis-15 is dimeric, it is safe to assume that 

polymeryl exchange could occur through a µ-alkoxo species. This exchange must be 

favourable as the polymer appears to bear quasi-random insertions that lead to the low 

stereoregularity. The lack of stereoregularity in the rac-LA polymer thus implies that the 

polymer chains undergo exchange between the catalysts. The polymerisation of L-LA was itself 

very controlled (Figures B79 and B80). 

The polymerisation of meso-LA was again faster than that of rac-LA (Table 7, Entry 3) and 

proceeded in a controlled fashion (Figure B81 and B82). The polymer did not exhibit 

stereoregularity (Pm = 0.54). 

 

Rather surprisingly, the ROP of ε-CL by cis-15 exhibited unprecedented activities when 

compared to the other complexes in the catam family (Table 7, Entry 4). The polymerisation 
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showed living properties as evidenced by Figures B83 and B84. A conversion of 67 % was 

achieved after 10 minutes only, yielding a kapp of 2.17 × 10-3 s-1. In comparison, the enantiopure 

complexes (R,R)-/(S,S)-15 were previously the fastest complexes and required 8 hours to reach 

similar conversions (kapp ≈ 3.20 × 10-5 s-1). Further studies were conducted in the next section 

to elucidate this drastic increase in activity. 

The polymerisation mediated by cis-15 exhibited a pronounced lag time for L-LA, meso-LA, 

and ε-CL, as evidenced by the linear fit of the log plots not intercepting the origin (Figures 

B79, B81, and B83). The catalyst can have a slow initiation but a fast propagation due to factors 

such as bulkiness and inaccessible active site. 

 

3.3.2.2 Mechanistic Insight into ε-CL ROP by cis-15 

It was established in Section 3.3.1.2 that for the ROP of ε-CL, (R,R)-/(S,S)-Z and rac-15 

exhibited an order in catalyst of 1.0 and 0.5 respectively. For comparison, the order of cis-15 

was determined to be 0.65 (Figure B99), in line with the partial formation of inactive off-cycle 

species. Given that the activity of cis-15 is exceptionally high, this may seem counter-intuitive 

and implies that the active monomeric species (despite not being the major species) have a high 

activity. Further insight was sought via DFT calculations and multiple approaches of the ε-CL 

molecule were considered (Figure E8). The most favourable approach was again axial and had 

an overall activation energy of ΔG298K
 = 8.7 kcal/mol, in line with a room temperature active 

polymerisation. Considering the bulkiness of the cis-diaminocyclohexane core, this activation 

energy is surprisingly low. Indeed, the TSM of the mononuclear cis-15 complex shows the 

active site to be crowded by the linker, resulting in the NH moieties being buried (Figure 31, 

left). This initially gave the impression that NCIs would not be formed and the polymerisation 

thus disfavoured. 

 

However, beneficial H-bonds between the ε-CL carbonyl and NH were observed in the 

coordination step, despite the bulky nature of the cis-diaminocyclohexane core (Figure 31, 

right). The ligand framework undergoes a distortion to accommodate the incoming monomer. 

The FDE was thus calculated to gauge the extent of the changes the ligand undergoes. The FDE 

for the polymerisation of ε-CL by cis-15 was found to be 9.7 kcal/mol, much higher than that 

of (S,S)-15 for L-LA ROP (c.f. 5.7 kcal/mol). This shows that bonding and NCIs offer a strong 

stabilisation energy throughout the polymerisation of ε-CL by cis-15 indicating that the 

beneficial effects of NCIs can also in some cases be extended to ε-CL polymerisation. 
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Figure 31. Left: TSM of the monomeric cis-15 showcasing a crowded active centre due to the unusual coordination of the 

cis-diamnicyclohexane linker. The NH groups are buried within the coordination sphere. Right: NCI surface of the monomer 

coordination step (II) featuring a hydrogen bond between the NH moiety and ε-CL carbonyl (blue disc). 

 

 

3.3.2.3 Polymerisation of Other Monomers 

 

Table 8. Polymerisation of β-BL, ε-DL, TMC, and PDL using complex cis-15. 

Entry 
Monomer 

(equiv.) 

T 

(°C) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC) (Đ)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 
Pm

d 
kapp

e 

(s-1) 

TOF 

(h-1) 

1 β-BL (100) 25 7 * 60 92 6.1 (1.1) 7.9 0.53 1.05 × 10-4 13 

2 ε-DL (100) 25 10 * 60 84 24.9 (1.3) 12.0 - 5.31 × 10-5 8 

3 TMC (100) 25 90 85 - - - 4.19 × 10-4 57 

4f PDL (100) 100 105 69 48.4 (2.4) 16.6 - - 39 

Reaction conditions: [M]0 = 1 mol.L-1, THF; a) Determined by 1H NMR by relative integration of monomer and polymer 

signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion; d) Probability of meso linkage determined by 1H NMR spectroscopy (see ESI); e) 

Determined assuming a pseudo-first order; f) Carried out in toluene 

 

Although the polymerisation of β-BL yielded predictable molar masses with low dispersities 

(Figures B85 and B86), it proceeded nearly four-fold slower than that mediated by the trans-

15 complexes (Table 8, Entry 1 vs. Table 5, Entries 1-3). Further to that, the P3HB was atactic 

(Pm = 0.53). A similar trend was observed with ε-DL where a conversion of 84 % was achieved 

after 10 hours, as opposed to the 7 hours needed for the trans-15 complexes to achieve similar 

values (Table 8, Entry 2). Interestingly, the polymerisation of TMC proceeded exceptionally 
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fast, with a kapp of 4.19 × 10-4 s-1 (Table 8, Entry 3), similar to that of the polymerisation of 

rac-LA (kapp = 4.29 × 10-4 s-1). The fastest TMC ROP thus far was that mediated by complex 

2 which exhibited a kapp of 1.03 × 10-4 s-1, more than fourfold slower than that of cis-15. A 

similar behaviour is exhibited with the polymerisation of the macrolactone PDL (Table 8, Entry 

4), where 69 % conversion was achieved after 105 minutes at 100 °C (c.f. ~7 % after 6 hours 

for trans-15 complexes). As a comparison, Wang and Kunioka achieved a conversion of 49 % 

after 6 hours using Al(OTf)3 at similar conditions.88 The polymerisation suffered through the 

dispersity, which was much higher than is expected from a controlled ROP (Đ = 2.4). The 

molecular weight itself is not accurate as no correction factor exists. 

It is certain that cis-15 exhibited unprecedented activities for the polymerisations of ε-CL, TMC 

and PDL. Polymerisations of these monomers by previously described complexes (2, 8c, and 

trans-15) were much slower. It is important to note that the ring-opening of these monomers 

leads to the formation of a primary alkoxide which is thought to facilitate dimerisation and thus 

deactivation with the previous complexes. In the case of cis-15, the dimerisation is either 

disfavoured, or the polymerisations can proceed much faster when the catalyst is in a dinuclear 

state. 

 

 

3.4 Conclusion 

 

This chapter demonstrated how chiral pro-ligands (R,R)-, (S,S)-, rac-, and cis-H2
HL3 can be 

synthesised via the use of chiral diamine precursors. Furthermore, modification of aromatic 

substituents was found feasible if the modification is carried out on the catechol precursor prior 

to pro-ligand synthesis. 

Reaction of rac-H2
HL3 and cis-H2

HL3 with AlEt3 resulted in the formation of unextractable 

mixtures rac-mix12 and cis-mix12 respectively, presumed to be composed of the alkyl and 

deprotonated complex. It was found that heating rac-mix12 resulted in the full formation of 

the deprotonated derivative rac-13, adopting a similar solid-state structure to the HL2 analogue 

(7). 

Synthesising the benzyloxy complexes of (R,R)-, (S,S)-, and rac-H2
HL3 also resulted in the 

formation of unextractable mixtures termed (R,R)-, (S,S)-, and rac-mix14 respectively. Heating 

of rac-mix14 formed a single well-defined complex rac-14, which was not the case for the 
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enantiopure counterparts. The stability of rac-14 was traced to the formation of heterodimers 

which allow the constituents of the dimer to adopt favourable cis-β wrapping. 

The use of a bulky tertiary alcohol (tBuOH) with (R,R)-, (S,S)-, rac-, and cis-H2
HL3 led to the 

formation of single well-defined species (R,R)-, (S,S)-, rac-, and cis-15 respectively. The fact 

that (R,R)-, (S,S)-, and rac-15 exhibited an identical NMR spectrum demonstrates successful 

chirality transfer from the pro-ligand onto the metal complex. 

Enantiopure complexes outperformed the racemic complex in the ROP of the achiral ε-CL 

monomer. The propensity of rac-15 to form the less-active heterodimers was found to be the 

leading cause of this trend. The activity of (R,R)- and (S,S)-15 was higher than that of complex 

8c, showing that enantiopure complexes can lead to higher activities than their racemic and 

achiral counterparts. 

Complex (S,S)-15 was found to exhibit unprecedented activities in L-LA ROP but was 

considerably slower in polymerising D-LA. The enantiopure complexes thus demonstrated a 

monomer preference which indicates the presence of an ESC mechanism. 

However, in rac-LA ROP, the preference desisted, evident by the resulting PLA being atactic. 

Further experiments confirmed that polymeryl exchange between the catalytic species can 

occur which was used to explain the quasi-random insertions of LA. Furthermore, depending 

on the chiral nature of the chain-end, the catalyst had different preferences for the next 

insertion, all of which were favourable at room temperature. 

The trans-15 complexes also exhibited unprecedented activities in the polymerisation of β-BL, 

ε-DL, and meso-LA. 

Complex cis-15 was found to be very active in ε-CL ROP, requiring 10 minutes to polymerise 

67 % of monomer. Furthermore, the polymerisation of PDL was considerably quicker 

compared to that of previously described catam complexes. The strained configuration of the 

cyclohexyl moiety was thought to be the source of this trend. 

Computational studies highlighted the importance of NCIs. The NH moieties take an active 

part in the polymerisation as was shown in chapter 2. Thus, ligand modulation was successfully 

carried out without losing the beneficial properties of the catam ligand. 
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4.1 Introduction 

 

4.1.1 Artificial Switchable Catalysis 

“Artificial switchable catalysis” has become increasingly relevant in recent years as there is an 

interest of having more control over a catalyst’s output. This control can come in the form of 

modulating reaction rate or chemo-/regio-/stereo-selectivity. Furthermore, the exploitation of 

tandem or orthogonal reactivity as well as bi-/multi-functionality comprises another subset of 

switchable catalysis.1  

 

The ‘switch’ of the catalyst manifests itself as a structural feature which responds reversibly to 

an external stimulus. Most commonly light, redox, pH, metal-ion coordination, and 

electrochemistry are utilised as a means to trigger a catalyst’s “switch”.2 However, Johnson 

and co-workers have demonstrated that systems which respond to multiple stimuli can be 

designed.3 Specifically, their system was found to respond to heat and light, forming a “logic-

gated” catalyst that only performs radical polymerisation if the temperature is “low” AND the 

light is “on”.  

 

The most primitive form of achieving control is through the regulation of the reaction rate by 

switching the catalyst between an ‘on’-state (upregulation) and an ‘off’-state (downregulation) 

via the application of an external stimulus.4 As a result, most switchable catalysts reported in 

literature focus on the control of the reaction rate. However, as these types of systems become 

more common, there is a greater drive to search for more sophisticated systems that offer 

advanced control over the reactions. In the context of cyclic ester polymerisation, modulation 

of the stereoselectivity of a catalyst can allow for the synthesis of polymers with fine-tuned 

properties (though this has yet to be achieved). Furthermore, establishing orthogonality 

between two monomers where a given catalyst can selectivity polymerise one monomer over 

the other (depending on the state) can pave the way for the formation of multi-block co-from a 

monomer mixture, thus eliminating the need of sequential monomer addition.5 To gain an 

understanding of the current art,  this introduction will feature examples of artificial switchable 

catalysts for cyclic ester ROP, with an emphasis on redox controlled ‘switches’. A more 

detailed outline of artificial switchable catalysis can be found in recent reviews,1, 2, 4, 6-10 some 

of which emphasise polymerisation catalysis.5, 11-15 
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4.1.2 Photochemical-Controlled Switching 

Light is an ideal external stimulus as it is non-invasive, “clean”, chromophore selective, and 

provides temporal control.10 This is in contrast with other stimuli which require additional 

substances to be added to solution, thus complicating the system. Photochemical switching is 

frequently employed in photo-initiating polymerisation processes and small-molecule organic 

transformations. Examples of photochemical control in cyclic ester ROP are scarce and are not 

metal-mediated. Both instances use a photoswitchable organocatalyst. 

 

 

Scheme 1. Photoswitchable catalyst I based on a cinnamoyl functionalised α-CD  

 

The first instance of such a catalyst was reported in 2009 by Harada and co-workers which 

used an α-cyclodextrin (α-CD) molecule functionalised with a cinnamoyl group (Scheme 1).16 

The latter can isomerise between cis/trans forms upon irradiation with light. The trans-form 

(I-trans) can polymerise δ-valerolactone (δ-VL) at 100 °C. Upon UV radiation of the reaction 

mixture, the catalyst is transformed into its cis-form (I-cis) which increases the steric bulk 

around the catalytic cavity and thus hinders subsequent polymerisation. 
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Scheme 2. Photoswitchable dithienylethene functionalised imidazolium (II) by Neilson and Bielawski 

 

A faster catalyst was reported by Neilson and Bielawski in 2013, and comprises a system 

consisting of an imidazolium ring annulated to the photochromic dithienylethene (Scheme 2).17, 

18 Upon UV irradiation, the photoswitchable moiety undergoes cyclisation (II-c) which 

reverses to the open form (II-o) under exposure to visible light. II-o is generated into the 

corresponding carbene with one equivalent of potassium hexamehyldisilazide (KHMDS) and 

can catalyse the ROP of ε-CL at room temperature, converting 95 % of the starting material in 

one hour. The closed form II-c is inactive towards ε-CL ROP (less than 5 % in 1 hour) which 

was explained by the reduced electron density on the carbenoic centre. A similar behaviour 

was observed for the ROP of δ-VL. Thus, the authors demonstrated that system II can be 

reversibly switched between fast and slow states through the use of visible and UV light. This 

switch mechanism was later adapted by Hecht and co-workers which exploited cyclisation and 

keto-enol tautomerism to achieve switchable co-polymerisation.19 

 

Scheme 3. Photoswitchable azobenzene functionalised thiourea (III) by Wu and co-workers 

 

In 2016, Wu and co-workers reported an azobenzene-based thiourea catalyst (Scheme 3).20 The 

azo group can undergo E/Z photo-isomerisation upon irradiation with light which changes the 

availability of the active site. The Z-isomer (III-Z) is generated with UV light and was found 

to be inactive as it blocked the catalytic site of the thiourea via intramolecular (NO2-HN) 

hydrogen bonding. Exposure of the system to visible light generated the E-isomer (III-E) 



196 

 

which freed the catalytic site and made the species active towards LA ROP. The use of 

azobenzenes was extended to Zn-centred catalyst by Changle Chen and co-workers where they 

used the isomerisation properties to alternate the availability of two different active sites.21 

Jones and co-workers have also applied azobenzene-containing ligands to aluminium and zinc 

and were able to regulate the polymerisation of ε-CL.22 

 

4.1.3 Chemical-Controlled Switching 

Changes in a catalyst’s properties can be induced through the addition or removal of chemicals 

which may induce changes in its structure amongst others. An interesting form of switching 

was reported by Williams and Romain in which CO2 was used as both a chemical switch and 

a reagent (Scheme 4).23 When the dizinc complex (IV) was employed in a mixture of ε-CL and 

CHO, only PCL was formed whilst the CHO was “ignored”. However, upon addition of CO2 

into the system at a pressure as low as 1 bar, IV catalysed the ring-opening co-polymerisation 

(ROCOP) of CHO and CO2, forming polycyclohexene carbonate whilst “ignoring” ε-CL. This 

is due to the formation of a zinc carbonate species which prefers the opening of CHO over ε-

CL. The selectivity for ε-CL was restored by replacing the CO2 with N2, reverting to a zinc 

alkoxide species which prefers the opening of ε-CL over CHO.  

 

 

Scheme 4. Romain and Williams' dizinc catalyst (IV) which changes substrate specificity upon addition/removal of CO2 into 

the system. 

 

Gases as switch mediators are attractive as they are theoretically reversible due to their ease of 

introduction and removal from a system. Another use for CO2 was discovered by Coulembier 

and Dubois in which they were able to upregulate and downregulate the activity of a system 

consisting of triazabicyclodecene (TBD) and diazabicyclo[5.4.0]undec-7-ene (DBU).24 The 
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introduction of CO2 stopped the ROP of ε-CL which was reversed through the replacement of 

the gas with N2. 

 

Mirkin and co-workers reported an allosteric supramolecular structure in which the active site 

is buried between two layers.25 This methodology, termed the “weak-link approach” (WLA) 

allows the structure to be modulated between “open” and “closed” states through reversible 

binding events of chloride anions.26 In such a way, the activity of the catalyst was modulated 

through changing the availability of the active site. This allosteric switch demonstrates an 

interesting approach to controlling catalyst properties. 

 

4.1.4 Redox-Controlled Switching 

Redox events are another popular type of external stimuli and are often used in reactions 

catalysed by transition metals. These use a redox-active ligand – often times bearing a ferrocene 

or cobaltocene group – which aids in constructing a redox-active catalyst.2, 14 The 

oxidation/reduction of these metallocenes is reversible and allows for the effortless generation 

of electronically poor/rich catalytic species which have differing rates for particular reactions. 

This modulation of electron density can be utilised for up/down-regulation, or to achieve on-

command substrate selectivity.27 The field of switchable polymerisation has been meticulously 

discussed in a recent review by Doerr et al. and selected examples for cyclic ester ROP are 

summarised below.12  

 

4.1.4.1 Ferrocenyl-mediated redox catalysis 

 

Scheme 5. Redox-switchable ferrocenyl functionalised titanium complex (V) by Gibson and Long. Addition of AgOTf 

results in the oxidised species (V-ox) 

 

The first instance of a redox-switchable catalyst was reported in 2006 by Gibson, N. Long, and 

co-workers, wherein they functionalised a titanium salen complex with a conjugated ferrocenyl 

moiety on each of the two aromatic groups (V).28 The complex was oxidised and reduced with 

two equivalents of silver triflate (AgOTf) and decamethyl ferrocene (FeCp*2) respectively. At 

70 °C, the reduced form (V) was found to be 30 times faster in rac-LA ROP than the oxidised 
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form (V-ox) of the catalyst. The catalyst could readily be switched from one state to another 

with no apparent loss in activity upon switching back (kapp = 4.98 x 10-6 s-1 vs. 4.73 x 10-6 s-1). 

The molecular weights of the polymers were well controlled (Đ = 1.20) but neither V nor V-

ox exhibited stereocontrol. The difference in activity was attributed to the change of electron 

density on the metal centre. It appears that despite the remote location of the ferrocenyl units 

relative to the metal centre, the modulation of their oxidation state has a profound impact on 

the rate of reaction. 

 

 

Scheme 6. Ferrocenyl-tethered Ti (VI) and Zr (XIII) complexes by B. Long and co-workers. Addition of AcFcBArF results in 

the oxidised species (VI-ox and XIII-ox) 

 

Given the instrumentality of the ferrocenyl units, the importance of their proximity to the metal 

centre eventually comes into question. B. Long and co-workers reported an analogue of V in 

which the ferrocene unit is used as a tether to the aromatic groups (VI).29 Using 

acetylferrocenium (3,5-bis(trifluoromethyl)phenyl)-borate (AcFcBArF) as an oxidant and 

cobaltocene (CoCp2) as a reductant, the polymerisation of L-LA was investigated. 

Interestingly, the activity of the oxidised species (VI-ox) depended on whether it was generated 

in the presence of monomer or not. If VI-ox was generated prior to the addition of L-LA, the 

species exhibited faster activities than its reduced form (VI). However, if the switching was 

carried out in the presence of monomer, VI exhibited much higher activities while VI-ox was 

completely inactive. Further studies proposed that the generation of VI-ox in the presence of 

L-LA changes the geometry of the complex from the cis-β form to either the trans or the cis-α 

form which results in a loss of activity. The results are in contrast with V where the oxidised 

and reduced form still exhibit activity. It appears that the proximity of the ferrocenyl unit does 

play a critical role in affecting the catalytic activity. Thus, to maximise redox-switchability, 

one should place the redox-active moiety as close to the metal centre as possible. 
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Scheme 7. Ferrocenyl-functionalised half-salen complexes (VII and VIII) by B. Long and co-workers. Addition of 

AcFcBArF results in the oxidised species (VII-ox and VIII-ox) 

 

The group of B. Long also investigated the tridentate half-salen VII and VIII which bear a 

titanium and zirconium metal centre respectively.30 In both cases, a single ferrocenyl unit was 

placed on the aromatic ring as was done by Gibson and N. Long for V. Complexes VII and 

VIII were oxidised with silver tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (AgBArF) to 

yield VII-ox and VIII-ox respectively. For the polymerisation of L-LA, VII and VIII were 

found to be faster than their oxidised form by a factor of 44 and 82 respectively. Whilst both 

catalysts were slower than V, the relative rates of polymerisation between reduced and oxidised 

form was similar for all three cases. This indicates that the switching behaviour is not affected 

by the number of ferrocenyl units in a given complex. However, the activity may be affected 

by the identity of the metal centre. 

 

 

Scheme 8. Ferrocenyl-tethered Ti and Zr complexes by Diaconescu and co-workers (IX-XII). Addition of AcFcBArF results 

in the oxidised species (IX-ox, X-ox, XI-ox, and XII-ox) 

 

Despite the valuable insight gained through the studying of complex VI, Diaconescu and co-

workers were in fact the first to use a ferrocenyl unit as a linker. A series of ferrocenyl-tethered 

Group IV complexes with different bridging heteroatoms were synthesised by the group in 
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2014 and employed in the ROP of L-LA and ε-CL (IX-XI).31 Each catalyst was found to exhibit 

higher rates in the polymerisation of L-LA (at T ≥ 80 °C) in the reduced state. However, for ε-

CL ROP, IX and XI were much slower in their reduced state than in their respective oxidised 

state (IX-ox and XI-ox) at room temperature. The experimentally observed orthogonality 

between the monomers led to the first one-pot synthesis of block copolymers without the need 

of sequential monomer addition. However, this was only achieved with XI as the in-situ 

oxidation of IX led to an inactive species, arising from to the strong coordination of L-LA to 

the metal centre of IX-ox which prevents coordination of the ε-CL monomer. 

 

The monomer scope of IX was expanded to include β-BL, propylene oxide, oxetane, 

cyclohexene oxide (CHO), and styrene oxide.32 Particularly striking orthogonality was 

exhibited between L-LA and CHO. DFT studies have shown that the polymerisation of CHO 

was mediated by coordination-insertion mechanism instead of an anionic/cationic mechanism 

more commonly observed for cyclic ether polymerisation.33 

 

When the monomer scope of XI was expanded, it was found that only L-LA was polymerised 

with ease in its native form.34 However, besides ε-CL, XI-ox was found to polymerise δ-VL, 

β-BL, oxetane, TMC, and CHO. The zirconium analogue (XII) was found to not exhibit any 

orthogonality between monomers, which was substantiated with DFT studies.35 This is further 

proof of the importance of the metal centre and the ligand in the switch properties of a catalyst. 

The group of Diaconescu expanded their ligand library to include a salen analogue of IX which 

is fully conjugated (Scheme 6, XIII).36 Orthogonality between L-LA and CHO was quickly 

established and XIII was found to polymerise L-LA faster than IX but exhibited slower 

activities for CHO. 

 

So far, these studies show how sensitive artificial switchable catalysts are to structural 

modulation. The number of ferrocenyl units, their relative proximity to the metal centre, the 

degree of conjugation of the ligand, the nature of the bridging heteroatom, and the nature of 

the metal centre all play an important role in determining the properties of a system. If designed 

correctly, these systems have the potential of establishing a variety of monomer orthogonalities 

which can produce sophisticated multi-block co-polymers without the need of sequential 

monomer addition.37   
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Scheme 9. Ferrocenyl tethered Y and In complexes by Diaconescu and co-workers (XIV-XVI). Addition of FcBArF results 

in the oxidised species (XIV-ox, XV-ox, XVI-ox) 

 

Moving beyond Group IV metals, phosphasalen complexes around a yttrium (XIV) and an 

indium (XV) metal centre were synthesised by the Diaconescu group.38 Both complexes 

showed good switchability in L-LA ROP with XIV resuming polymerisation at similar rates 

once returned to the ‘on’ state (kapp = 0.3424 h-1 vs. 0.3733 h-1). Interestingly for the ROP of 

TMC, the native XIV was active while XIV-ox was not. However, complex XV showed an 

inverse trend where XV-ox was active in TMC ROP while the native species was not. The fact 

that the switch mechanism can be implemented with Group III and Group XIII metals shows 

that if the metal centre is active in ROP, a well-designed ligand can in turn make the complex 

act as a switch. This is substantiated further by incorporating aluminium into a ferrocenyl 

containing salen scaffold (XVI).39 The native species showed good activity for L-LA, β-BL, 

and TMC ROP whereas XVI-ox was only active for CHO ROP. 

 

 

Scheme 10. Ferrocenyl-tethered La (XVII and XVIII) and Al (XIX) by the groups of Okuda and Diaconescu. Addition of 

FcBArF results in the oxidised species (XVII-ox, XVIII-ox, XIX-ox) 
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Okuda and co-workers used Diaconescu’s ligand motif to synthesise salan ligands bearing 

sulfur heteroatoms. These were coordinated around a lanthanum metal centre with different co-

ligands to yield XVII and XVIII.40 These were highly active compared to previous complexes, 

owing to the Lewis acidic metal centre. Particularly XVII polymerised 94 % of monomer over 

the course of 80 minutes at room temperature. Both complexes however lost their activity upon 

oxidation. The nature of the co-ligand thus does not affect the switchability of a catalyst. A 

modified ligand scaffold was employed by Diaconescu and co-workers when synthesising an 

aluminium-centred complex (XIX).41 Although employed in the ROP of a variety cyclic esters, 

the orthogonality between L-LA and CHO was the most synergistic. A particularly interesting 

aspect is the fact that the polymerisation of L-LA by XIX required 24 hours at 70 °C to reach 

a conversion of 88 %. However, the polymerisation of CHO by the oxidised XIX-ox converted 

90 % of monomer in 20 minutes at ambient conditions. The native species was inactive in CHO 

ROP. The group studied these trends through DFT and found that changes in the electronic 

properties brought forth by the oxidation or reduction of the species did not only affect the 

individual catalytic steps. During propagation, the polymer chain can form five-membered 

chelate intermediates, their stability depending on the oxidation state of the catalyst. The energy 

barrier of a polymerisation thus does not only depend on initiation, but also on the strength of 

polymer chain chelation during the propagation steps.  

 

4.1.4.2 Metal-mediated redox catalysis   

The prior section demonstrated that the inclusion of a ferrocenyl unit into the ligand has enabled 

the oxidation and reduction of complexes that would in most cases be redox non-innocent. 

Through this, switch mechanisms were implemented that led to primitive ‘on’/’off’ switches 

as well as to more sophisticated substrate-selective switches. However, synthesising a 

ferrocenyl-containing ligand is not always straightforward.26 Furthermore, using such ligands 

with redox active metals can lead to problematic interference. Redox-active catalysts relying 

on the metal centre are a solution as they simplify the system greatly. Matyjaszewski and co-

workers have demonstrated that atom transfer radical polymerisation can be controlled using a 

metal-based redox switch.42 

 

As early as 2011, Diaconescu and co-workers synthesised a salen-based cerium catalyst (XX) 

which can be oxidised from its native Ce(III) form to its Ce(IV) form (XX-ox).43 The native 

complex XX was active in L-LA polymerisation at room temperature but stopped when FcBArF 

was added to form XX-ox. Regeneration of the native species with CoCp2 resumed the 
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polymerisation with no apparent loss in activity. This demonstrated that redox-switchable 

catalysis can be carried out without ligand assistance. 

 

 

Scheme 11. Top: Ce(III) complex by Diaconescu and co-workers (XX) which forms the oxidised XX-ox upon addition of 

FcBArF. Bottom: Ce(IV) complex by Okuda and co-workers (XXI) which forms the reduced XXI-red upon addition of 

CoCp2 

 

Two years later in 2013, Okuda and co-workers synthesised a cerium based system containing 

two units of a tetradentate [OSSO]-donor ligand (XXI).44 In this case, the native species is the 

oxidised Ce(IV) which can be reduced with CoCp2 to generate the reduced Ce(III) (XXI-red). 

Complex XXI-red was found to polymerise meso-LA approximately 60 times faster than XXI, 

reaching a conversion of 78 % in 7 h at 40 °C. Furthermore, the complex can be switched 

between ‘on’ and ‘off’ states multiple times before experiencing a loss of activity. 

 

In the same year, Byers and co-workers developed an iron catalyst supported by a 

bis(imino)pyridine ligand (XXII).45 The Fe(II) pincer complex showed good activity in rac-

LA ROP at ambient temperatures, albeit slower than XX. Complex XXII can be oxidised with 

an equivalent of ferrocenium hexafluorophosphate (FcPF6) to yield the oxidised Fe(III) species 

XXII-ox, leading to inactivity. Further studies indicated that the complex can be switched back 

and forth multiple times without significantly affecting the activity or polymer properties. The 

complex was later demonstrated to act as an orthogonal mediator between rac-LA and CHO.46 
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XXII-ox showed excellent activity for the ROP of CHO. Thus, through multiple experiments, 

the complex was shown to be able to effortlessly generate PLA-b-PCHO as well as PCHO-b-

PLA block co-polymers. 

 

 

Scheme 12. Top: Fe(II) complex by Byers and co-workers (XXII) which forms the oxidised XXII-ox upon addition of 

FcPF6. Bottom: Fe(III) complex by Lang and co-workers (XXIII) which forms the reduced XXIII-red upon addition of 

CoCp2. 

 

Lang and co-workers also synthesised a Fe(III) complex  supported by a di(1H-pyrazol-3-

yl)pyridine pincer ligand (XXIII) and employed it in the ROP of ε-CL.47 XXIII polymerised 

65 % of starting material at 100 °C after 16 h. Upon reduction to XXIII-red with CoCp2, the 

polymerisation stopped. 

 

 4.1.5 The Ph-Catam Ligand 

 

 

Scheme 13. General structure of an ortho-aminophenolate (left) as well as its corresponding semiquinonato (middle) and 

quinone (right) form upon oxidation. 

 

Ortho-aminophenols have been studied extensively for their redox properties and found to be 

redox non-innocent.48 Their oxidation and reductions are more energetically accessible than 

redox-inactive ligands.49 Thus, the ligand can change oxidation state without affecting that of 
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the metal, resulting in a change in the overall charge of the complex. Such a ligand would be 

termed an “actor” ligand as it takes an active part in a particular reaction. A simple ortho-

aminophenol ligand can already be oxidised into semiquinonato and quinone form (Scheme 

13), which has been exploited by Wieghardt and co-workers in 1999, who synthesised a catam 

ligand tethered by a o-phenylenediamine moiety (Scheme 14, H2
HL4).50 The redox properties 

of the o-aminophenols as well as the conjugated nature of the ligand, allows H2
HL4 to exist in 

five different oxidation states (Scheme 14). From this ligand, copper and zinc complexes were 

synthesised and found to stoichiometrically oxidise primary alcohols such as methanol and 

ethanol. 

 

 

Scheme 14. Structure of the phenylene-tethered catam ligand H2
HL4 (top-left) and the different oxidation states that can be 

achieved. 

 

The interesting properties of the ligand were largely ignored until 2008 where it was revived 

by Heyduk and co-workers. They reported a zirconium-centred complex of H2
HL4 which 

catalysed the two-electron disproportionated of 1,2-diphenylhydrazine into azobenzene.51 The 

valence changes occurred at the redox-active ligand instead of the metal centre, demonstrating 

the ability of the H2
HL4 to act as an actor-ligand in catalytic processes.52 Since then, the ligand 

was discovered to act as an electron reservoir,53 assist the catalysis of 1-hexene 

oligomerisation,54 or exhibit interesting properties with tin,55 molybdenum,56, 57 cobalt,58 and 

tungsten, 59     

H2
HL4 was employed in cyclic ester ROP by Kol, Coates, and co-workers.60 The titanium and 

zirconium alkoxides were found to exhibit unusually high activity in the ROP of rac-LA (full 

conversion after 1 h at 75 °C in toluene; 300:1 LA:cat), yielding heterotactic PLA (Pr up to 

0.87). 
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4.1.6 Aim and Objectives 

The aim of this project was to implement a redox-switchable aluminium catalyst using H2
HL4 

as a ligand. Whilst aluminium is not a redox-active metal centre, the employment of a redox 

non-innocent ligand was thought to overcome this limitation, as any change of the oxidation 

state would be occurring on the ligand instead. Contrary to the systems outlined in Section 

4.1.4, this complex possesses neither a redox-active metal centre, nor a ferrocenyl-

functionalised ligand, making this an unprecedented complex (if it were to work). Thus, the 

synthesis of the complex was carried out and tested in multiple switch experiments. The goal 

was to implement a switch that would at least upregulate and downregulate a rate of reaction. 

Furthermore, finding orthogonality between two monomers would allow for the synthesis of 

block co-polymers from a substrate mixture. 

 

 

4.2 Pro-Ligand Synthesis and Complex Characterisation 

 

 

Scheme 15. Synthesis of pro-ligand H2
HL4. 

 

The synthesis of pro-ligand H2
HL4 was carried out according to a modified literature procedure 

by Heyduk and co-workers in which two equivalents of 3,5-di-tert-butylcatechol was stirred 

with one equivalent of ortho-phenylenediamine in n-hexane with a catalytic amount of 

triethylamine over the course of 4 days at room temperature (Scheme 15).50, 52 This resulted in 

a precipitate which was filtered to yield the crude product. The solid was re-dissolved in diethyl 

ether and filtered through a plug of silica. Evaporation of volatiles and subsequent washing 

with cold hexane yielded pure H2
HL4 (45 % yield). 
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4.2.1 Synthesis of the alkyl complex of H2
HL4 and deprotonation behaviour 

 

 

Scheme 16. Complexation of H2
HL4 with AlEt3 to produce the corresponding alkyl and deprotonated complex (16). 

 

The synthesis of the alkyl complex of H2
HL4 was initially attempted as per scheme 16. 

Performing the synthesis in THF resulted in the formation of a THF adduct, conducive to three 

coordinated THF molecules. These were impossible to remove under vacuum or  usual 

purification methods (i.e. washing with pentane, recrystallisation), which was attributed to the 

electron-withdrawing phenylene linker imparting the NH moieties with better hydrogen-bond 

donor properties as they become more acidic. The H-bonds formed with the oxygen atoms of 

the THF molecules were thus exceptionally strong. To overcome this, the synthesis was instead 

carried out in a non-coordinating solvent (Scheme 16). After 4 hours, the crude product was 

found to be a mixture of products as per the 1H NMR spectrum (C6D6, 298 K, Figure A36). 

The products were suspected to be the alkyl complex (Scheme 16, minor product) and its 

corresponding deprotonated complex (major product, 16). The deprotonation of the NH moiety 

by the alkyl chain is thus very favourable at room temperature for C2-linkers (as seen in the 

synthesis of the alkyl complex of H2
HL2 and H2

HL3 in Sections 2.3.2.1 and 3.2.3). Again, this 

was attributed to the electronegative phenylene moiety making the proton of the NH moiety 

more acidic. This in turn facilitates the deprotonation of the NH by the anionic alkyl chain. As 

the synthesis of the alkyl complex was not as straightforward as envisaged, the direct synthesis 

of the deprotonated complex 16 was targeted by carrying out the reaction in toluene and 

increasing the reaction time to 16 hours. Removal of the volatiles yielded a single well-defined 

species as per the 1H NMR spectrum (C6D6, 298 K, Figure 1). The spectrum features a species 

with a C1-symmetric structure in solution with the peaks in the aromatic region corresponding 

to a total of eight aromatic protons, a NH peak corresponding to one proton (δ1
H 5.00 ppm), 

and four tBu peaks corresponding to 9 protons each (δ1
H 1.61, 1.51, 1.20, and 1.10 ppm). 
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Figure 1. 1H NMR spectrum (C6D6, 298 K) of complex 16. 

Purification of 16 proved to be problematic as it dissolved in all common solvents at room 

temperature and -40 °C. The best attempt at purification yielded an identical spectrum to Figure 

1. Elemental analysis of 16 only deviated 3 % from the expected carbon values. Whilst not 

entirely pure, the complex has been deemed characterised and was used in subsequent 

experiments. 

 

4.2.2 Synthesis of alkoxide complexes 17-a to 17-b 

 

Scheme 17. Complexation of H2
HL4 and reaction with MeOH or BnOH to yield 17-a and 17-b respectively. Use of iPrOH 

and tBuOH did not yield a single well-defined species. 
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The synthesis of an alkoxide species was then targeted by reacting complex 16 (in-situ 

generated) with a variety of alcohols (Scheme 17). These include: MeOH, BnOH, iPrOH, and 

tBuOH. 

 

The addition of one equivalent of either MeOH or BnOH resulted in the formation of a single 

species as per the 1H NMR spectrum (C6D6, 298 K, Figures A37 and A38). This prompted the 

direct synthesis of the methoxy and benzyloxy complexes (Scheme 17, 17-a and 17-b), each 

of which yielding a well-defined product as per the 1H NMR spectra (C6D6, 298 K, Figures 2 

and A39). The acquisition of a 13C NMR proved to be difficult as the complexes were poorly 

soluble in all common NMR solvents. Given the primary nature of the alkoxide of complexes 

17-a and 17-b, they likely form dimers in solution. Furthermore, the ligand HL4 is has strong 

electron-withdrawing properties. Coordination of such a ligand onto aluminium results in the 

metal centre being more electropositive which increases the complex’s propensity to dimerise. 

Thus, despite the difficulty in obtaining a 13C NMR spectrum, complexes 17-a and 17-b were 

deemed successfully synthesised based on the 1H NMR spectra and the results of the elemental 

analysis (see Experimental for details). 

 

Addition of one equivalent of the secondary alcohol iPrOH to complex 16 in THF resulted in 

the formation of multiple species as per the 1H NMR spectrum (C6D6, 298 K, Figure 3). The 

multiple species (17-c) can arise from a monomer-dimer equilibrium, disorder in the 

coordination of the isopropoxy unit, as well as the coordination of THF onto the metal and NH 

moieties of the complex, all of which resulting in the many species found in the NMR spectrum. 

The direct synthesis 17-c was subsequently attempted in toluene, removing the presence of 

THF from the reaction mixture. The resulting 1H NMR spectrum (Figure A40, C6D6, 298 K) 

still showed a large degree of convolution. As the reaction did not form a single-well defined 

species, the targeting of 17-c was ceased. 
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Figure 2. 1H NMR spectrum (C6D6, 298 K) of 17-a 

 

Figure 3. 1H NMR spectrum (C6D6, 298 K) of 16 (top) and 16 + iPrOH showing a transformation taking place, yielding 

multiple species in solution. 



211 

 

Given that the synthesis of the tert-butoxy complexes of (R,R)-, (S,S)-, rac-, and cis-H2
HL3 

resulted in the formation of a single monomeric species, the synthesis of a tert-butoxy complex 

bearing the H2
HL4 pro-ligand was also attempted (17-d). However, the addition of one 

equivalent of tBuOH to 16 did not result in a change in the 1H NMR spectrum (C6D6, 298 K) 

after reacting at room temperature over 3 days or heating it at 80 °C overnight (Figure 4). Even 

the direct synthesis of 17-d only resulted in the formation of the deprotonated complex 16, 

which indicates that 16 is not reactive towards tertiary alcohols. A final attempt was made in 

which the chloro complex 18 (see next section) was reacted with one equivalent of KOtBu in 

C6D6. The aim of this salt metathesis was to exchange the chloride ligand with with a tert-

butoxy group which should be thermodynamically driven by the formation of a salt (KCl) and 

the formation of a strong Al-O bond. Interestingly, as per the 1H NMR spectrum, the reaction 

led to the formation of a new product (Figure A41, C6D6, 298 K). Although it appears that a 

single well-defined species was formed, the reaction never went to completion despite further 

additions of KOtBu to the reaction mixture. Given the difficulty in separating the multiple 

products of the reaction mixture, any further attempt in synthesising complex 17-d was ceased. 

 

 

Figure 4. 1H NMR spectrum (C6D6, 298 K) of 16 (top) and 16 + tBuOH after 72 hours at RT (middle) and 16 hours at 80°C 

(bottom)  showing no transformation taking place. 
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To conclude, alkoxide derivatives  17-a and 17-b were successfully synthesised, isolated, and 

characterised using MeOH and BnOH. Although the addition of iPrOH to 16 led to the 

formation of new products, the direct synthesis attempts did not yield a single well-defined 

species. Complex 16 was found to be unreactive towards tBuOH.  

 

4.2.3 Synthesis and Characterisation of the chloro complex (18) 

 

Scheme 18. Complexation of H2
HL4 with AlEt2Cl to produce the corresponding chloro complex 18 

 

Given the solubility issues experienced with 17-a and 17-b, the chloro complex 18 was targeted 

through the reaction of one equivalent of H2
HL4 with one equivalent of diethylaluminium 

chloride (AlEt2Cl). The pro-ligand and aluminium precursor were separately dissolved in 

toluene and cooled to -40 °C. The solutions were then mixed and allowed to stir at room 

temperature overnight, upon which a precipitate was formed. Filtration and subsequent 

washings with pentane yielded the pure complex 18 (77 % yield).  

 

The NMR spectrum (CD2Cl2, 298 K) of 18 agrees with a Cs-symmetric structure in solution 

with four peaks in the aromatic region corresponding to the protons on the ortho-aminophenol 

(δ1
H 7.44 and 7.38 ppm) and phenylene (δ1

H 7.40 and 7.35 ppm) moieties (Figure 5). The single 

NH peak at δ1
H 5.50 ppm, and the two tBu peaks (δ1

H 1.41 and 1.40 ppm) confirm the formation 

of a single, well-defined species. 
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Figure 5. 1H NMR spectrum (CD2Cl2, 298 K) of 18. 

 

 

Figure 6. Crystal structure of 18 (ellipsoid plot, 50% probability) showing a monomeric structure in the solid state. 
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A single crystal was grown via vapour-diffusion of pentane into a concentrated solution of 18 

in DCM and subsequently analysed by XRD. The crystal structure of 18 was obtained which 

features a mononuclear molecular structure (Figure 6). The aluminium centre is 

pentacoordinate and adopts a distorted square pyramidal structure (τ5 = 0.44).61 The 

tetradentate O’N’N’O-ligands coordinates around the metal centre in a pseudo-meridional 

fashion with the chloride ligand sitting at the apical position. An interesting feature is the 

arrangement of the phenylene moiety which sits below the average plane of the molecule and 

exposes the NH groups. This would likely allow the monomer units to coordinate much easier 

from a “top-down” approach, maximising the possible NCIs. The distance between the NH 

moieties is 2.702 Å, which is smaller than what was measured for complex 1 (2.789 Å, Section 

2.3.1.1). This can be attributed to 18 bearing a C2 linker as opposed to a C3 linker. The distances 

are reminiscient of the previously discussed squaramides which have an average distance of 

2.80 Å between the NH moieties. 

 

4.3.4 Electrochemical behaviour of 18 and oxidant choice 

The HL4 ligand has already been subject to multiple redox studies when coordinated to Co,53 

W,59 Mo,56 Sn,55 Ti,52 as well as Cu and Zn.50 The majority of complexes studied featured 

transition metals, and resulted in reversible multi-electron oxidations of the metal centres. 

However, the Sn complex studied by Cherkasov et al. found the complex to undergo a 

reversible one-electron oxidation which was postulated to occur on the ligand.55 Given the 

favourable redox properties of the ligand, a cyclic voltammogram (CV) was performed on the 

THF adduct of 18 (Figure 7, see details in Experimental) by Lucy Wilson from the Long group. 

If 18 can be reversibly oxidised, it would signify that there is a good possibility to perform 

redox-switchable catalysis as detailed in the introduction. The CV featured a quasi-reversible 

redox event that corresponds to an oxidation of 18 to [18]+. An additional redox reaction can 

be found further along the voltammogram corresponding to the conversion of [18]+ to [18]2+. 

However, the redox event appears to be irreversible, suggesting that the oxidised species [18]2+ 

undergoes a process (e.g. degradation or ligand loss) which is not reversible.62 Lucy Wilson 

also carried out a CV on an aluminium catam complex tethered by a piperazine linker 

(synthesised by Floriana Moruzzi within the group). The voltammogram (Figure A42) shows 

that the complex is indeed redox-active. However, the redox events appear to be irreversible, 

showing that the aromatic properties of the HL4 ligand can impart complex 18 with favourable 

redox properties.  
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Figure 7. CV Trace of the first two oxidations of the THF adduct of 18 showing a reversible 1st oxidation followed by an 

irreversible 2nd oxidation. 

 

This confirms that complex 18 can be oxidised at least once to form 18-ox. The positive charge 

is likely distributed across the redox non-innocent HL4 ligand instead of the metal centre. Tthe 

oxidation of 18 to 18-ox occurs close to the  redox potential of ferrocene (+ 0.1 V vs. Fc/Fc+) 

suggesting that ferrocenium salts may be suitable oxidants as previously reported by others. 

Oxidant with higher redox potential may be favourable, such as AgOTf. However, it is 

important to note that these results concerns the monomeric aluminium chloride complex. The 

active species formed during polymerisation is an alkoxide which could result in a different 

redox potential. Given the promising CV results, investigating the switchability of 18 was 

considered.  

 

As outlined in Section 4.1.4, a variety of oxidising salts were employed in literature for the 

purposes of artificial switchable catalysis. This includes silver salts (e.g. AgOTf and AgBArF) 

as well as ferrocenium salts (e.g. FcPF6 and FcBArF). Silver salts were not considered at this 

stage as the chloro ligand of 18 can react with silver to form the insoluble AgCl. Instead, the 

decision was made to initially use FcBArF because of its high solubility in organic solvents and 

the weak-coordinating properties of the [BArF]- counter-anion. 
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4.3 Reactivity of Complexes and Preliminary Polymerisation 

Studies 

 

4.3.1 Reaction of 18 with CHO

 

Scheme 19. Envisioned reaction pathway between 18 and CHO producing the suspected 2-chlorocyclohexano derivative 19. 

 

The chloride anion is not nucleophilic enough to initiate the polymerisation of rac-LA. The 

groups of Thomas and Maron overcame this hurdle by pre-activating their aluminium chloride 

complex with an epoxide overnight.63, 64 The pre-activation pathway consists of the opening of 

the epoxide via nucleophilic attack by the chloride, resulting in an aluminium alkoxide species 

being generated. This newly formed complex can then initiate LA ROP. The reactivity of the 

chloro complex 18 was thus tested with cyclohexene oxide (CHO) to gauge whether a 

transformation from complex 18 to 19 is also possible (Scheme 19). 

Addition of one equivalent of CHO to 18 in CD2Cl2 turned the colourless solution into a red 

colour almost immediately and 1H NMR spectrum shows the formation of new species 

(CD2Cl2, 298 K, Figure 8). It is clear that a transformation takes place under these conditions 

as the starting material does not appear in the product spectrum. Due to a convoluted spectrum, 

likely arising from the presence of multiple species, determination of the product proved to be 

rather difficult. To shed more light onto the mechanism of action, the reaction between 18 and 

CHO was carried out in diethyl ether instead of DCM, in the hopes of forming a precipitate 

and isolate well-defined species. A solid was observed after 2 hours which was filtered and 

analysed by NMR spectroscopy. The 1H NMR spectrum (CD2Cl2, 298 K) also exhibits a 

convoluted spectrum, showing the same mixture of compounds being afforded as the 

chloroalkoxo species generated from the in-situ addition of CHO to 18 (Figure A43). More 

information was obtained when a single colourless crystal of the solid compound was grown 
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out of the NMR solution via layering with pentane, which was subsequently analysed by XRD 

(Figure 9).  

 

Figure 8. 1H NMR spectrum (CD2Cl2, 298 K) of 18 (top) and 18 + CHO (bottom) showing a transformation taking place and 

multiple species being formed in solution. 

 

Figure 9. Crystal structure of the species produced from the addition of CHO to 18 in diethyl ether (ellipsoid plot, 50% 

probability). The structure consists of complexes 19 and 16, bridged by the 2-chlorocyclohexano ligand. 
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The crystal structure consists of an adduct of the deprotonated complex (16) and the 2-

chlorocyclohexanoxy complex 19. These are connected by the µ-O bridging atom of the 2-

chlorocyclohexano co-ligand at a bond angle (Al1-O80-Al2) of 123.96°. Looking at the 

components of adduct, complex 19 adopts a conformation that is biased towards a trigonal 

bipyramidal geometry (τ5 = 0.57).61 The geometry of the deprotonated complex 16 has a 

stronger trigonal bipyramidal character (τ5 = 0.64). The chloride and oxygen atoms on the 

bridging unit are trans to one another and occupy equatorial positions. Judging from the crystal 

structure one can suggest the following: 

- The CHO molecule is opened via an SN2 mechanism in which the nucleophile (Cl-) 

performs a backside attack to yield the trans-2-chlorocyclohexano product. 

- The 2-chlorocyclohexano ligand can readily deprotonate the NH moiety of 19 to form 

the deprotonated 16 and 2-chlorocyclohexanol. This likely arises from the increased 

acidity of the NH moieties relative to other catam complexes. 

- The products appear to exhibit a propensity to dimerise and precipitate over time which 

provides the necessary thermodynamic driving force for this transformation to occur. 

Indeed, DOSY experiments (C6D6 and THF-d8, 298 K) show that the “isolated” complex is 

dimeric when dissolved in C6D6 (Figure A46). However, when the experiment is carried out in 

THF-d8, the complex reverts to a monomeric state likely due to the coordinating  properties of 

THF (Figure A47). 

 

Scheme 20. Proposed mechanism for the reaction between 18 and CHO in which 19 is formed and can be deprotonated to 

form 16 which leads to the aggregate 19 + 16. 

 

The mechanism is summarised in Scheme 20. Addition of CHO to 18 leads to the formation of 

the 2-chlorocyclohexano complex 19. Deprotonation of the NH moieties by the 2-

chlorocyclohexano ligand can occur to yield the corresponding alcohol and deprotonated 
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complex 16. Complexes 19 and 16 can then combine to form the species observed in the crystal 

structure. 

 

A route was attempted in which the monomeric alkoxide 19 was synthesised from the 

deprotonated complex 16 via the addition of 2-chlorocyclohexanol. The trans-2-chlorohexanol 

was synthesised from a literature procedure in which HCl was added to CHO.65 The addition 

of 2-chlorocyclohexanol to 16 was then studied on an NMR scale to gauge the effectiveness of 

the method (Figure 10). The 1H NMR spectrum shows a strong similarity to the 19 + 16 dimer 

(CD2Cl2, 298 K), meaning that the monomeric complex 19 cannot be generated from 16. 

 

 

Figure 10. 1H NMR spectrum (CD2Cl2, 298 K) of 16 + 2-chlorocyclohexanol (top) and 19 + 16 (bottom) showing 

similarities between both spectra. 

 

The reactivity of 18 towards CHO is not as straightforward as envisaged in Scheme 19 and was 

corrected in Scheme 20. There are multiple products formed upon addition of CHO to 18 and 

a single well-defined species could not be isolated. However, the reaction occurred almost 

immediately compared to the salen-Al chloro complex reported by Thomas and co-workers 

which required a lengthy pre-activation period.64 Similar complexes by the Garden group were 
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more reactive to epoxides and could be activated relatively quickly.66 However, their reactions 

were carried out at 120 °C which accelerated the conversion of the chloro complex to the active 

species. Thus, the quick transformation of 18 by the addition of CHO at room temperature 

demonstrates its high reactivity. To gain an understanding of the mechanism of action, DFT 

studies were conducted on the reaction between 18 and CHO. 

 

4.3.2 DFT calculations on the reaction of 18 with CHO 

Initially a monomeric mechanism was envisaged wherein the CHO molecule coordinates 

axially to the metal centre and subsequently undergoes a nucleophilic attack by the chloride 

ligand to yield the opened 2-chlorocyclohexano ligand (Figure 11). The coordination of the 

CHO (II) lead to minor energy penalty of ΔΔG298 = 1.3 kcal/mol. The nucleophilic attack (III-

TS) appeared to proceed in a single step with an activation energy of ΔΔG298 = 35.7 kcal/mol. 

This value is too high to be conducive to a room temperature active reaction as observed 

experimentally. Furthermore, the 2-chlorocyclohexano product has the chloride and alkoxide 

substituents cis to one another, which is not consistent with the trans configuration observed 

in the crystal structure. More approaches were thus considered which all led to higher activation 

energies. None were found to produce the desired trans-2-chlorocyclohexano product which 

prompted the investigation of an alternative mechanism. 

 

A dimeric mechanism was considered in which a molecule of CHO initially coordinates onto 

18 (Figure 12, X1, II). This was followed by the approach of a second molecule of 18 (X2) 

yielding an aggregate that is stabilised ΔΔG298 = - 5.7 kcal/mol (III). The chloride ligand of the 

X2 then performs a backside attack on the CHO molecule while the chloride ligand of X1 

migrates onto X2. This preserves one molecule of 18 while yielding one molecule of the 2-

chlorocyclohexano derivative (V-di-ax, ΔG298 = -6.8 kcal/mol). The activation energy of this 

reaction is ΔΔG298 = 23.8 kcal/mol, which is significantly more favoured than the monomeric 

mechanism. Furthermore, the 2-chlorocyclohexano molecule formed has a di-axial trans 

conformation which can undergo a chair flip to yield the di-equatorial molecule observed (V-

di-eq, ΔG298 = -13.0 kcal/mol), resulting in a stabilisation of the system by ΔΔG298 = 6.2 

kcal/mol. 
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Figure 11. PES showing the reaction between 18 and CHO as per a monomeric mechanism. DFT protocol: # m062x/6-

31g(d,p) scrf=(cpcm, solvent = DCM) nosymm integral=grid=ultrafine. 

 

 

Figure 12. PES showing the reaction between 18 and CHO as per a dimeric mechanism. DFT protocol: # m062x/6-31g(d,p) 

nosymm integral=grid=ultrafine. 
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The subsequent deprotonation was studied for V-di-ax and V-di-eq. The deprotonation of the 

NH moiety was favourable at room temperature for both species. However, the activation 

energy was significantly lower for V-di-ax (ΔΔG298 = 17.0 kcal/mol). DFT calculations 

confirm the favourable formation of complex 19 and its deprotonation (ΔΔG298 = 17.0 

kcal/mol) to afford 16. These results help to rationalise the crystal structure previously 

discussed (Figure 9). Thus, the opening of CHO by 18 is mediated via a dimeric mechanism in 

which the product can easily interconvert between a di-axial and di-equatorial species, of which 

V-di-ax readily undergoes deprotonation of the NH moiety. 

 

4.3.3 Other reactions of 18 

 

 

Scheme 21. Reaction between 18 and NEt3 producing the deprotonated 16 along with one equivalent of triethylammonium 

chloride. 

 

It appears that the chloride group of 18 is particularly reactive, allowing for multiple 

transformations to take place. It was discovered that complex 16 can be synthesised from 18 

by adding one equivalent of a weak base to the solution (Scheme 21). The base, in this case 

triethylamine (pKa = 10.8), deprotonates the NH moiety and abstracts the chloride group to 

form 16 and the salt triethylammonium chloride. This was carried out in an NMR experiment 

using triethylamine with the transformation taking place cleanly as per the 1H NMR spectrum 

(C6D6, 298 K, Figure 13). This reaction takes place readily at room temperature and is 

thermodynamically driven by the formation of a salt. 
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Figure 13. 1H NMR spectrum (C6D6, 298 K) of the product of 18 + NEt3 (top) and 16 (bottom) showing that the base 

abstracts the chloride and deprotonates one NH moiety to form 16 upon addition to 18. 

 

 

Scheme 22. Reaction between 18 and AgBArF yielding the cationic complex 20 and one equivalent of AgCl. 

 

The abstraction of the chloride was studied further by attempting to form a cationic aluminium 

species from 18 via the addition of a silver salt. The salt metathesis would form the insoluble 

silver chloride which provides the necessary thermodynamic driving force for this reaction to 

occur (Scheme 22). Initial reactions between 18 and one equivalent of silver tetrafluoroborate 

(AgBF4) showed a transformation taking place but does not appear to form a well-defined 

species as per the 1H NMR spectrum (CD2Cl2, 298 K, Figure A44). This was attributed to the 

-BF4 counter-ion exhibiting some coordinating properties which would result in different 

species being shown to the spectrum. An attempt to rectify this was made by synthesising a 

silver BArF salt , as the anion is regarded as “non-coordinating”. Following a well-established 
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literature procedure,67-69 a solution of NaBArF in diethyl ether was vigorously shaken with a 

solution of AgNO3 in water. Isolating the organic layer and removing the volatiles yielded 

AgBArF as a white solid which was stored in the dark at -40 °C. Addition of one equivalent of 

AgBArF to 18 in diethyl ether resulted in the formation of a precipitate suspected to be AgCl. 

This was removed using a syringe filter and the filtrate was evaporated off affording a dark red 

solid in quantitative yields. Analysis of the product via 1H NMR spectroscopy (CD2Cl2, 298 

K) shows a single well-defined species, suspected to be the cationic 20 (Figure 14). The 

integration of the peaks suggests that the charge is countered with one equivalent of the -BArF 

anion, as expected. Further to that a coordinated diethyl ether molecule was observed. 

Elemental analysis performed on 20 confirms the formation of the proposed species. 

Unfortunately, no single crystals suitable for analysis by X-Ray diffraction have been obtained. 

 

 

Figure 14. 1H NMR spectrum (CD2Cl2, 298 K) of 20. 

 

4.3.4 Preliminary polymerisation studies 

Given that the alkoxide complexes 17-a and 17-b were successfully synthesised, and that 16 

can afford alkoxide complexes upon addition of an alcohol, they were tested in the ROP of rac-

LA (Table 1). Given that some complexes exhibited solubility issues, DCM was primarily used 
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to maximise dissolution and thus activity. This screening was conducted to identify the best 

candidate for rac-LA ROP. For more detailed studies, the reader is referred to the next section. 

 

Table 1. Preliminary polymerisations of rac-LA using complexes 17-a and 17-b as well as 16 in conjunction with iPrOH or 

2-chlorocyclohexanol. 

Entry Complex co-catalyst 
Monomer 

(equiv.) 
Solvent 

Temperature 

(°C) 

Time 

(h) 

Conv.a 

(%) 

1a 

1b 
17-a 

- 
rac-LA (100) 

DCM 

THF 

25 

60 

1.5 

16 

< 5 

89 

2 17-b - rac-LA (100) DCM 25 2 14 

3 16 iPrOH rac-LA (100) DCM 25 1 12 

4 16 2-chlorocyclohexanol rac-LA (100) DCM 25 1 < 5 

Reaction conditions: [LA]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of monomer and polymer signals 

(see ESI) 

 

The methoxy complex 17-a was found to exhibit minimal conversion of the monomer in DCM 

after 90 minutes at room temperature (Table 1, Entry 1a). The complex fared even worse in 

THF at room temperature and afforded no polymer according to the 1H NMR spectrum (likely 

due to inhibition via the coordination of the solvent). Only upon heating the reaction mixture 

overnight at 60 °C, a conversion of 89 % was observed (Table 1, Entry 1b). Moving on to the 

benzyloxy complex 17-b, the polymerisation at room temperature in DCM showed a 

conversion of 14 % after 2 hours (Table 1, Entry 2). This is marginally better than 17-a and 

was attributed to an easier breakdown of the dimer.  

 

The polymerisation using the deprotonated complex 16 was attempted as well as this class of 

complexes was found to be a good precursor to the active species. Employing 16 alongside an 

equivalent of iPrOH in DCM led to 12 % of rac-LA being converted after 1 hour (Table 1, 

Entry 3). This is twice as fast as 17-b and demonstrates that active species can indeed be in-

situ generated from 16. However, despite the improvement, the activity is still significantly 

slower than the aluminium catam complexes detailed in Chapter 2 and 3. 

 

The activity showed no improvement and even worsened when 2-chlorocyclohexanol was used 

instead of iPrOH (Table 1, Entry 4). This means that although a transformation takes place, the 

resulting species aggregates quickly, hindering polymerisation activity. In all cases, 

dimerisation appears to be the main reason for the low polymerisation activity of the alkoxide 

complexes, which can only be overcome by heating.  
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Table 2. Preliminary polymerisations of CHO and rac-LA using different complexes and different solvents. 

Entry Complex 
Monomer 

(equiv.) 
Solvent 

Temperature 

(°C) 

Time 

(h) 

Conv.a 

(%) 

1a 

1b 

1c 

18 CHO (100) 

DCM 

THF 

Toluene 

25 

60 

90 

16 

4 

4 

< 5 

2a 

2b 
18 rac-LA (100) 

THF 

DCM 
25 

16 

1.5 
0 

3 18 + CHO rac-LA (100) 
THF 

DCM 
25 

72 

4 

54 

86 

4 19 + 16 rac-LA (100) DCM 25 16 < 5 

5 20 CHO (100) CD2Cl2 25 0.17 100 

6 20 rac-LA (100) CD2Cl2 25 16 0 

Reaction conditions: [M]0 = 1 mol.L-1; a) Determined by 1H NMR by relative integration of monomer and polymer signals 

(see ESI) 

 

Given that the alkoxo complexes did not achieve a satisfactory activity, the chloro complex 18 

was tested. Even though the reaction of 18 with CHO forms a product mixture at room 

temperature, it is not conducive to its ability to polymerise CHO. Attempted polymerisations 

of CHO by 18 at different temperatures and solvents did not result in a significant polymer 

after multiple hours (Table 2, Entry 1a-1c). 18 likely reacts with one equivalent of CHO in-situ 

to form the chlorocyclohexano derivative 19 along with other products as evidenced in Section 

4.3.1. However, the nature of the secondary alkoxide, along with the insufficient Lewis acidity 

of the aluminium metal centre, prevents any further ring openings to be carried out by the 

complex. 

 

The ability of 18 to polymerise rac-LA “on its own” has also been investigated. As previously 

mentioned, the chloro ligand is not nucleophilic enough to initiate polymerisation. 

Furthermore, the opening of a molecule of LA by a chloride anion would result in the formation 

of highly reactive acyl. In the interest of due diligence, an attempted polymerisation of rac-LA 

in THF was carried out which yielded no polymer after 16 hours at room temperature (Table 

2, Entry 2a and 2b). The repetition of the polymerisation in DCM did not show any form of 

improvement, which shows that the chloride group of 18 will not initiate the polymerisation at 

room temperature regardless of the circumstances. 

 

Given that the groups of Thomas, Maron, Taton, and Garden showed that an active species can 

be obtained via the reaction of an aluminium chloro complex with an epoxide, the 
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polymerisation of rac-LA by 18 was finally studied in conjunction with CHO (Table 2, Entry 

3). Complex 18 was pre-activated with 5 equivalents of CHO in THF for 5 minutes to generate 

complex 19 in-situ prior to addition of rac-LA. The subsequent polymerisation proceeded 

slowly with only 54 % of the monomer being converted after 3 days at room temperature. As 

mentioned, it was suspected that the coordination properties of the solvent may impair the 

active species from carrying out the polymerisation efficiently, which prompted the use of the 

non-coordinating DCM instead. Indeed, the coordination of THF did impair the activity as the 

polymerisation in DCM reached a conversion of 86 % after only 4 hours. Thus, the pre-

activation of 18 prior to polymerisation is imperative to ensure that rac-LA is polymerised with 

good activities. 

 

Given this success, the investigation of 19 + 16 as an initiator was carried out. As mentioned 

in Section 4.3.1, the reaction of 18 with CHO in diethyl ether yielded a solid which was not 

well-defined and assumed to be primarily composed of an aggregate between the desired 

chlorocyclohexano species (19) and the deprotonated complex (16).  One may logically infer 

that starting with the 2-chlorocyclohexano derivative may yield similar results found in Entry 

3. However, reacting 19 + 16 with rac-LA in DCM overnight only yielded minimal conversions 

(Table 2, Entry 4). A look at the crystal structure of 19 + 16 (Figure 9) and associated DOSY 

analysis (Figures A46 and A47) sheds some light on the issue. The species is likely an 

aggregate in DCM that hinders the approach and opening of the monomer. The sole reason as 

to why the in-situ pre-activation of 18 leads to an active species, is the fact that the reaction 

forms a monomeric alkoxide species in-situ which immediately initiates ROP (before slowly 

converting to an aggregated state). The attempted direct synthesis and purification of 19 

encourages aggregation into higher order structures which are unable to polymerise the 

substrate. Although DOSY analysis has shown the complex to be monomeric in THF, the 

polymerisations cannot be carried out in a coordinating solvent as these were clearly shown to 

inhibit the activity. 

  

It therefore appears that the only reliable way to effectively carry out polymerisations with the 

chloro complex 18 is via the in-situ pre-activation prior to the addition of the substrate. This 

method will be employed in the later sections of this chapter. 

To conclude the preliminary polymerisation tests, the reactivity of 20 towards CHO and rac-

LA was tested. The cationic nature of 20 proves to be valuable in polymerising CHO (Table 2, 

Entry 5), converting 100 equivalents at room temperature in the span of 10 minutes on a NMR 
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scale (Figure A45). This result suggests that the generation of a cationic species or more 

electron deficient species can be beneficial to CHO ROP and the switch polymerisation. The 

polymerisation of rac-LA by 20 (Table 2, Entry 6) was found to be inactive after 16 hours even 

with the presence of a co-initiator (iPrOH). 

 

The polymerisation tests provided valuable insights into the polymerisation behaviour of 18 

and its derivatives. It was found that its pre-activation results in an active species that can 

proceed with rac-LA polymerisation, provided it is carried out in a non-coordinating solvent 

such as DCM. Further tests have shown that 19 cannot be isolated for its use as an initiator as 

the direct synthesis results in the formation of aggregates that hinder the approach and opening 

of the monomer. 

 

 

4.4 Polymerisation Studies 

 

4.4.1 Polymerisation of rac-LA 

 

Table 3. Polymerisations of rac-LA using the pre-activated 18 in conjunction with various co-catalysts.  

Entry 
cat/CHO/LA 

(eq.) 
co-cat (eq.) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC)(Ð)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 

1 1/10/100 - 90 91 10.3 (1.3) 13.1 

2 1/10/1000 iPrOH (9) 300 61 8.0 (1.1) 8.8 

3a 

3b 
1/10/100 

- 

+ FcBArF 

30 

20 

49 

48 

4.3 (1.1) 

4.3 (1.1) 

7.0 

6.8 

4a 

4b 
1/10/100 

FcBArF 

+ CoCp2 

30 

90 

0 

34 

- 

4.0 (1.3) 

- 

4.9 

5a 

5b 

5c 

1/10/100 

- 

+ FcBArF 

+ CoCp2 

30 

30 

50 

49 

50 

74 

- - 

6a 

6b 

6c 

1/10/100 

- 

+ AgOTf 

+ CoCp2 

30 

20 

20 

35 

35 

89 

5.7 (1.2) 

5.7 (1.3) 

11.1 (1.1) 

5.0 

5.1 

12.8 

Reaction conditions: [LA]0 = 1 mol.L-1, DCM, 25 °C; Pre-activation carried out by stirring catalyst and CHO in DCM for 10 

minutes prior to the addition of monomer (see ESI); a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI); b) Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) 

Calculated using the conversion 
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Whilst optimising the conditions of the pre-activation period of 18, it was found that the 

resulting activity was highly dependent on the CHO loading as well as the pre-activation time. 

To standardise subsequent polymerisations and ensure consistency, the pre-activation 

procedure was established to be a 10-minute period in which 10 equivalents of CHO were 

stirred with 18 prior to the addition of the desired monomers and co-catalysts. 

Under these conditions the polymerisation of rac-LA was carried out at room temperature over 

the course of 90 minutes resulting in a conversion of 91 % (Table 3, Entry 1). Despite the less 

conventional pre-activation, the polymerisation retained its living features: 

1. A pseudo-first order rate law with a kapp of 4.61 × 10-4 s-1 (Figure B90) 

2. A linear increase of polymer molar mass with conversion (Figure B91) 

3. Low dispersities in the polymer (Đ = 1.3) 

 

The polymer was found to be moderately heterotactic (Pr = 0.70) putting 18 on a similar level 

to 2 regarding activity and selectivity. MALDI-ToF analysis was carried out on the polymer, 

exhibiting metal ion peaks (M + K+) that are equally spaced by 144 atomic units (Figure D4). 

The exact masses indicate that the PLA is linear, having a chlorocyclohexanoxide initiating 

group consistent with the proposed CHO opening by the chloride group and a coordination-

insertion mechanism. There are no peaks that indicate transesterification or backbiting 

reactions which explains the low dispersity of the polymer (Ð = 1.3). Complex 18 was also 

stable to immortal polymerisation conditions (up to 10 equiv. of iPrOH) and was able to 

proceed without any apparent deactivation, resulting in molecular weights that were close to 

what was expected (Table 3, Entry 2). 

 

Having established good polymerisation behaviour for 18, its switchability was explored. 

Initially, the ability for 18 to be switched off via the addition of FcBArF was investigated (Table 

3, Entry 3). 18 was allowed to polymerise rac-LA at standard conditions for 30 minutes, 

resulting in a conversion of 49 % (Table 3, Entry 3a). The complex was then oxidised to 18-ox 

with one equivalent of FcBArF. After 20 more minutes, the conversion remained unchanged, 

indicating that the activity of 18 can be successfully switched off (Table 3, Entry 3b). Whilst 

dispersities remained low (Ð = 1.1), the molecular weights were much lower than expected. 

This signifies that there are more active species than expected which could be traced back to 

insufficiently pure CHO containing protic sources that can act as chain-transfer agents. The 

conversion plot shows a steady increase in conversion up until the oxidation of 18 to 18-ox, 

stopping the polymerisation (Figure 15).  
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Figure 15. Conversion vs. time plot for rac-LA ROP initiated by 18 as per conditions in Table 3, Entry 3. Upon addition of 

one equivalent of FcBArF, the polymerisation stops which indicates successful switching of 18 to the inactive 18-ox. 

 

Having successfully switched off rac-LA ROP using FcBArF, it was investigated whether the 

polymerisation can be resumed via the addition of a reducing agent (CoCp2) (Table 3, Entry 

4). Starting from the oxidised species 18-ox (generated by reaction of FcBArF to pre-activated 

complex 18 for 5 minutes) the complex was allowed to react with rac-LA for 30 minutes which 

resulted in no conversion (Table 3, Entry 4a). Addition of CoCp2 to the reaction mixture 

appeared to reduce 18-ox to 18 which was active in rac-LA ROP, converting 34 % in the 

subsequent 90 minutes (Table 3, Entry 4b). Although the conversion plot shows a steady 

increase in conversion upon reduction of 18-ox to 18 (Figure 16), the polymerisation was 

slower when compared to the benchmark polymerisation (Table 3, Entry 1). This can stem 

from either incomplete reduction of 18-ox to 18, or from 18-ox reacting with itself (or the 

monomers) to irreversibly form an inactive species. Furthermore, 18-ox could be less stable 

than 18 and decompose over time, yielding fewer active species upon reduction to 18.  

However, the polymerisation was still controlled, and the polymer exhibited the expected 

molecular weights along with narrow dispersities (Figure B92).  

As mentioned in Section 4.1.5, the HL4 ligand is redox active and likely stabilises the positive 

charge generated by the oxidation of  18, causing the aluminium centre to be more electron 

deficient. The deactivation could arise from the generation of a stable chelate between the 

polymer chain and the metal centre, hindering the approach of the next monomer. 

Alternatively, the positive charge would make the NH moieties more acidic, allowing the 



231 

 

alkoxide group of the polymer chain to deprotonate the NH group, leading to an inactive 

species. Depending on the species, the chelate is either broken upon reduction, or the 

deprotonated complex regeneration by reaction with the free polymer. The true nature of the 

mechanism is still not known and investigations are currently underway to explain the observed 

effect.  

Despite the lower activity, the selective switching between ‘on’ and ‘off’ states is a remarkable 

feat as complex 18 does not contain a redox-active metal. 
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Figure 16. Conversion vs. time plot for rac-LA ROP initiated by 18-ox as per conditions in Table 3, Entry 4. Upon addition 

of one equivalent of CoCp2, the polymerisation resumes which indicates successful switching of 18-ox to the active 18. 

 

Knowing that one can readily interconvert between 18 and 18-ox (and hence ‘on’ and ‘off’ 

states), a polymerisation was carried out in which the polymerisation was turned off and 

resumed in the same pot (Table 3, Entry 5). Complex 18 was oxidised with FcBArF after 30 

minutes of polymerisation (49 % conversion, Table 3, Entry 5a) and 18-ox was allowed to stir 

for a further 30 minutes. No further reaction appeared to have occurred (50 % conversion, 

Table 3, Entry 5b) upon which 18-ox was reduced to 18 with CoCp2 to resume polymerisation. 

After 50 minutes, a conversion of 74 % shows that the reaction continued (Table 3, Entry 5c). 

The conversion plot shows a clear halting of polymerisation upon oxidation to 18-ox, and the 

increase in conversion resumed upon reduction to 18 (Figure 17). However, as was seen in 

Figure 16, the activity appeared to be lower upon switching from 18-ox to 18. However, to the 

knowledge of the author, this is the first instance in which a complex without a redox-active 
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metal was able to be selectively switched between ‘off’ and ‘on’ states using oxidising and 

reducing agents.  
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Figure 17. Conversion vs. time plot for rac-LA ROP initiated by 18 as per conditions in Table 3, Entry 5. Upon addition of 

one equivalent of FcBArF, the polymerisation stops until resumed with the addition of one equivalent of CoCp2 showing that 

18 can be switched to 18-ox and back. 

 

Despite the positive results, the lower activity upon switching 18-ox to 18 is an undesired trait 

that makes the system unreliable. Incomplete regeneration of 18 from 18-ox decreases the 

practicality of the complex as deactivation may have a detrimental effect molecular weight 

control. The use of alternative oxidising agents was thus investigated. Long, Gibson, and co-

workers demonstrated that AgOTf can be successfully used in conjunction with CoCp2.
28   

Given that AgOTf has a higher redox potential than ferrocenium salts, its employment with 18 

was investigated (Table 3, Entry 6). A standard polymerisation was carried out for 30 minutes 

yielding a conversion of 35 % (Table 3, Entry 6a). Addition of one equivalent of AgOTf halted 

the polymerisation and led to no apparent increase in conversion after 20 minutes (Table 3, 

Entry 6b). Addition of one equivalent of CoCp2 resumed the polymerisation which led to a total 

conversion of 89 % after 20 minutes (Table 3, Entry 6c). The conversion plot shows the 

polymerisation to halt upon oxidation to 18-ox and resumes upon reduction to 18 (Figure 18). 

However, the activity of 18 upon reduction from 18-ox appears to be much higher than the 

initial activity of 18. This increase in activity could stem from the reduction of 18-ox generating 

an active species different to 18, which can polymerise rac-LA at much faster rates. The 

molecular weights show good agreement with the expected values and increased linearly with 
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conversion (Figure B93) at low dispersities (Ð = 1.1). Despite the discrepancy in activities, the 

polymerisation was successfully switched between ‘on’ and ‘off’ states without sacrificing 

molecular weight control. 
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Figure 18. First-order plot (linear fit) for rac-LA ROP initiated by 18 as per conditions in Table 3, Entry 6. Upon addition of 

one equivalent of AgOTf, the polymerisation stops until resumed with the addition of one equivalent of CoCp2 showing that 

18 can be switched to 18-ox and back using other oxidising agents. 

 

The experiments on rac-LA have demonstrated that it is possible to switch complex 18 between 

‘off’ and ‘on’ states using FcBArF (or AgOTf) and CoCp2. Although there appeared to be 

inconsistencies in activity when either FcBArF or AgOTf were employed, the fact that redox-

controlled switching can be carried out on aluminium complexes supported by redox non-

innocent ligands shows remarkable potential in the field of artificial switchable catalysis. As 

mentioned in Section 4.1.4, the most common orthogonality in ROP switch catalysis is that 

between LA and CHO. Thus, the ability of 18 and 18-ox to polymerise CHO was investigated.  
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4.4.2 Polymerisation of CHO 

 

Table 4. Polymerisations of CHO using the pre-activated 18 in conjunction with various co-catalysts. 

Entry 
cat/CHO 

(eq.) 
co-cat (eq.) 

[CHO] 

(M) 

Time 

(min) 

Conv.a 

(%) 

Mn(SEC)( Ð)b 

(kg/mol) 

Mn(calc.)
c 

(kg/mol) 
TOF (h-1) 

1 1/100 - 1 16 x 60 < 5 - - - 

2 1/100 FcBArF (1) 1 1 100 39.2 (2.4) 9.8 6000 

3 1/10000 FcBArF (1) 0.25 6 77 68.8 (1.8) 755.7 77000 

4 1/10000 
FcBArF (1) 

iPrOH (99) 
0.25 7 34 31.7 (2.2) 3.4 29142 

5a 

5b 

5c 

1/10000 

FcBArF 

+ CoCp2 

+ FcBArF 

0.25 

3 

2 

3 

23 

23 

38 

- - 

46000 

0 

30000 

6 1/100 AgOTf 1 240 29 3.9 (1.6) 2.8 7 

Reaction conditions: DCM, 25 °C; Pre-activation carried out by stirring catalyst and CHO in DCM for 10 minutes prior to 

oxidation (see ESI); a) Determined by 1H NMR by relative integration of monomer and polymer signals (see ESI); b) 

Determined by SEC calibrated with polystyrene standards in THF and corrected (see ESI); c) Calculated using the 

conversion 

 

Complex 18 on its own does not appear to polymerise CHO to a significant extent after 16 

hours at room temperature (Table 4, Entry 1). However, generating 18-ox via the addition of 

FcBArF produces an active species that reacts with CHO almost instantaneously and 

polymerises 100 equivalents in one minute (Table 4, Entry 2). The reaction seems to proceed 

very quickly, generating a lot of heat (due to the exothermicity of the CHO opening) which has 

an auto-catalytic effect on the reaction. The result is an uncontrolled polymerisation which is 

evidenced by the disparity between expected and measured molecular weights (9.8 vs. 39.2 

kg/mol) as well as a high dispersity (Đ = 2.4). 

 

The polymerisation of CHO by 18-ox is promising and thus it was sought to achieve control 

over the highly active reaction. The loading was changed, increasing the ratio of CHO to 18 

from 100 to 10,000. Furthermore, to mitigate the exothermicity, the initial concentration of 

CHO was decreased from 1 M to 0.25 M (Table 4, Entry 3). A conversion of 77 % was achieved 

in 6 minutes corresponding to a TOF of 77,000 h-1. The polymerisation follows a pseudo-first 

order rate law yielding a rate constant of 3.90 x 10-3 s-1 (Figure B94). However, the disparity 

between calculated and measured molecular weight still exists (755.7 vs. 68.8 kg/mol) and the 

plot of conversion vs. Mn shows no clear relationship (Figure 19). 
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Figure 19. Plot of Mn vs CHO conversion for CHO ROP as initiated by 18-ox, as per conditions in Table 4, Entry 3. There 

appears to be no correlation between conversion and molecular weight. 

 

The expected molecular weights are well within the upper bound of the GPC instrument’s 

measuring capabilities (1,000 kg/mol). Furthermore, similar values for the molecular weights 

were measured using a different instrument in a different solvent (THF). This seems to suggest 

that there is a process inherent to the polymerisation methodology that results in this large 

molecular weight disparity (e.g. pre-activation, work-up, etc.). Brief experiments indicated 

FcBArF to be active in polymerising CHO. However, at the high loading and low monomer 

concentration employed in Entry 3, no conversion seemed to occur over several hours. 

In the hopes of getting better control of the molar masses, an immortal polymerisation was 

carried out in which CHO was reacted in the presence of iPrOH (Table 4, Entry 4). The 

molecular weight of the polymer was measured to be 10 times higher than what was expected 

(31.7 vs. 3.4 kg/mol) showing no clear improvement. 

 

Putting the lack of molecular weight control aside, it was tested whether the polymerisation of 

CHO by 18-ox can be switched off on command (Table 4, Entry 5). A conversion of 23 % was 

initially achieved after 3 minutes (Table 4, Entry 5a) upon which one equivalent of CoCp2 was 

added which halted the polymerisation for 2 minutes (Table 4, Entry 5b). Addition of one 

equivalent of FcBArF resumed the polymerisation leading to 38 % conversion after a further 3 

minutes (Table 4, Entry 5c). The conversion plot shows a clear halting of the polymerisation 
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upon reduction of 18-ox to 18 (Figure 20). Resuming the reaction resulted in an activity similar 

to the initial rate which indicates that the same active species is regenerated once re-oxidised. 

Thus, it appears that the polymerisation of CHO can be reliably stopped and resumed using 

CoCp2 and FcBArF. 
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Figure 20. Conversion vs. time plot for CHO ROP initiated by 18-ox as per conditions in Table 4, Entry 5. Upon addition of 

one equivalent of CoCp2, the polymerisation stops until resumed with the addition of one equivalent of FcBArF
 showing that 

18-ox can be switched back from 18. 

 

Given the positive results in Section 4.4.1, the use of AgOTf to generate the active 18-ox was 

also briefly investigated (Table 4, Entry 6). At a loading of 100 equivalents of CHO, the 

conversion was found to be 29 % after 4 hours, much lower than what was observed with 

FcBArF. In this case however, the measured molecular weight shows good agreement with 

what was calculated, indicating a controlled polymerisation (3.9 vs. 2.8 kg/mol for calculated 

and measured molecular weights respectively). The strong disparity between the observed 

activities of AgOTf and FcBArF suggest that these oxidising agents produce different species 

when reacted with 18. Further studies will be conducted to elucidate the mechanism of 

oxidation and how different oxidising agents affect the outcome of a reaction. 

The fact that the 18-ox does not polymerise LA but readily reacts with CHO is particularly 

interesting. A reason for the inactivity towards LA can be the fact that, once oxidised, the 

aluminium centre becomes too Lewis acidic, which ultimately stops the polymerisation. 

Dagorne and co-workers have demonstrated that some cationic Al species cannot proceed with 

ROP as they form a stable species with the monomer after nucleophilic attack.70 However, 18-



237 

 

ox can in turn readily polymerise CHO. It has been shown in Section 4.3.4 that a cationic 

aluminium complex 20 can initiate CHO ROP in the presence of an alcohol. Upon reduction 

of 18-ox to 18, the neutral species is regenerated which can polymerise LA but not CHO. Thus, 

the switching between both species can lead to the formation of block co-polymers which was 

investigated in the next section. 

 

4.4.3 Synthesis of block co-polymers 

Having shown that 18 and 18-ox can polymerise rac-LA and CHO respectively and 

exclusively, the synthesis of block co-polymers was investigated. The main concern for such a 

reaction is that despite the fact that polymers of LA and CHO can be generated via switching 

of 18 to 18-ox and vice-versa, there is no guarantee that the generated polymers are connected. 

In simpler terms, homopolymers may be generated instead of the desired block co-polymers. 

Thus, a polymerisation was carried out at monomer loadings of 100 equivalents for both rac-

LA and CHO in which 18 was allowed to polymerise all of the rac-LA prior to being switched 

to 18-ox with FcBArF for the complete polymerisation of the CHO.  

 

 

Figure 21. 1H NMR spectrum (CDCl3, 298 K) of the polymer of a switch polymerisation of 100 equivalents of rac-LA and 

CHO showing that both PLA and PCHO were produced. 
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The 1H NMR spectrum (CDCl3, 298 K) of the polymer shows the presence of PLA and PCHO 

(Figure 21), indicating successful synthesis of both polymers in one pot. Furthermore, the 

DOSY NMR spectrum (CDCl3, 298 K) show that the PLA and PCHO peaks have the same 

diffusion constant, which indicates that they are situated on the same polymer chain (Figure 

A48). However, as rac-LA and CHO have very similar molecular weights (144.13 vs. 98.14 

g/mol respectively), there is a possibility that homo-polymers were generated which appear to 

be on the same chain as each other due to similarities in the diffusion constant. Thus, a 

polymerisation was carried out in which rac-LA and CHO were polymerised at 100 and 1000 

equivalents respectively. The DOSY NMR spectrum (CDCl3, 298 K) shows the polymer peaks 

to have the same diffusion constant, indicating that the polymers generated are in fact block 

co-polymers (Figure 22). 

 

 

Figure 22. DOSY NMR (CDCl3, 298 K) of a block co-polymer generated from 100 equivalents of rac-LA and 1000 

equivalents of CHO indicating that the polymer blocks are situated on the same chain. 
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4.4.4 Polymerisation of other monomers by 18 and 18-ox 

 

Table 5. Polymerisations of various monomers using the pre-activated 18 as well as the oxidised 18-ox. 

Entry Complex Monomer Time (min) Conv. (%)a TOF (h-1) 

1 18 
meso-LA 

90 89 59 

2 18-ox 120 < 5 - 

3 18 
ε-CL 

120 < 5 - 

4 18-ox 120 0 - 

5 18 
β-BL 

120 < 5 - 

6 18-ox 120 < 5 - 

7 18 
ε-DL 

120 0 - 

8 18-ox 120 < 5 - 

9 18 
TMC 

120 14 7 

10 18-ox 120 < 5 - 

Reaction conditions: [M]0 = 1 mol.L-1, DCM, 25 °C; Pre-activation carried out by stirring catalyst and 10 eq. of CHO in 

DCM for 10 minutes prior to the addition of monomer a) Determined by 1H NMR by relative integration of monomer and 

polymer signals (see ESI) 

 

To gauge the presence of other reaction orthogonalities, the polymerisation of various 

monomers was conducted with 18 and 18-ox (Table 5). Complex 18 was able to polymerise 

meso-LA efficiently, converting 89 % of the monomer in 90 minutes (Table 5, Entry 1). The 

pseudo-first order log-plot shows a strong hyperactivity at the beginning of the polymerisation 

which stabilises at a kapp of 2.61 x 10-4 s-1 after 60 % conversion (Figure B95). The molecular 

weight was found to increase linearly with conversion while maintaining a low dispersity (Đ = 

1.2) indicating good control (Figure B96). The polymer itself was found to exhibit slight 

heteroselectivity (Pm = 0.60). As was observed with rac-LA, the oxidised form did not 

polymerise meso-LA at a significant rate, signifying that the polymerisation of meso-LA can 

be selectively switched off and on (Table 5, Entry 2). 

 

Polymerisations of ε-CL, β-BL, and ε-DL were also carried out using 18 and 18-ox (Table 5, 

Entries 3-8). However, neither one of the complexes were able to polymerise the monomer to 

a significant extent after 2 hours at room temperature. However, a slightly better activity was 

achieved when TMC was polymerised using 18 (Table 5, Entry 9), in which 14 % of monomer 

was converted after 2 hours. However, the oxidised form 18-ox did not yield a meaningful 

conversion (Table 5, Entry 10). 
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The results outlined it Table 5 show that the monomer scope of 18 and 18-ox is surprisingly 

small. While 18 was able to polymerise dilactones such as rac- and meso-LA, neither 18 nor 

18-ox exhibited remarkable activities in the polymerisation of lactones or cyclic carbonates. 

The decreased reactivity can be traced back to stronger chelates being formed by the opened 

lactones. These would hinder subsequent approach of a new monomer and slow down 

polymerisation drastically. 

 

 

4.5 Conclusion 

 

This chapter detailed the synthesis of complexes bearing the aromatic HL4 ligand. Particularly 

the chloro complex 18 was found to be of interest as it was able to react readily with CHO to 

form a variety of new species. Amongst others, a 2-chlorocyclohexano alkoxide species was 

formed which was demonstrated to initiate the ROP of rac-LA. DFT studies highlighted how 

the CHO opening by the chloride co-ligand underwent a dinuclear mechanism and it was found 

that the alkoxide species readily underwent deprotonation of the NH moiety to yield the 

deprotonated complex 16. Complex 18 was also found to be redox active, showing a quasi-

reversible one-electron oxidation close to the oxidation potential of ferrocene. Polymerisation 

studies showed that pre-activation of 18 via stirring with CHO for 10 minutes resulted in a 

sufficiently active species, with polymerisation rates comparable to other catam complexes 2 

and 8c. Remarkably, the activity of the complex can be intentionally switched ‘off’ and ‘on’ 

via oxidation with FcBArF (or AgOTf) to 18-ox and reduction of that species to 18 with CoCp2. 

Despite the introduction of co-catalysts, the molecular weights were found to be controlled. 

However, some cases indicated that the switching led to some deactivation of the catalyst as 

the polymerisation rates did not appear to recover to previous activities upon reduction of 18-

ox. It was found that the oxidised species 18-ox was able to polymerise CHO at very high 

activities, needing less than 10 minutes to polymerise 10,000 equivalents. The molecular 

weights of the polymers did not match with the expected masses which was attributed to 

possible errors in the methodology.  

The fact that one can selectively switch between the polymerisation of two monomers is a 

discovery that has already been detailed extensively in academic literature. However, the fact 

that an aluminium metal centre supported by an organic ligand was able to mediate such 

polymerisation is highly remarkable and underlines the versatility of the catam ligand. 
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One-pot polymerisations were carried out in which block-polymers of PLA and PCHO were 

synthesised. DOSY analysis showed that the polymer blocks were situated on the same chain, 

showing that the polymer was indeed a block-copolymer instead two sets of homo-polymers. 

The attempted expansion of the monomer scope was fruitless as either 18 or 18-ox were unable 

to polymerise lactones (i.e. β-BL, ε-CL, ε-DL) or carbonates (TMC) at sufficiently high rates. 

Only other dilactones (L- and meso-LA) were found to be active which was traced back to 

possible chelation events occurring upon opening of the lactones which hindered subsequent 

approach of a new monomer. 

This proof of concept was thus successful, demonstrating just how versatile the catam ligand 

is. To gain an understanding of the polymerisation mechanism of 18 and 18-ox with LA and 

CHO, further studies will have to be conducted. 
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This thesis described the synthesis and characterization of a variety of aluminium complexes 

bearing catam ligands. These were then employed in cyclic esters ROP, with a particular focus 

on rac-LA monomer. The main modulation carried out across the ligands was through the 

substitution of the diamine linker between the o-aminophenolate moieties. In certain cases, 

deuteration and N-methylation of the NH moieties was carried out to gain insight into the 

polymerisation mechanism of certain catalysts. The pro-ligands and complexes were fully 

characterised using a range of techniques, including NMR spectroscopy (1H and 13C), IR 

spectroscopy, high-resolution mass spectrometry, elemental analysis, and XRD. For each 

ligand family, the most promising candidates were tested in cyclic esters ROP, including rac-

LA, L-LA, meso-LA, ε-CL, ε-DL, β-BL, TMC, and ω-PDL. The catalysts’ performances were 

evaluated considering activity, polymer molar mass control (i.e. polymerisation “livingness”) 

and polymer tacticity control. To gain a mechanistic insight on the observed trends, further 

studies predominantly including DFT calculations, were carried out. Additionally, the order in 

catalyst was also measured to support the proposed mechanisms. 

All aluminium catam complexes were found to be active in rac-LA ROP, often proceeding 

with high activities at room temperature. This is remarkable as aluminium catalysts are usually 

slow, requiring high temperatures and high loadings to adequately proceed with ROP.  

The first complexes in the catam series that exhibited high activities at room temperature were 

2,2-dimethyl-1,3-propanediamine and 1,2-ethanediamine tethered catam alkoxide complexes 

[HL1Al(OiPr) (2) and HL2Al(OBn) (8c) respectively]. These were investigated in detail in 

Chapter 2. Complex 2 was found to be highly hetereoselective (Pr = 0.90), making it the first 

aluminium complex to afford heterotactic PLA at room-temperature. DFT studies highlighted 

the formation of H-bonds between the NH moieties and the carbonyl of the LA monomer near 

the catalytic pocket. The deuterated analogue of 2 bearing ND moieties (complex 4) was 

employed in the same polymerisation conditions and found to be significantly slower (kH/kD ≈ 

1.9), confirming that the NH moieties are important to the activity of the catalyst. This KIE 

value is conducive to an equilibrium or binding isotope effect. Complex 8c exhibited similar 

activities to 2 but afforded slightly isotactic PLA (Pm = 0.60). Whilst DFT studies showed 

similar NCIs between the substrate and the NH moieties, the KIE value was negligible (kH/kD 

≈ 1.06). The NH moieties thus do not appear to be as impactful as for complex 2. DFT 

calculations showed that the LA monomer can also approach equatorially without having to 

interact with the NH moieties, which can be a reason for the lack of a KIE. Synthesis and 

employment of the N-methylated analogues of 2 and 8c (5 and 11 respectively) highlight the 
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importance of the NH moieties. Neither 5 or 11 was active at room temperature and required 

heat to proceed with the polymerisation. 

Complexes 2 and 8c were found to be stable at high temperatures and in the presence of CTAs. 

Both were able to carry out immortal polymerisation at temperatures up to 90 °C. Furthermore, 

the complexes were able to polymerise rac-LA in the melt at 130 °C. 

The complexes were found to be active in the polymerisation of other cyclic esters at room 

temperature. The polymerisation of meso-LA proceeded at unprecedented rates (for aluminium 

complexes), but the polymers exhibited no significant stereoregularity. The polymerisation of 

ε-CL was particularly sluggish which was attributed to the formation of a primary alkoxide 

upon opening of the monomer, which allowed for aggregation of the active species to a less 

active form. Polymerisation of ε-DL was significantly faster as its opening resulted in the 

formation of a bulkier secondary alkoxide. The propensity of the complexes to aggregate was 

eventually found in many of the other catam complexes studied in this thesis (Chapter 3). 

Unprecedented activities were also observed in the polymerisation of β-BL, making 2 and 8c 

the first aluminium complexes able to afford P3HB at room temperature. The ROP of TMC 

proceeded much slower for 8c, further highlighting the complex’s tendency to aggregate. For 

entropy-driven polymerisations of ω-PDL, the catalysts required elevated temperatures (100 

°C) to proceed with ROP. 

Chapter 3 investigated the synthesis of chiral (and enantiopure) Al catam catalysts. Using the 

chiral (R,R)-, (S,S)-, rac-, and cis-1,2-diaminocyclohexane, the pro-ligands (R,R)-, (S,S)-, rac-

, and cis-H2
HL3 were synthesised. During the synthesis of the alkoxide complexes, it was found 

that the nature of the alkoxide co-ligand is important in determining catalyst nuclearity. 

Attempted synthesis of the benzyloxide complexes of (R,R)-, (S,S)-, and rac-H2
HL3 resulted in 

the formation of unextractable mixtures (R,R)-, (S,S)-, rac-mix14 consisting of mononuclear 

and dinuclear diastereomers. It was found that heating rac-mix14 resulted in the formation of 

a single well-defined dimer rac-14 which consisted of a (R,R)- and a (S,S)-HL3Al(OBn) unit. 

DFT studies indicated that a heterochiral dimer is more stable than a homochiral one. The 

aggregation tendencies were overcome through the employment of a tertiary alkoxide co-ligand 

(-OtBu) to yield (R,R)-, (S,S)-, rac-, and cis-15 which yielded a single well-defined species in 

each case and demonstrated successful chirality transfer. Employment of the catalysts in the 

ROP of an achiral monomer (ε-CL) showed that the enantiopure species (R,R)- and (S,S)-15 

were much faster than rac-15, which was traced back to the racemic complex having a 
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propensity to form heterochiral dimers which lower overall activity. This was substantiated 

using kinetic studies and shows how an enantiopure catalyst can be employed to boost activities 

in the ROP of an achiral monomer. Interestingly, the polymerisation of ε-CL by cis-15 was 

found to proceed particularly quickly, resulting in a conversion of 67 % in 10 minutes at room-

temperature.  

Unprecedented activities were achieved in the ROP of L-LA when (S,S)-15 was employed, 

achieving a conversion of 83 % after 6 minutes at room-temperature. Conversely, (R,R)-15 

required 3 hours to polymerise 64 % which shows that the chiral catalysts obey the fundamental 

law of kinetic resolution and initially hinted at the occurrence of an ESC mechanism. 

Employing scalemic mixtures of the catalyst shows that the rate constant varies in a non-linear 

fashion which indicates the presence of an NLKE. In rac-LA ROP, the kinetic resolution 

appeared to subside as the polymers produced by either (R,R)-, (S,S)-, and rac-15 were atactic. 

The use of scalemic mixtures again hinted at an NLKE taking place. DFT studies showed that 

(S,S)-15 prefers the insertion of L-LA, and NCIs between the NH moiety and monomer were 

also present which demonstrates that the findings in Chapter 2 can be applied across different 

catam ligands. 

The trans-15 complexes exhibited unprecedented activities for other monomers, including β-

BL, meso-LA, and ε-DL. The use of chiral complexes can thus be beneficial for a range of 

monomers. 

The versatility of the catam ligand has been demonstrated further in Chapter 4, where an o-

phenylenediamine tethered catam pro-ligand (H2
HL4) was employed. Due to difficulties in 

synthesising an alkoxide complex, the chloro complex 18 was the focus of that project. The 

complex was found to be redox active, undergoing a reversible first oxidation and an 

irreversible second oxidation. Complex 18 reacts with CHO to form a variety of species, one 

of which being the 2-chlorocyclohexano derivative 19, which can carry out ROP of rac-LA. 

DFT studies highlight that opening of the CHO occurs via a backside SN2 reaction. The 

alkoxide can readily deprotonate the NH moiety to form the deprotonated complex 16, which 

can aggregate with 19 as seen on the crystal structure. The formation of an alkoxide via addition 

of CHO was then exploited in the ROP of rac-LA. The activated complex 18 afforded 

heterotactic PLA with good activities at room-temperature. Treatment of the active species 

with one equivalent of either FcBArF or AgOTf resulted in oxidation of the species into the 

inactive 18-ox. The polymerisation stopped but was able to be resumed via addition of one 
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equivalent of CoCp2, after which the reaction resumed with expected increases in the molecular 

weight of the polymer. It was thought that the oxidation of 18 to 18-ox results in an increased 

Lewis acidity of the metal centre, which prefers the formation of a stable chelate over the 

propagation of the polymerisation.  

The polymerisation of CHO by 18 was inactive towards CHO but proceeded with high 

activities upon oxidation of 18 to 18-ox. The inactivity was restored through the reduction of 

18-ox to 18 via addition of one equivalent of CoCp2. The polymers generated did not fit the 

expected weights which indicates an uncontrolled system or an error in methodology. The 

activity of 18-ox towards CHO ROP can be traced back to the increased Lewis acidity of the 

metal centre, which activates the monomer sufficiently for attack by the alkoxide group. 

It was found that this orthogonality can be exploited to form block co-polymers in “one pot” 

where one can selectively switch between the polymerisation of one monomer over the other 

(rac-LA vs. CHO). DOSY analysis indicated that both PLA and PCHO blocks were on the 

same chain and excludes the formation of homo-polymers. 

The viability and versatility of aluminium catam complexes in cyclic ester ROP was thus 

demonstrated in this doctoral thesis. Highly active aluminium-based catalysts were 

synthesised, with one of them being the most active aluminium catalyst for L-LA ROP to date. 

The NCIs between the substrate and complex was ubiquitous across all catam complexes, 

showing that intermolecular bonding can be exploited effectively for the purposes of cyclic 

ester ROP. Furthermore, the inclusion of stereocentres in the ligand scaffold can lead to 

increased activities in the ROP of achiral (ε-CL) and chiral (LA) monomers by influencing 

catalyst aggregation. Additionally, using a redox active catam-analogue, a complex was 

synthesised that was reactive towards oxidising and reducing agents despite the redox inactive 

nature of aluminium. This was effectively demonstrated by selectively switching between the 

polymerisation of one monomer over the other. 

The results herein only scratch the surface of the potential within the catam ligand class. As 

the tuneability of the ligand allows for further modifications, it is only a matter of time until 

more applications are discovered. 
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Increasing activity and selectivity 

Given that the use of catam ligands HL1, HL2, HL3, and HL4 has led to improved activities in 

the aluminium-mediated ROP of cyclic esters, obvious modulations would include the 

exploration of the different metal centres. Kol and co-workers have already shown that using 

HL4 on titanium resulted in a highly active complex for the polymerisation of rac-LA in melt 

conditions, yielding heterotactically enriched polymers.1 

Building off the work in this thesis, one may consider other metals in Group 13. Using indium 

as a metal centre would be of particular interest, as it is considerably less studied when 

compared to aluminium. The groups of Mehrkhodavandi, Okuda, Arnold, and Carpentier have 

already indicated that indium complexes appear to be more reactive while still carrying the 

potential of exhibiting high stereoselectivity.2-4 This was attributed to the higher Lewis acidity 

and the larger atomic radius of the metal centre. This, however, is a double-edged sword as the 

same properties are what drives aggregation, which often results in dinuclear indium complexes 

being formed.5, 6 Whilst multiple highly active and selective dinuclear indium complexes were 

reported,7 aggregation can result in less clarity regarding a catalyst’s speciation and reactivity, 

which may contribute to a decrease in polymerisation control. Despite these potential 

drawbacks, investigating indium catam complexes may yield interesting results regarding 

activity and stereoselectivity (Figure 1). 

Group 3 metals [e.g. Y(III)] and lanthanides [e.g. Ce(III)] may also form beneficial catalysts 

upon complexation with the catam ligands. These metals are particularly reactive at room 

temperature which may be exacerbated when the NCI-forming properties of the catam ligand 

are brought into play.8, 9 

 

Figure 1. Modification of the metal centre and aromatic substituents 

 

The modulation of the aromatic backbone has not received much attention in this thesis. 

Although not explored in this work, it is a simple way of changing the electronic and steric 

properties of a ligand and is amongst the most common modulation carried out on salen 
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ligands.10 In Section 3.2.2, it was found that the replacement of the tBu groups in the catam 

backbone led to a drastic worsening in the ligand’s solubility properties. Due to the 

polymerisation reactions being carried out at room temperature, the resulting complexes would 

scarcely go into solution. However, keeping one tBu group on the 3-position of the aromatic 

backbone was found the maintain the high solubility of the ligand in organic solvents. The tBu 

group on the 5-position could therefore be replaced. Methyl groups could be used to decrease 

the steric bulk around the metal centre while cumyl and adamantyl groups could increase it. 

Especially the latter two would create a steric environment that may increase stereoselectivity. 

Furthermore, the tendency of some catam complexes to aggregate could be reduced. 

A change in electronic environment can be induced by replacement of the tBu group with 

electron-withdrawing groups. It has been previously shown by Gibson and co-workers that a 

chloride group decreases the electron density around the metal centre and thus increases 

activity.10 Furthermore, Carpentier and co-workers have found C-H···Cl interactions in 

between the aromatic chloride groups and the methylene group of the growing polymer chain 

(see Section 2.1.4.2).11  

 

Expansion of the chiral catalyst scope 

The chiral catalysts synthesised in chapter 3 showed strong improvements in the 

polymerisation of enantiopure monomers (i.e. D- and L-LA). However, the polymerisation of 

rac-LA resulted in atactic polymers which was attributed to polymeryl exchange as well as 

competition between ESC and CEC mechanisms. Although not ideal, chiral catam catalysts 

should be explored further by using different chiral linkers. 

Spassky found that salen ligands containing a chiral BINAP linker were able to polymerise 

rac-LA to yield highly isotactic PLA.12 An ESC mechanism was found to be dominant. 

Employing this linker could result in similar behaviour in catam complexes (Figure 2). The 

diphenyl ethylene diamine linker employed by Maudoux et al. also resulted in isotactic PLA 

but was mediated via a CEC mechanism.13 

To address the dimerisation behaviour, adamantyl and cumyl substituents on the aromatic 

backbone could lessen the complex’s tendency to aggregate and thus result in only one catalytic 

species being present in solution. 
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Figure 2. Modification of the chiral linker and aromatic substituents for improved stereoselectivity 

 

Redox active aluminium complexes 

The testing of a redox active aluminium complex bearing the HL3 ligand yielded promising 

results which will be expanded on in the future. To form a clearer picture of the behaviour of 

these complexes, the aromatic linker may be changed to different substituents (Figure 3). These 

either change the steric environment near the metal centre, or increase the distance between the 

NH moieties, resulting in a looser N2Al chelate. 

 

Figure 3. Modification of the aromatic substituents for improved redox properties 

 

The Diaconescu group focussed on implementing redox activity in salen complexes via the use 

of a ferrocenyl linker. Interestingly the Brown group synthesised a catam pro-ligand with a 

1,1’-ferrocene-bis(para-phenylene) tether.14 Although electrochemical measurements found 

the interactions between the ferrocenyl and ortho-aminophenol units to be minimal, 

synthesising its aluminium complex may lead to some interesting behaviour when used with 

oxidising and reducing agents. 
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6.1 General Considerations 
 

Unless stated otherwise, all manipulations for complex synthesis and polymerisation reactions 

were performed under nitrogen using Schlenk techniques or using an MBraun glovebox. THF 

was dried over sodium / benzophenone and stored under nitrogen over activated molecular 

sieve (3 Å) in a glove box. Pentane, DCM, diethyl ether, and toluene were obtained from a 

solvent purification system and stored under nitrogen over activated molecular sieve (3 Å) in 

a glove box.  

 

NMR spectra were recorded on Bruker AVIII-400 and AVIII-500 spectrometers. All 

chemicals shifts were determined using residual signals of the deuterated solvents and were 

calibrated vs. SiMe4. 

 

Elemental analysis was carried out by Stephen Boyer at London Metropolitan University.  

 

IR spectra were recorded using a using a Perkin and Elmer Spectrum 100 FT-IR spectrometer. 

 

MALDI-ToF spectrometry measurements were performed on Waters/Micromass MALDI 

micro MX spectrometer using positive ionisation. Polymers were dissolved in THF at a 

concentration of 10 mg/mL. Dithranol was used as matrix (10 mg/mL in THF).Potassium 

trifluoroacetate (KTFA) was used as cationizing agent (10 mg/mL in THF). The solutions of 

polymer, matrix and salt were mixed in a ratio of 1/1/1 (v/v/v), respectively. The mixed solution 

was spotted on a stainless steel MALDI plate and left to dry for a couple of hours. The spectra 

were recorded using reflectron mode. 

 

Size Exclusion Chromatography measurements were performed on a Waters 1515 equipped 

with a set of Styragel® HR 5E columns (one 4.6 × 30mm guard column and two 4.6 × 300mm 

columns) using GPC grade THF (Fischer) as eluent at 1mL/min and 40 °C. RID detection was 

used using an external Waters 2414 RID at 40 °C. Polystyrene standards (Agilent) were used 

for calibration. 

If possible, the following correction factors were applied:1 

PLA: 0.58 

PCL: 0.56 

P3HB: 0.54 
 

Circular Dichroism (CD) spectra were recorded on a JASCO J-810 CD spectrophotometer. 

A 1 cm quartz cuvette was used and a temperature of  25 °C was maintained using a Peltier 

module. Spectra were recorded from 200 to 800 nm with a scanning speed of 100 nm min-1 and 

a band width of 2.0 nm. A blank run of DCM was used as baseline correction. 

Solutions of the ligands were prepared in DCM to a concentration of 0.33 mM and the CD 

spectra recorded.   
 

Chiral HPLC analysis were carried out on an Agilent 1260 Infinity Series system using a 

Daicel Chiracel IA 3-column. A 1:99 i-PrOH:n-hexane mixture was used as an eluent at a flow 

rate of 1 mL.min-1. For the UV detection, a wavelength of 230 nm was used. Samples were 

prepared in neat i-PrOH at a concentration of 1 mg.ml-1 and passed through a 0.2 μm PTFE 

syringe filter prior to injection. 

The order in catalyst for various polymerizations was determined through visual kinetic 

analysis. Orders were considered in increments of 0.1. The order yielding the best overlap of 

traces was deemed the correct catalyst order. 
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Cyclic Voltammetry was conducted using a 3-electrode setup where a glassy carbon rod was 

employed as a working electrode and two Pt wires were used as a reference and counter 

electrode. The electrodes were suspended in 5 mL of MeCN containing nBu4NPF6 (0.1 M) and 

18 (5 mg, 8.7 µmol). To minimise decomposition of 18 in air, the sample was weighed out 

inside a glovebox and placed in the electrochemical cell under nitrogen. The CV was measured 

between -1.1 and +1.1 V at a scan rate of 50 mV/s. 

 

 

6.2 Synthesis of Pro-Ligands 

6.2.1 Chapter 2 
H2

HL1 and H2
HL2 

 
 

Pro-ligands H2
HL1 and H2

HL2 were synthesised according to the literature procedure using 3,5-di-tert-

butylcatechol and 2,2-dimethyl-1,3-propanediamine or 1,2-ethanediamine respectively.2 

 

H2
HL1 (55 % yield). 1H NMR (400 MHz, CDCl3) δ1H (ppm): 6.97 (s, 2H, Ar-H), 6.84 (s, 2H, Ar-H), 

2.98 (s, 4H, CH2), 1.40 (s, 18H, tBu), 1.30 (s, 18H, tBu), 1.14 (s, 6H, CH3) 

H2
HL2 (35 % yield) 1H NMR (400 MHz, CDCl3) δ1H (ppm): 7.01 (s, 2H, Ar-H), 6.88 (s, 2H, Ar-H), 3.24 

(s, 4H, CH2), 1.41 (s, 18H, tBu), 1.29 (s, 18H, tBu) 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

H2
MeL2 

 
 

H2
MeL2 was synthesised according to an established literature procedure.3 

(68 % yield) 1H NMR (400 MHz, CDCl3) δ1H (ppm): 8.42 (b, 2H, OH), 7.13 (d, 2H, Ar-H), 7.07 (d, 2H, 

Ar-H), 2.87 (s, 4H, CH2), 2.73 (s, 6H, N-CH3), 1.41 (s, 18H, tBu), 1.29 (s, 18H, tBu) 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

D2
DL1 
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Under nitrogen, H2
HL1 (200 mg, 0.39 mmol) was dissolved in 5 mL of CD3Cl then 5 mL of CD3OD 

was added leading to formation of a white precipitate. The mixture was heated to dissolve the ligand 

and allowed to reflux under nitrogen overnight. After cooling to room temperature, a white precipitate 

was observed. Subsequent filtration and drying under vacuum afforded pure D2
DL1 (114 mg, 56 % 

yield) as a white powder. 1H NMR (400 MHz, CDCl3) δ1H  (ppm): 6.53 (s, 4H, Ar-H), 2.97 (s, 4H, N-

CH2), 1.33 (s, 18H, tBu), 1.20 (s, 18H, tBu), 1.09 (s, 6H, CH3), no signals for OH or NH were observed. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

D2
DL2 

 
 

Under nitrogen, H2
HL2 (0.5 g, 2.1 mmol) was dissolved in CDCl3 (5cm3). CD3OD (5 cm3) was added 

and the mixture heated at 50 °C under nitrogen atmosphere overnight. The volatiles were removed in 

vacuo to yield a white powder quantitatively. 
1H NMR (400 MHz, C6D6) δ1H (ppm): 7.11 (d, 2H, Ar-H), 6.55 (s, 2H, Ar-H), 2.02 (s, 4H, CH2), 1.62 

(s, 18H, tBu), 1.34 (s, 18H, tBu) 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

H2
MeL1  

 
 

Using a modified procedure from literature.3 To a cooled solution (- 78 °C) of H2
HL1 (1.5 g, 2.94 mmol) 

in THF (30 mL) was slowly added 2.6 mL (6.46 mmol) of a 2.5M nBuLi solution in hexane leading to 

a yellow solution. The solution was stirred for 15 minutes at – 78 °C and allowed to react for 2 hours at 

room temperature. MeI (0.4 mL, 6.46 mmol) was then slowly added and the solution was stirred 

overnight at room temperature. The solution was finally heated at reflux for 6 hours before evaporation 

of the volatiles. 25mL of water was added, and the product was extracted with 50 mL (2 × 25 ml) of 

DCM. The organic phases weres collected and dried over Na2SO4. Evaporation of the volatiles affords 

a yellow oil. 1H NMR spectroscopy analysis shows the presence of the expected di-methyl compound 

H2
MeL1 along with starting material and presumably some mono methylated compound. Unreacted 

starting materials was removed by recrystallisation from methanol. Further purifications by flash 

chromatography using neutral alumina (0.5:99.5, Ethyl acetate: hexane) afforded pure H2
MeL1 (first 

fraction, 452 mg, 28.6% yield) as deduced from the 1H NMR spectrum (total yield: 931 mg, 58.7% 

yield). F1 was used without further purification. 1H NMR (400 MHz, CDCl3) δ 1H  (ppm): 7.11 (d, 4JHH 

= 2.3 Hz, 2H, Ar-H), 7.09 (d, 4JHH = 2.3 Hz, 2H, Ar-H), 2.83 (s br, 2H, N-CH2), 2.41 (s, 6H, N-CH3), 

1.41 (s, 18H, tBu), 1.30 (s, 18H, tBu), 0.70 (s, 6H, CH3); 13C NMR (100 MHz, CDCl3) δ 13C (ppm): 148.3 

(Cquat, Ar), 141.4 (Cquat, Ar), 140.6 (Cquat, Ar), 134.1 (Cquat, Ar), 120.5 (CH, Ar-H), 116.9 (CH, Ar-H), 

65.8 (CH2, N-CH2), 48.3 (CH3, N-CH3), 37.9 (Cquat), 35.0 (Cquat), 34.7 (Cquat), 31.8 (CH3, 
tBu), 29.6 

(CH3, 
tBu), 25.3 (CH3, Me); HRMS m/z [M + H]+ calcd. for C35H59N2O2 539.4577, found: 539.4577. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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6.2.2 Chapter 3 
rac-H2

HL3 

 
 

To a suspension of 3,5-di-tert-butylcatechol (3 g, 13.5 mmol) in hexane (30 mL), the rac-trans-1,2-

diaminocyclohexane (0.77 g, 6.75 mmol) and a catalytic amount of triethylamine were added. The 

mixture was left to stir at room temperature under air for 4 days. The precipitate was then filtered, 

washed with methanol, and dried under vacuum yielding a white solid (2.1 g, 4.0 mmol, 59% yield).  
1H NMR (400 MHz, CDCl3) δ1H (ppm): 9.32 (s broad, 2H, O-H), 7.17 (s, 4JHH = 2.4 Hz, 2H, Ar-H), 

6.85 (d, 4JHH = 2.4 Hz, 2H, Ar-H), 2.82 (s broad, 2H, N-H), 2.56 (s, 2H, Cy-CH), 2.39 (d, 2H, Cy-

CHaH-), 1.80 (d, 2H, Cy-CHcH-), 1.45 (s, 18H, tBu), 1.36 (s, 18H, tBu), 1.27 (m, 2H, 1 × Cy-CHbH- + 

1 × Cy-CHdH) 
13C NMR (100 MHz, CDCl3) δ13C (ppm): 147.5 (Cquat, Ar), 140.5 (Cquat, Ar), 136.3 (Cquat, Ar), 133.2 

(Cquat, Ar), 120.3 (CH, Ar), 119.0 (CH, Ar), 65.3 (CH, Cy), 35.3 (Cquat, tBu), 34.3 (Cquat, tBu), 33.5 (CH2, 

Cy), 31.9 (CH3, tBu), 29.9 (CH3, tBu), 25.4 (CH2, Cy) 

HRMS m/z [M + H]+ calcd. for C34H55N2O2 523.4264, found: 523.4255. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

(R,R)-H2
HL3 

 
 

Same procedure as per rac-H2
HL3 but using (R,R)-1,2-diaminocyclohexane instead of trans-1,2-

diaminocyclohexane. Same 1H and 13C NMR spectra as per rac-H2
HL3 (1.9 g, 3.6 mmol, 53%).  

HRMS m/z [M + H]+ calcd. for C34H55N2O2 523.4264, found: 523.4248. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

(S,S)-H2
HL3 

 
 

Same procedure as per rac-H2
HL3 but using (S,S)-1,2-diaminocyclohexane instead of trans-1,2-

diaminocyclohexane. Same 1H and 13C NMR spectra as per rac-H2
HL3 (1.8 g, 3.4 mmol, 51%).  

HRMS m/z [M + H]+ calcd. for C34H55N2O2 523.4264, found: 523.4265. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

 



  259 
 

cis-H2
HL3 

 
 

Same procedure as per rac-H2
HL3 but using cis-1,2-diaminocyclohexane instead of trans-1,2-

diaminocyclohexane. (1.6 g, 3.0 mmol, 45%) 
1H NMR (400 MHz, CDCl3) δ1H (ppm): 7.02 (b, 2H,  Ar-H), 6.78 (b, 2H, Ar-H), 3.31 (b, 2H, Cy-CH), 

1.73 (b, 4H, Cy-CH2), 1.64 (b, 2H, Cy-CH2), 1.41 (m, 20H, Cy-CH2 + tBu), 1.27 (s, 18H, tBu) 
13C NMR (100 MHz, CDCl3) δ13C (ppm): 146.78 (Cquat, Ar), 141.70 (Cquat, Ar), 135.35 (Cquat, Ar), 

133.70 (Cquat, Ar), 118.70 (CH, Ar-H), 117.51 (CH, Ar-H), 57.50 (CH, Cy), 34.99 (Cquat, tBu), 34.43 

(Cquat, tBu), 31.82 (CH3, tBu), 29.92 (CH3, tBu), 28.20 (CH2, Cy) , 22.33 (CH2, Cy) 

HRMS m/z [M + H]+ calcd. for C34H55N2O2 523.4264, found: 523.4271 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

3,5-adamantylcatechol 

  
 

Synthesised according to a literature procedure.4 

(74% yield) 1H NMR (400 MHz, CDCl3) δ1H (ppm): 6.82 (d, 1H, Ar-H), 6.73 (d, 1H, Ar-H), 2.13 (m, 

6H, 3 × Ad-CH2), 2.08 (b, 6H, 6 × Ad-CH), 1.86 (m, 6H, 3 × Ad-CH2), 1.78 (m, 6H, 3 × Ad-CH2), 

1.76 (m, 6H, 3 × Ad-CH2) 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

3-tert-butyl-5-adamantylcatechol 

 
 

To a suspension of 4-tert-butylcatechol (3 g, 18.1 mmol) in trifluoroacetic acid (36 mL), 1-adamantol 

(2.75 g, 18.1 mmol) was added. The mixture was allowed to stir at room temperature for 16 h upon 

which a precipitate is formed. The solid was filtered and recrystallised from a mixture of toluene and 

hexane to yield a white powder in good yields (4.1 g, 13.6 mmol, 75 % yield).  
1H NMR (400 MHz, CDCl3) δ1H (ppm): 6.84 (d, 4JHH = 2.4 Hz, 1 H, Ar-H), 6.76 (d, 4JHH = 2.4 Hz, 1 H, 

Ar-H), 5.46 (s, 1H, OH), 4.79 (s, 1H, OH), 2.13 (s, 6 H, 3 × Ad-CH2), 2.08 (s, 3 H, 3 × Ad-CH), 1.78 

(s, 6 H, 3 × Ad-CH2), 1.27 (s, 9H, tBu) 
13C NMR (100 MHz, CDCl3) δ13C (ppm): 142.4 (Cquat, Ar), 142.3 (Cquat, Ar), 141.1 (Cquat, Ar), 136.1 

(Cquat, Ar), 116.1 (CH, Ar), 110.4 (CH, Ar), 40.8 (CH2, Ad), 37.2 (CH2, Ad), 37.2 (Cquat, Ad), 34.6 (Cquat, 
tBu), 31.7 (CH3, tBu), 29.2 (CH, Ad) 

HRMS m/z [M + H]+ calcd. for C20H27O2 299.2011, found: 299.2023 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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rac-H2
AdL3  

 
To a suspension of 3-tert-butyl-5-adamantyl-catechol (1 g, 3.3 mmol) in hexane (10 mL), the rac-

trans-1,2-diaminocyclohexane (0.2 mL, 1.6 mmol) and a catalytic amount of triethylamine were 

added. The mixture was left to stir at room temperature for four days, resulting in a precipitate which 

was filtered, washed with methanol, and dried in vacuo to yield a white solid (0.78 g, 1.1 mmol, 72 % 

yield).  
1H NMR (400 MHz, DMSO-d6) δ1H (ppm): 9.56 (s, 2H, OH), 6.91 (s, 2 H, Ar-H), 6.81 (s, 2 H, Ar-H), 

4.71 (s, 2H, NH), 2.44 (s, 2H, Cy-CH), 2.09 (s, 12 H, 6 × Ad-CH2), 2.05 (m, 2H, Cy-CH2), 2.01 (s, 6 

H, 6 × Ad-CH), 1.71 (s, 12 H, 6 × Ad-CH2), 1.67 (m, 2H, Cy-CH2), 1.36 (m, 2H, Cy-CH2), 1.25 (s, 

18H, tBu) 1.15 (s, 2H,Cy-CH2)  

HRMS m/z [M + H]+ calcd. for C46H67N2O2 679.5203, found: 679.5204 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

 

6.2.3 Chapter 4 
H2

HL4 

 
 

Pro-ligand H2
HL4 was synthesised according to a literature procedure using 3,5-di-tert-butylcatechol 

and 1,2-phenylenediamine.5  
1H NMR (400 MHz, CDCl3) δ1H (ppm): 7.15 (d, 2H, Ar-H), 6.90 (m, 4H, Ar-H + Phenylene), 6.66 

(m, 2H, Phenylene), 5.89 (b, 2H), 5.13 (b, 2H), 1.44 (s, 18H, tBu), 1.27 (s, 18H, tBu)  

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

 

 

6.3 Synthesis of Complexes 
 

6.3.1 Chapter 2 
 
HL1Al(Et) (Complex 1) 
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A pre-cooled solution (-40 °C) of AlEt3 (44.7 mg, 0.39 mmol) in THF (2 mL) was added to a pre-cooled 

solution (-40 °C) of H2
HL1 (200.0 mg, 0.39 mmol) in THF (5 mL). The solution was allowed to warm 

to room temperature and subsequently stirred for 4 hours. Evaporation of the volatiles and subsequent 

precipitation from a THF/pentane mixture afforded pure HL1Al(Et) as deduced from 1H NMR 

spectroscopy (125.9 mg, 56% yield). 1H NMR (500 MHz, C6D6) δ1H (ppm): 7.54 (d, 4J = 2.3Hz, 2H, 

Ar-H), 6.93 (d, 4J = 2.3Hz, 2H, Ar-H), 2.98 (dd, 3JH-Ha = 12.6 Hz, 3JH-Ha’ = 3.6 Hz, 1H, N-H), 2.39 (dd, 
3JHa-H = 12.6 Hz, 2JHa-Ha’ = 12.6 Hz, 2H, CHaHa’), 2.34 (dd, 2JHa’-Ha = 12.6 Hz, 3JHa’-H = 3.6 Hz, 2H, 

CHa’Ha), 1.86 (s, 18H, tBu), 1.39 (s, 18H, tBu), 1.19(t, 3J = 8.2 Hz, 3H, Al-CH2-CH3), 0.38 (s, 3H, CH3), 

0.05 (s, 3H, CH3), - 0.05 (q, 3J = 8.2 Hz, 2H, Al-CH2); 13C NMR (125 MHz, C6D6) δ13C: 155.4 (Cquat, 

Ar), 138.6 (Cquat, Ar), 137.9 (Cquat, Ar), 131.5 (Cquat, Ar), 123.4 (CH, Ar-H), 116.3 (CH, Ar-H), 63.0 

(CH2, N-CH2), 35.8 (Cquat, 
tBu), 34.5 (Cquat, 

tBu), 32.6 (Cquat, (CH2)2-C-(CH3)2), 32.2 (CH3, 
tBu), 29.8 

(CH3, 
tBu), 26.2 (CH3, Me), 20.4 (CH3, Me), 11.0 (CH3, Al-Et), 0.07 (CH2, Al-Et); Found: C, 74.46; H, 

10.47; N, 5.01, Calc. for C37H61AlN2O2: C, 74.43; H, 10.17; N, 4.78). 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
HLAl(OiPr) (Complex 2) 

 
A pre-cooled solution (-40 °C) of AlEt3 (55. mg, 0.49 mmol) in THF (2 mL) wa added to a pre-cooled 

solution (-40 °C) of H2
HL1 (250.0 mg, 0.49 mmol) in THF (5 mL). The solution was allowed to warm 

to room temperature and subsequently stirred for 4 hours. A solution of iPrOH (37 µl, 0.49 mmol) in 

THF (1mL) was then added to the solution and allowed to stir overnight. Evaporation of the volatiles 

and subsequent washing with pentane afforded HL1Al(OiPr) as a white powder (108.4 mg, 36.8 % yield). 
1H NMR (400 MHz, THF-d8) δ1H (ppm): 7.10 (d, 4J = 2.3Hz, 2H, Ar-H), 7.03 (d, 4J = 2.3Hz, 2H, Ar-

H), 5.02 (dd, 3JH-Ha = 12.6 Hz, 3JH-Ha’ = 2.4 Hz, 1H, N-H), 3.91 (s br, 1H, OiPr), 3.06 (dd, 2JHa’-Ha = 12.6 

Hz, 3JHa’-H = 2.4 Hz, 1H, CHaHa’), 2.93 (dd, 3JHa-H = 12.6 Hz, 2JHa-Ha’ = 12.6 Hz, 1H, CHaHa’), 1.46 (s, 

3H, CH3), 1.45 (s, 18H, tBu), 1.00 (s, 6H, CH3), 0.82 (d, 6H, 3JHH = 5.5 Hz, OiPr); 13C NMR (100 MHz, 

THF-d8) δ13C : 155.6 (Cquat, Ar), 137.0 (Cquat, Ar), 136.8 (Cquat, Ar), 133.0 (Cquat, Ar), 122.0 (CH, Ar-H), 

117.1 (CH, Ar-H), 63.5 (CH, OiPr), 63.3 (CH2, N-CH2), 35.5 (Cquat, 
tBu), 34.7 (Cquat, 

tBu), 34.2 (Cquat, 

(CH2)2-C-(CH3)2), 32.1 (CH3, 
tBu), 29.7 (CH3, 

tBu), 28.0 (CH, OiPr), 27.1 (CH3), 22.3 (CH3); Found: 

C, 72.59; H, 9.99; N, 4.69, Calc. for C36H59AlN2O3: C, 72.69; H, 10.00; N, 4.71). 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
DL1Al(OiPr) (Complex 4) 

 
Analogous to the synthesis of complex 1 and 2 using D2

DL1 instead. Yield: 46%. 
1H NMR (500 MHz, THF-d8) δ1H (ppm) for the main product: 7.10 (br, 2H, Ar-H), 7.03 (br, 2H, Ar-H), 

3.98 (sept, 3J = 6.0 Hz, 1H, CH, OiPr), 3.05 (d, 2J = 12 Hz, 2H, CHH), 2.86 (d, 2J = 12 Hz, 2H, CHH), 

1.47 (br, CH3, 3H), 1.45 (br, 18H, tBu), 1.28 (br, 18H, tBu), 0.95 (s, 3H, CH3), 0.78 (d, 3J = 6.0 Hz, 

CH3, O
iPr).  

13C NMR (125 MHz, THF-d8) δ13C: 155.6 (Cquat, Ar), 137.0 (Cquat, Ar), 136.8 (Cquat, Ar), 132.9 (Cquat, 

Ar), 122.0 (CH, Ar-H), 117.1 (CH, Ar-H), 63.4 (CH, OiPr), 63.1 (CH2, N-CH2), 35.5 (Cquat, 
tBu), 34.7 
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(Cquat, 
tBu), 34.1 (Cquat, (CH2)2-C-(CH3)2), 32.1 (CH3, 

tBu), 29.7 (CH3, 
tBu), 28.1 (CH, OiPr), 27.1 (CH3), 

22.3 (CH3); Found: C, 71.9; H, 10.65; N, 4.55, Calc. for C36H57D2AlN2O3: C, 72.4; H, 10.3; N, 4.7). 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
MeL1Al(Et) (Complex 5) 

 
A pre-cooled solution (-40 °C) of AlEt3 (50.9 mg, 0.45 mmol.) in THF (2 mL) was added to a pre-

cooled solution (-40 °C) of H2
MeL1 (240.5 mg, 0.45 mmol.) in THF (5 mL). The solution was allowed 

to warm to room temperature and subsequently stirred overnight. Evaporation of the volatiles and a 

recrystallisation in pentane afforded pure MeL1Al(Et) as a white powder. The complex was further 

purified by dissolving it in a minimal amount of pentane and then filtering it to remove any inorganic 

salts formed during the ligand synthesis (42.0 mg, 16% yield). 1H NMR (400 MHz, C6D6) δ1H (ppm): 

7.42 (d, 4J = 2.3Hz, 2H, Ar-H), 6.80 (d, 4J = 2.3Hz, 2H, Ar-H), 2.99 (d, 2JH-H’ = 2.8 Hz, 2H, N-CH2), 

2.58 (s, 6H, N-CH3), 1.96 (d, 2JH’-H = 2.8 Hz, 2H, N-CH2), 1.71 (s, 18H, tBu), 1.63 (t, 3J = 8.0 Hz, 3H, 

Al-CH2-CH3), 1.37 (s, 18H, tBu), 0.75-0.56 (m, 2H, Al-CH2), 0.00 (s, 3H, CH3); 13C NMR (100 MHz, 

C6D6) δ13C: 156.1 (Cquat, Ar), 137.1 (Cquat, Ar), 136.7 (Cquat, Ar), 135.1 (Cquat, Ar), 122.6 (CH, Ar-H), 

115.1 (CH, Ar-H), 66.7 (CH2, N-CH2), 46.8 (CH3, N-CH3), 35.5 (Cquat), 35.0 (Cquat), 34.5 (Cquat), 32.1 

(CH3, 
tBu), 30.6 (CH3, Me), 29.9 (CH3, 

tBu), 12.0 (CH3, Al-ethyl), 2.8 (CH2, Al-ethyl); Found: C, 74.81; 

H, 10.50; N, 4.89, Calc. for C37H61AlN2O2: C, 74.96; H, 10.37; N, 4.73). 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
HL2Al(Et) (Complex 6) 

 
A pre-cooled solution (-40 °C) of AlEt3 (61 mg; 0.53 mmol) in THF (2 mL) was added to a pre-cooled 

solution (-40 °C) of H2
HL2 (250 mg; 0.53 mmol) in THF (5 mL). The solution was allowed to warm to 

room temperature and stirred for 4 hours. The solvent was evaporated off to yield the crude compound 
HL2Al(Et) (quantitative yield) as determined by NMR spectroscopy (see below). All attempts to purify 

the complex using pentane or mixtures pentane/THF at different temperatures (-40 C and r.t.) led to 

formation of complex 7. 
1H NMR (500 MHz, C6D6) δ1H (ppm): 7.41 (d, 4J = 2.3 Hz, 2H, Ar-H), 6.61 (d, 4J = 2.3 Hz, 2H, Ar-H), 

2.36 (m, 2H, N-H), 2.00 (m, 3J = 5.02 Hz, 2H, -CH2-), 1.84 (m, 2H, -CH2-), 1.69 (s, 18H, tBu), 1.48 (t, 
3J = 8.0 Hz, 3H, Al-CH2-CH3), 1.39 (s, 18H, tBu), 0.24 (q, 3J = 8.0 Hz, 2H, Al-CH2).  
13C NMR (125 MHz, C6D6) δ13C (ppm): 156.7 (Cquat, Ar), 137.7 (Cquat, Ar), 137.0 (Cquat, Ar), 129.4 (Cquat, 

Ar), 122.6 (CH, Ar-H), 116.6 (CH, Ar-H), 46.6 (CH2, N-CH2), 35.2 (Cquat, tBu), 34.1 (Cquat, tBu), 31.8 

(CH3, tBu), 29.3 (CH3, tBu), 10.4 (CH3, Al-CH2-CH3), 1.1 (CH2, Al-CH2). EA attempted but a low 

carbon content was found, possibly due to the air- and moisture-sensitivity of 6 as well as the presence 

of residual aluminium contaminants. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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HL2Al (Complex 7) 

 
Complex 6 (277 mg; 0.53 mmol) was stirred in pentane overnight to lead to formation of a white 

precipitate. Subsequent filtration and washing with pentane afford 7 as a white powder (198 mg, 76% 

yield). 
1H NMR (500 MHz, C6D6) δ1H (ppm): 7.30 (d, 4J = 2.0 Hz, 1H, Ar-H), 7.09 (d, 4J = 2.0 Hz, 1H, Ar-H), 

7.01 (d, 4J = 2.0 Hz, 1H, Ar-H), 6.48 (d, 4J = 2.0 Hz, 1H, Ar-H), 3.89 (td, 1H, N-CHaH), 3.31 (dd, 1H, 

N-H), 2.92 (dd, 1H, N-CHbH), 2.28 (m, 1H, N-CHcH), 1.82 (s, 9H, tBu), 1.72 (s, 9H, tBu), 1.22 (s, 9H, 
tBu), 1.19 (s, 9H, tBu).  
13C NMR (125 MHz, C6D6) δ13C: 154.9 (Cquat, Ar), 151.6 (Cquat, Ar), 140.8 (Cquat, tBu), 138.4 (Cquat, tBu), 

136.9 (Cquat, tBu), 135.6 (Cquat, tBu), 122.8 (CH, Ar-H), 118.7 (CH, Ar-H), 117.0 (CH, Ar-H), 116.8 

(CH, Ar-H), 49.5 (CH2, N-CH2), 48.7 (CH2, N-CH2), 31.9 (CH3, tBu), 31.8 (CH3, tBu), 29.8 (CH3, tBu). 

EA: Found: C, 72.97; H, 9.35; N, 5.59, Calc. for C30H45AlN2O2: C, 73.14; H, 9.21; N, 5.69. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
HL2Al(OBn) (Complex 8c) 

 
To a solution of complex 7 (153 mg, 0.31 mmol) in toluene (3 mL) was added 1 equivalent of BnOH 

(33.8 mg, 32.4 µL, 0.31 mmol). The mixture was allowed to stir at room temperature overnight. 

Evaporation of the volatile and subsequent washing with pentane afford pure 8c as a white powder (148 

mg, 79 % yield). 
1H NMR (400 MHz, C6D6) δ1H (ppm): 7.53 (d, 4J = 2.3 Hz, 1H, Ar-H), 7.26 (d, 2H, Benzyloxy Ar-H) 

7.22 (d, 4J = 2.3 Hz, 1H, Ar-H), 7.07 (m, 3H, Ar-H + 2 × Benzyloxy Ar-H), 6.94 (t, 1H, Benzyloxy Ar-

H), 6.65 (d, 4J = 2.3 Hz, 1H, Ar-H), 4.83 (m, 2H, N-H + Benzyloxy CH2), 4.55 (d, 1H, Benzyloxy CH2), 

3.49 (dd, 3J = 11.2 Hz, 5.1 Hz, 1H, N-H), 2.40 (m, 1H, N-CHaH-), 2.26 (m, 2H, N-CHbH- + N-CHcH-

), 2.09 (s, 10H, N-CHdH- + 9 × tBu), 1.39 (s, 9H, tBu), 1.31 (s, 9H, tBu), 1.20 (s, 9H, tBu).  
13C NMR (125 MHz, C6D6) δ13C: 158.1 (Cquat, Ar), 157.7 (Cquat, Ar), 142.3 (Cquat, BnO- Ar), 137.5 (Cquat, 

Ar), 136.9 (Cquat, Ar), 136.4 (Cquat, Ar), 136.3 (Cquat, Ar), 132.7 (Cquat, Ar), 131.9 (Cquat, Ar), 128.8 (CH, 

BnO- Ar-H), 127.4 (CH, BnO- Ar-H), 127.3 (CH, BnO- Ar-H), 122.5 (CH, Ar-H), 121.8 (CH, Ar-H), 

117.7 (CH, Ar-H), 115.6 (CH, Ar-H), 65.1 (CH2, BnO- Ar-CH2-), 51.8 (CH2, N-CH2), 42.2 (CH2, N-

CH2), 35.7 (Cquat, tBu), 35.0 (Cquat, tBu), 34.5 (Cquat, tBu), 34.4 (Cquat, tBu), 32.1 (CH3, tBu), 32.1 (CH3, 
tBu), 30.6 (CH3, tBu), 29.3 (CH3, tBu). EA: Found: C, 73.84; H, 9.02; N, 4.56, Calc. for C37H53AlN2O3: 

C, 73.97; H, 8.89; N, 4.66. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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DL2Al(Et) (Complex 9) 

 
Analogous to the synthesis of 6 using D2

DL2 instead (quantitative yield due to difficulties in 

purification). 1H NMR (500 MHz, C6D6) δ1H (ppm): 7.43 (d, 4J = 2.2 Hz, 2H, Ar-H), 6.62z (d, 4J = 2.2 

Hz, 2H, Ar-H), 1.98 (m, i2H, -CH2-), 1.79 (m, 2H, -CH2-), 1.71 (s, 18H, tBu), 1.5 (t, 3J = 8.2 Hz, 3H, 

Al-CH2-CH3), 1.40 (s, 18H, tBu), 0.24 (q, 3J = 8.2 Hz, 2H, Al-CH2). No signals for NH were observed. 

EA attempted but a low carbon content was found, possibly due to the air- and moisture-sensitivity of 

9 as well as the presence of residual aluminium contaminants. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
DL2Al (Complex 10)  

 
Analogous to the synthesis of 7 using 9 instead (72% yield).  
1H NMR (500 MHz, C6D6) δ1H (ppm): 7.29 (d, 1H, Ar-H), 7.08 (d, 1H, Ar-H), 7.01 (d, 1H, Ar-H), 6.48 

(d, 1H, Ar-H), 3.88 (td, 1H, N-CHaH), 2.91 (dd, 1H, N-CHbH), 2.27 (dd, 1H, N-CHcH), 1.82 (s, 9H, 
tBu), 1.72 (s, 9H, tBu), 1.22 (s, 9H, tBu), 1.18 (s, 9H, tBu). No signal for NH was observed. 

EA: Found: C, 72.98; H, 9.32; N, 5.65, Calc. for C30H44DAlN2O2: C, 72.99; H, 9.39; N, 5.67. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
MeL2Al(Et) (Complex 11) 

 
A pre-cooled solution (-40 °C) of AlEt3 (23 mg; 0.2 mmol) in toluene (2 mL) is added to a pre-cooled 

solution (-40 °C) of H2
MeL2 (100 mg; 0.2 mmol) in toluene (5 mL). The solution was allowed to warm 

to room temperature and stirred for 4 hours. The solvent was evaporated off to yield a mixture of 

compounds which was recrystallised in pentane to yield clean 11 as determined by NMR spectroscopy 

(57 mg, 0.1 mmol, 52% yield). 
1H NMR (500 MHz, C6D6) δ1H (ppm): 7.35 (d, 4J = 2.0 Hz, 2H, Ar-H), 7.04 (d, 4J = 2.0 Hz, 2H, Ar-H), 

3.98 (s broad, 2H, N-CHaH-), 3.22 (s broad, 2H, N-CHbH-), 2.76 (s, 6H, N-CH3), 1.41 (s, 18H, tBu), 

1.34 (s, 18H, tBu), 0.85 (t, 3H, Al-CH2-CH3), -0.15 (tq, 2H, Al-CH2-).  
13C NMR (125 MHz, C6D6) δ13C (ppm): 151.9* (Cquat, Ar), 152.0* (Cquat, Ar), 138.4* (Cquat, Ar), 136.8* 

(Cquat, Ar), 122.9 (CH, Ar-H), 113.1 (CH, Ar-H), 40.8* (CH3, N-CH3), 34.6* (Cquat, tBu), 34.3* (Cquat, 
tBu), 32.1 (CH3, tBu), 30.0 (CH3, tBu), 10.8 (CH3, Al-Et), -2.4 (CH2, Al-Et) 

*Determined by HSQC/HMBC NMR experiments 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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6.3.2 Chapter 3 
rac-HL3Al(Et) / rac-HL3Al (rac-mix12) 

 

A pre-cooled solution (-40 °C) of AlEt3 (54.6 mg; 0.48 mmol) in THF (2 mL) was added to a pre-cooled 

solution (-40 °C) of rac-H2
HL3 (250 mg; 0.48 mmol) in THF (5 mL). The solution was allowed to warm 

to room temperature and stirred for 4 hours. The solvent was evaporated off to yield a mixture of 

products as determined by NMR spectroscopy. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

cis-HL3Al(Et) / cis-HL3Al (cis-mix12) 

 

A pre-cooled solution (-40 °C) of AlEt3 (54.6 mg; 0.48 mmol) in THF (2 mL) was added to a pre-cooled 

solution (-40 °C) of cis-H2
HL3 (250 mg; 0.48 mmol) in THF (5 mL). The solution was allowed to warm 

to room temperature and stirred for 4 hours. The solvent was evaporated off to yield a mixture of 

products as determined by NMR spectroscopy. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

rac-HL3Al (Complex rac-13) 

 
In a vial, rac-mix12 (277 mg, 0.48 mmol) was dissolved in toluene. The vial was sealed, and the 

contents heated at 80 °C for 4 days. The solvent was removed in vacuo and the resulting solid 

recrystallised in pentane to yield a fine white powder (101 mg, 0.26 mmol, 38% yield). 
1H NMR (400 MHz, CD2Cl2) δ1H (ppm): 7.07 (d, 1H, aromatic), 6.86 (m, 2H, aromatic), 6.54 (d, 1H, 

aromatic), 3.53 (td, 1H, Cy-CH), 2.65 (d, 1H, N-H), 2.49 (dd, 1H, Cy- CH2), 2.30 (m, 2H, 1 × Cy-CH2 

+ 1 × Cy-CH), 1.84 (d, 1H, Cy- CH2), 1.69 (d, 1H, Cy- CH2), 1.52 (s, 10H, 9 × tBu + 1 × Cy-CH2), 1.48 

(s, 9H, tBu), 1.39* (m, 1H, Cy-CH2),  1,26 (m, 1H, Cy-CH2), 1.17 (s, 10H, 9 × tBu + 1 × N-H), 1.03 

(td, 1H, Cy-CH2) 0.87 (s, 9H, tBu). 
13C NMR (125 MHz, CD2Cl2) δ13C (ppm): 155.63 (Cquat, Ar), 153.93 (Cquat, Ar), 138.57 (Cquat, Ar), 

137.34 (Cquat, Ar), 136.76 (Cquat, Ar), 135.77 (Cquat, Ar), 134.05 (Cquat, Ar), 127.50 (Cquat, Ar)  123.44 

(CH, Ar), 123.00 (CH, Ar), 119.92 (CH, Ar), 119.71 (CH, Ar), 65.88 (CH, -Cy-), 62.53 (CH, -Cy-), 

35.61 (Cquat, tBu), 35.42 (Cquat, tBu), 34.43 (Cquat, tBu), 34.30 (Cquat, tBu), 32.92 (CH2, -Cy-), 31.92 (CH3, 
tBu), 31.86 (CH2, -Cy-) 31.77 (CH3, tBu), 29.88 (CH3, tBu), 29.68 (CH3, tBu), 26.10 (CH2, -Cy), 24.76 

(CH2, -Cy) 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

rac-mix14 

 

A pre-cooled solution (-40 °C) of AlEt3 (54.6 mg, 0.48 mmol.) in THF (2 mL) was added to a pre-

cooled solution (-40 °C) of rac-H2
HL3 (250 mg, 0.48 mmol.) in THF (5 mL). The mixture was allowed 

to warm to room temperature and then stirred for 4 hours. The solvent was removed in vacuo, and the 

crude product re-dissolved in toluene (5 mL) to which benzyl alcohol (49.7 μL, 51.9 mg, 0.48 mmol) 

was added. The solution was then stirred for 16 hours after which the solvent was removed in vacuo. 

The crude product was purified by stirring it in pentane (5 mL) for 2 hours and subsequently filtering 

the mixture with copious washings of pentane, affording a white solid (239 mg, 0.36 mmol, 75% yield).  

EA: Found: C, 75.41; H, 9.23; N, 3.98, Calc. for C38H61AlN2O3: C, 75.19; H, 9.08; N, 4.28. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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(R,R)-mix14  

 

Same procedure as per rac-mix14 but using (R,R)-H2
HL3 instead of rac-H2

HL3. Yield: 109 mg (0.16 

mmol, 33% yield).  

EA: Found: C, 75.32; H, 8.96; N, 4.19, Calc. for C38H61AlN2O3: C, 75.19; H, 9.08; N, 4.28. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

(S,S)-mix14 

 

Same procedure as per rac-mix14 but using (S,S)-H2
HL3 instead of rac-H2

HL3. Yield: 79 mg (0.12 

mmol, 25% yield);  

EA: Found: C, 75.20; H, 9.27; N, 4.18, Calc. for C38H61AlN2O3: C, 75.19; H, 9.08; N, 4.28. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

rac-HL3Al(OBn) (Complex rac-14) 

 
A pre-cooled solution (-40 °C) of AlEt3 (54.6 mg, 0.48 mmol.) in THF (2 mL) was added to a pre-

cooled solution (-40 °C) of rac-H2
HL3 (250 mg, 0.48 mmol.) in THF (5 mL). The mixture was allowed 

to warm to room temperature and then stirred for 4 hours. The solvent was removed in vacuo, and the 

crude product re-dissolved in toluene (5 mL) to which benzyl alcohol (49.7 μL, 51.9 mg, 0.48 mmol) 

was added. The solution was heated at 100 °C for 16h. Subsequent evaporation of the volatiles affords 

pure rac-14 (259 mg, .40 mmol, 82 % yield),  
1H NMR (400 MHz, CD2Cl2) δ1H (ppm): 7.51 (s, 1H, BnO- aromatic), 7.49 (s, 1H, BnO- aromatic), 7.23 

(m, 3H, BnO- aromatic), 7.15 (m, 1H, aromatic), 6.89 (d, 1H, aromatic), 6.85 (d, 1H, aromatic), 6.79 

(d, 1H, aromatic), 4.63 (d, 1H, N-H), 4.47 (q, 2H, BnO- CH2), 3.24 (d, 1H, N-H), 2.61 (m, 1H, Cy-CH 

), 2.39 (m, 2H, 1 × Cy-CH2 + 1 × Cy-CH), 1.75 (s, 10H, 9 × tBu, 1 × Cy-CH2), 1.57 (dd, 1H, Cy-CH2), 

1.38 (dd?, 1H, Cy-CH2), 1.19 (s, 9H, tBu), 1.15 (s, 10H, 9 × tBu, 1 × Cy-CH2), 0.89 (m, 1H, Cy-CH2) 

0.82 (s, 9H, tBu), 0.72 (m, 1H, Cy-CH2), 0.29 (m, 1H, Cy-CH2) 
13C NMR (125 MHz, CD2Cl2) δ13C (ppm): 158.4 (Cquat, Ar), 157.9 (Cquat, Ar), 136.52 (Cquat, Ar), 136.07 

(Cquat, Ar), 136.01 (Cquat, Ar), 135.15 (Cquat, Ar), 128.92 (CH, BnO- Ar), 128.36 (CH, BnO- Ar), 127.99 

(CH, BnO- Ar), 126.9 (Cquat, BnO- Ar), 115.69 (CH, Ar), 122.37 (CH, Ar), 121.47 (CH, Ar), 121.37 

(CH, Ar), 65.29 (CH2, BnO-), 61.42 (CH, -Cy-), 56.22 (CH, -Cy-), 35.70 (CH2, -Cy-), 34.92 (Cquat, tBu), 

34.86 (CH2, -Cy-), 34.56 (Cquat, tBu), 34.24 (Cquat, tBu), 32.07 (CH3, tBu), 31.97 (CH3, tBu), 30.89 (Cquat, 
tBu), 30.58 (CH3, tBu), 29.41 (CH3, tBu), 24.88 (CH2, -Cy-), 24.67 (CH2, -Cy) 

EA: Found: C, 75.06; H, 9.16; N, 4.40, Calc. for C38H61AlN2O3: C, 75.19; H, 9.08; N, 4.28. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

rac-HL3Al(OtBu) (Complex rac-15) 
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A pre-cooled solution (-40 °C) of AlEt3 (54.6 mg, 0.48 mmol.) in THF (2 mL) was added to a pre-

cooled solution (-40 °C) of rac-H2
HL3 (250 mg, 0.48 mmol.) in THF (5 mL). The mixture was allowed 

to warm to room temperature and then stirred for 4 hours. The solvent was removed in vacuo, and the 

crude product re-dissolved in toluene (5 mL) to which was added tert-butanol (45.7 μL, 35.4 mg, 0.48 

mmol). The solution was then stirred for 16 hours after which the solvent was removed in vacuo. The 

crude product was purified by stirring it in pentane (5 mL) for 2 hours and subsequently filtering the 

mixture with copious washings of pentane, affording a flaky white solid (189.0 mg, 0.30 mmol, 63% 

yield).  
1H NMR (400 MHz, C6D6) δ1H (ppm): 7.52 (s, 1H, Ar-H), 7.42 (s, 1H, Ar-H), 6.81 (s, 1H, Ar-H), 6.66 

(s, 1H, Ar-H), 3.69 (d, J = 6.8 Hz, 1H, NH), 2.65 (d, J = 11.9 Hz, 1H, NH), 2.40 (qd, J =11.3, 4.0 Hz, 

1H, Cy-CH), 2.05 (m, 1H, Cy-CH2), 1.96 (m, 1H, Cy-CH), 1.89 (s, 9H, tBu), 1.66 (s, 9H, tBu), 1.62 (s, 

9H, O-tBu), 1.45 (m, 1H, Cy-CH2), 1.38 (s, 9H, tBu), 1.32 (s, 9H, tBu), 1.20 (m, 1H, Cy-CH2), 1.04 (d, 

J = 13.9 Hz, 1H, Cy-CH2), 0.88 (m, 1H, Cy-CH2), 0.63 (m, 1H, Cy-CH2), 0.39 (m, 1H, Cy-CH2), 0.11 

(d, J = 13.4 Hz, 1H, Cy-CH2) 
13C NMR (100 MHz, C6D6) δ13C (ppm): 157.5 (Cquat, Ar), 157.0 (Cquat, Ar), 138.0 (Cquat, Ar), 137.9 (Cquat, 

Ar), 136.7 (Cquat, Ar), 136.0 (Cquat, Ar), 127.4 (Cquat, Ar), 126.3 (Cquat, Ar), 123.2 (CH, Ar-H), 123.1 (CH, 

Ar-H), 122.1 (CH, Ar-H), 118.4 (CH, Ar-H), 68.3 (Cquat, O-tBu), 61.7 (CH, -Cy-), 59.7 (CH, -Cy-), 35.7 

(Cquat, tBu), 35.6 (Cquat, tBu), 34.4 (Cquat, tBu), 34.2 (Cquat, tBu), 33.9 (CH3, O-tBu), 33.2 (CH2, -Cy-), 

32.1 (CH3, tBu) , 32.1 (CH3, tBu), 30.3 (CH2, -Cy-), 29.9 (CH3, tBu), 29.7 (CH3, tBu), 24.9 (CH2, -Cy-

), 23.5 (CH2, -Cy-), EA: Found: C, 73.38; H, 9.99; N, 4.46, Calc. for C38H61AlN2O3: C, 73.51; H, 9.90; 

N, 4.51. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

 (R,R)-HL3Al(OtBu) [Complex (R,R)-15] 

 
same procedure as per rac-15 but using (R,R)-H2

HL3 instead of rac-H2
HL3. Same 1H and 13C NMR 

spectra as per rac-15. Yield: 230 mg (0.37 mmol, 77% yield). 

EA: Found: C, 73.39; H, 10.07; N, 4.41, Calc. for C38H61AlN2O3: C, 73.51; H, 9.90; N, 4.51. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

(S,S)-HL3Al(OtBu) [Complex (S,S)-15] 

 
same procedure as per rac-15 but using (S,S)-H2

HL3 instead of rac-H2
HL3. Same 1H and 13C NMR 

spectra as per rac-15. Yield: 237 mg (0.38 mmol, 80% yield). 

EA: Found: C, 73.52; H, 9.99; N, 4.46, Calc. for C38H61AlN2O3: C, 73.51; H, 9.90; N, 4.51. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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cis-HL3Al(Et) (Complex cis-15) 

 
A pre-cooled solution (-40 °C) of AlEt3 (54.6 mg; 0.48 mmol) in THF (2 mL) is added to a pre-cooled 

solution (-40 °C) of cis-H2
HL3 (250 mg; 0.48 mmol) in THF (5 mL). The solution was allowed to 

warm to room temperature and stirred for 4 hours. The solvent was evaporated off to yield a mixture 

of products, with the major product suspected of being cis-15 as determined by NMR spectroscopy. 

Synthesis of cis-HL3Al(OtBu) (Complex cis-15): same procedure as per rac-15 but using cis-H2
HL3 

instead of rac-H2
HL3. 1H NMR (400 MHz,C6D6) δ1H (ppm): 7.48 (m, 2H, Ar-H), 6.77 (s, 2H, Ar-H), 

3.26 (d, 2H, NH), 2.59 (s, 2H, Cy-CH), 1.80 (s, 18H, tBu), 1.65 (s, 9H, OtBu), 1.36 (s, 20H, 18 × tBu 

+ 2 × Cy-CH2), 0.75 (m, 6H, Cy-CH2), 13C NMR (100 MHz, C6D6) δ13C (ppm): 156.5 (Cquat, Ar), 

137.9 (Cquat, Ar), 137.2 (Cquat, Ar), 129.1 (Cquat, Ar), 123.0 (CH, Ar-H), 117.4 (CH, Ar-H), 68.5 (Cquat, 

OtBu),  57.6 (CH, Cy), 35.7 (Cquat, tBu), 34.4 (Cquat, tBu), 34.1 (CH3, OtBu), 32.1 (CH3, tBu), 29.8 

(CH3, tBu), 26.8 (CH2, Cy), 20.6 (CH2, Cy); EA: Found: C, 73.44; H, 10.2; N, 4.50, Calc. for 

C38H61AlN2O3: C, 73.51; H, 9.90; N, 4.51. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

 

6.3.3 Chapter 4 
HL4Al (Complex 16) 

 
A pre-cooled solution (-40 °C) of AlEt3 (55.2 mg, 0.48 mmol.) in toluene (2 mL) was added to a pre-

cooled solution (-40 °C) of H2
HL4 (250 mg, 0.48 mmol.) in toluene (7 mL). The mixture was allowed 

to warm to room temperature and then stirred for 16 hours. Removal of volatiles afforded complex 16 

in quantitative yields. 
1H NMR (400 MHz, C6D6) δ1H (ppm): 7.30 (s, 2H, Ar-H), 7.00 (s, 1H, Ar-H), 6.95 (m, 2H, Ar-H), 6.88 

(m, 2H, Ar-H), 6.50 (t, 1H, 4J = 8.3 Hz, Ar-H), 5.00 (s, 1H, NH), 1.61 (s, 9H, tBu), 1.51 (s, 9H, tBu), 

1.20 (s, 9H, tBu), 1.10 (s, 9H, tBu) 
13C NMR (100 MHz, C6D6) δ13C (ppm): 153.6 (Cquat, Ar), 146.6 (Cquat, Ar), 144.0 (Cquat, Ar), 141.7 (Cquat, 

Ar), 140.6 (Cquat, Ar), 139.9 (Cquat, Ar), 139.3 (Cquat, Ar), 136.8 (Cquat, Ar), 132.5 (Cquat, Ar), 129.5 (Cquat, 

Ar), 128.7 (CH, Ar-H), 124.1 (CH, Ar-H), 124.1 (CH, Ar-H), 118.3 (CH, Ar-H), 116.6 (CH, Ar-H), 

114.0 (CH, Ar-H), 113.0 (CH, Ar-H), 110.1 (CH, Ar-H), 35.7 (Cquat, tBu), 35.6 (Cquat, tBu), 34.9 (Cquat, 
tBu), 34.4 (Cquat, tBu), 31.8 (CH3, tBu), 31.6 (CH3, tBu), 31.0 (CH3, tBu), 29.6 (CH3, tBu) 

EA: Found: C, 73.26; H, 8.52; N, 4.96, Calc. for C34H45AlN2O2: C, 75.52; H, 8.39; N, 5.18. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
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HL4Al(OMe) (Complex 17-a) 

 
A pre-cooled solution (-40 °C) of AlEt3 (55.2 mg, 0.48 mmol.) in toluene (2 mL) was added to a pre-

cooled solution (-40 °C) of H2
HL4 (250 mg, 0.48 mmol.) in toluene (7 mL). The mixture was allowed 

to warm to room temperature and then stirred for 4 hours upon which MeOH (19.4 µL, 0.48 mmol.) 

was added. A precipitate was observed after a further 16 hours of stirring which was filtered, washed 

with pentane, and dried to yield a white free-flowing powder (184 mg, 0.32 mmol, 67 % yield). 
1H NMR (400 MHz, C6D6) δ1H (ppm): 7.85 (d, 1H, Ar-H), 7.45 (m, 4H, Ar-H), 6.97 (d, 1H, Ar-H), 6.90 

(s, 1H, Ar-H), 6.76 (t, 1H, Ar-H), 6.51 (s, 1H, NH), 4.90 (s, 1H, NH), 2.49 (s, 3H, -OMe), 1.86 (s, 9H, 
tBu), 1.42 (s, 9H, tBu), 1.35 (s, 9H, tBu), 1.27 (s, 9H, tBu) 

EA: Found: C, 73.23; H, 8.61; N, 4.83, Calc. for C35H49AlN2O3: C, 73.40; H, 8.62; N, 4.89 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
HL4Al(OBn) (Complex 17-b) 

 
Same as the synthesis of 17-a but using BnOH (49.7 µL, 0.48 mmol) instead of MeOH. Yield: 142 mg 

(0.22 mmol, 45 % yield). 
1H NMR (400 MHz, C6D6) δ1H (ppm): 7.61 (d, 1H, Ar-H), 7.58 (d, 1H, Ar-H), 7.47 (d, 1H, Ar-H), 7.32 

(d, 1H, Ar-H), 6.94 (d, 1H, Ar-H), 6.88 (s, 3H, Ar-H), 6.72 (s, 1H, Ar-H), 6.53 (t, 1H, Ar-H), 6.33 (t, 

1H, Ar-H), 4.95 (s, 1H, NH), 4.60 (d, 1H, -OBn CH2, 4.29 (d, 1H, NH), 4.11 (d, 1H, -OBn CH2), 2.06 

(s, 9H, tBu), 1.36 (s, 9H, tBu), 1.22 (s, 9H, tBu), 0.99 (s, 9H, tBu) 

EA: Found: C, 75.93; H, 8.45; N, 4.16, Calc. for C41H53AlN2O3: C, 75.89; H, 8.23; N, 4.32 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
HL4Al(Cl) (Complex 18) 

 
A pre-cooled solution (-40 °C) of AlEt2Cl (58.3 mg, 0.48 mmol.) in toluene (2 mL) was added to a pre-

cooled solution (-40 °C) of H2
HL4 (250 mg, 0.48 mmol.) in toluene (7 mL). The mixture was allowed 

to warm to room temperature and then stirred for 16 hours upon which a precipitate can be observed. 

The slurry was cooled (-40 °C) and then filtered and washed with pentane. After drying, a fluffy white 

powder was obtained (214 mg, .37 mmol, 77 % yield). 
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1H NMR (400 MHz, CD2Cl2) δ1H (ppm): 7.44 (d, 2H, Ar-H), 7.40 (s, 2H, Phenylene Ar-H), 7.38 (d, 2H, 

Ar-H), 7.35 (s, 2H, Phenylene Ar-H), 5.50 (s, 2H, NH2), 1.41 (s, 18H, tBu), 1.40 (s, 18H, tBu) 
13C NMR (125 MHz, CD2Cl2) δ13C (ppm): 154.2 (Cquat, Phenylene Ar), 139.7 (Cquat, Ar), 139.1 (Cquat, 

Ar), 136.3 (Cquat, Ar), 129.5 (CH, Ar), 126.8 (Cquat, Ar), 124.8 (CH, Phenylene Ar), 123.9 (CH, Ar), 

120.9 (CH, Phenylene Ar), 35.7 (Cquat, tBu), 34.8 (Cquat, tBu), 32.0 (CH3, tBu), 29.5 (CH3, tBu) 

EA: Found: C, 70.60; H, 8.14; N, 4.75, Calc. for C34H46AlClN2O2: C, 70.75; H, 8.03; N, 4.85. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

 [HL4Al][BArF] (Complex 20) 

 
To a solution of 18 (10 mg, 0.017 mmol) in diethyl ether (2 mL) was added AgBArF (16.8 mg, 0.017 

mmol). After 30 minutes of stirring at room temperature, the precipitated AgCl was removed using a 

syringe filter. The filtrate was dried in vacuo to yield 20 (with a coordinated diethyl ether molecule) in 

quantitative yields. 
1H NMR (400 MHz, CDCl3) δ1H (ppm): 7.72 (t broad, 8H, -BArF), 7.54 (m, 6H, 4 × -BArF + 2 × 

Phenylene), 7.38 (dq, 2H, Phenylene), 7.32 (d, 4JHH = 2.3 Hz, 2H, Ar-H), 7.28 (d, 4JHH = 2.3 Hz, 2H, 

Ar-H), 5.49 (s, 2H, N-H), 4.14 (s broad, 4H, Et-O-Et CH2), 1.36 (s, 18H, tBu), 1.30 (s, 18H, tBu), 1.05 

(t, 3JHH = 6.8 Hz, 6H, Et-O-Et CH3) 
13C NMR (100 MHz, CDCl3) δ13C (ppm): 152.6 (Cquat, Ar), 141.8 (Cquat, Ar), 138.1 (Cquat, Ar), 135.4 

(CH, BArF), 132.4 (Cquat, Ar), 130.8 (CH, Phenylene), 129.6 (Cquat, Ar), 129.2 (Cquat, Ar), 127.7 (CH, 

Phenylene), 126.5 (Cquat, Ar), 125.3 (CH, Ar), 123.8 (Cquat, Ar), 118.0 (CH, BArF), 117.4 (CH, Ar), 65.7 

(CH2, Et-O-Et) , 35.5 (Cquat, 
tBu), 34.9 (Cquat, 

tBu), 31.8 (CH3, 
tBu), 29.9 (CH3, 

tBu), 13.1 (CH3, Et-O-

Et) 

EA: Found: C, 57.02; H, 5.04; N, 1.97, Calc. for C70H68AlBF24N2O3: C, 56.84; H, 4.63; N, 1.89 

 

 

6.4 General Procedure for Polymerisation Reactions 
 

Reaction in solvent: In a glovebox, the desired amount of catalyst ( 10 mg) was weighed out in a vial 

containing a stirrer bar. In a separate vial, the desired amount of monomer, co-catalyst, and solvent (to 

reach [M]0 = 1 M) were dissolved. The resulting solution is added to the catalyst and the time was 

started. For high temperature polymerisations, the time is started when the vial is transferred to the hot 

plate. For kinetic studies, aliquots (0.1 mL) were periodically taken for analysis and quenched in n-

pentane to stop any further reaction. If the monomer is a liquid, the aliquot is quenched in wet CDCl3 

and analysed directly to prevent evaporation. Samples were analysed by 1H NMR spectroscopy to 

determine conversion by relative integration of the monomer and polymer signals. 

 

Reaction in bulk: In a glovebox, the desired amount of LA is added to a vial equipped with an air-tight 

PTFE lid and containing the desired amount of catalyst ( 10 mg). The vial is heated at the desired 

temperature in a silicone oil bath and the time recorded. The polymerisation is stopped once the mixture 

becomes too viscous to stir, upon which a sample is taken and quenched in pentane. 

 

Polymerisation reactions with in-situ generation of the initiator: A solution of Al(Et)3 in THF (1 mL, 

0.017 M) was added to vial containing either H2
HL1 or H2

HL2 (0.017 mmol) and allowed to stir at room 
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temperature for 15 minutes. In a separate vial, rac-LA (250 mg; 1.7 mmol) was dissolved in THF (0.77 

mL) to form a 2.2 M solution, to which iPA (1.3 µL; 0.017 mmol) was added using a Gilson pipette. 

Both vials were combined to start the polymerisation, which was run for a total of 4 hours. Aliquots 

were taken at 1 hour intervals and analysed by 1H NMR spectroscopy and GPC. 

 

Organocatalytic polymerisation reactions: In a glovebox, the desired catalyst (1 equiv.), (-)-sparteine 

(1 equiv.), and IPA (1 equiv.) were dissolved in DCM or THF to reach [LA]0 = 1 M. The resulting 

solution was then added to rac-LA (20 equiv.) which was pre-weighed in a vial. An aliquot was taken 

after 24 hours and quenched in n-pentane to stop the reaction. Samples were analysed by 1H NMR 

spectroscopy to determine conversion by relative integration of signals at 5.06 ppm (monomer) and 

5.20 ppm (polymer). 

 

Polymerisation reactions using scalemic mixtures of catalysts: Two solutions containing (R,R)-15 and 

(S,S)-15 were made up to a molarity of 10 mM. The appropriate amount of each was added to a vial 

containing a stirrer bar. To this 232 mg of LA (or 179 µL of ε-CL) was added and the time was started. 

Aliquots (0.1 mL) were periodically taken and quenched in n-pentane to stop any further reaction. In 

the case of ε-CL polymerisations, the aliquot was quenched in wet CDCl3 and analysed directly to 

prevent evaporation. Samples were analysed by 1H NMR spectroscopy to determine conversion by 

relative integration of the monomer and polymer signals. 

 

Polymerisation reactions using complex 18: To a vial containing a stirrer bar, the desired amount of 18 

was weighed out and dissolved in the appropriate amount of DCM. 10 equivalents of CHO was added 

and the mixture was allowed to stir for 10 minutes. If the addition of a co-catalyst was required (e.g. 

FcBArF or AgOTf), it was added after the 10 minute period and allowed to react with the activated 

complex for a further 5 minutes. Once the pre-activation was carried out, the desired amount of 

monomer was added and the time started. Aliquots were periodically taken and quenched in either n-

pentane (for solid monomers) or wet CDCl3 (for liquid monomers). These were analysed by 1H NMR 

spectroscopy to determine conversion by relative integration of the monomer and polymer signals. If 

required, co-catalysts were added at the appropriate time points as solids. 

 
Table 1. Regions for the monomer and polymer peaks in 1H NMR spectroscopy (CDCl3, 298 K) 

Monomer Monomer peak (ppm) Polymer peak (ppm) 

LA 5.02 5.15-5.30 

β-BL 4.55 5.05-5.15 

ε-CL 4.23 4.03-4.09 

ε-DL 4.21 4.75-4.85 

TMC 4.43 4.19-4.24 

PDL 4.02-4.10 4.13-4.18 
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Appendix A: NMR Data 

A.1 Characterisation of Pro-Ligands 

A.1.1 Chapter 2 

 
Figure A1. Stacked 1H NMR spectra (DMSO-d6, 24 °C) of H2

HL2 (top) and D2
DL2 (bottom) showing disappearance of the 

N-H and O-H signals upon deuteration of the pro-ligand. 

 

 
Figure A2. Stacked IR spectra of H2

HL2 (top) and D2
DL2 (bottom) showing a shift in the O-H and N-H stretching signals 

upon deuteration of the pro-ligand. 



274 

 

A.1.2 Chapter 3 

 

 
Figure A3. 1H NMR spectrum (CDCl3, 298 K) of rac-H2

HL3. 

 

 
 

 
Figure A4. Stacked 1H NMR spectra (CDCl3, 298 K) of rac-H2

HL3 (top), (R,R)- H2
HL3 (middle), and (S,S)- H2

HL3 (bottom) 

showing identical traces. 
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Figure A5. 1H NMR spectrum (CDCl3, 298 K) of cis-H2

HL3. 

 

 
 

 
Figure A6. 1H NMR spectrum (CDCl3, 298 K) of 3-tert-butyl-5-adamantyl-catechol. 
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A.2 Characterisation of Complexes and Reactivity 

A.2.1 Chapter 2 

 
Figure A7. 1H NMR spectrum (C6D6, 24 °C) of L1

HAl(OiPr) (2). 

 
Figure A8: 1H NMR spectrum (THF-d8, 24 °C) of HLAl(OiPr) (2). 



277 

 

 
Figure A9. Stacked 1H NMR spectra (C6D6, 24 °C) of H2

HL1 (top), HL1Al(OiPr) with 10 eq. of iPA  (middle) and after 

heating at 80 °C for 1 hour (bottom) showing stability of the complex in “immortal” polymerisation.

Figure A10: Stacked 1H NMR spectra (THF_d8, 24 °C) of HL1Al(Et) (1) and DL1Al(Et) (3) showing the absence of NH 

signals and 3J couplings for methylene signals (2.80 - 3.00ppm) in the Dl1Al(Et) (3) 1H NMR spectrum.  
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Figure A11: 1H NMR spectrum (C6D6, 24 °C) of MeL1Al(Et) (5). 

 

 
Figure A12. Stacked 1H NMR spectra (C6D6, 298 K) of MeL1Al(Et) (5) (top) and MeL1Al(Et) (5) with 1 equivalent of iPA 

showing a transformation of the complex upon addition of the alcohol. 
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Figure A13. 1H NMR spectrum showing the conversion of benzaldehyde to benzyl benzoate by 11 through the Tishchenko 

reaction. 

 

 
Figure A14. 1H NMR spectrum (C6D6, 24 °C) of HL2Al(Et) (6). 
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Figure A15. 1H NMR spectrum (C6D6, 24 °C) of HL2Al (7). 

 

 

 
Figure A16. 1H NMR spectrum (C6D6, 24 °C) of HL2Al(OBn) (8c).  
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Figure A17. Stacked 1H NMR spectra (C6D6, 298 K) of HL2Al(Et) (6) and DL2Al(Et) (10) showing the absence of NH 

signals in the DL2Al(Et) (10) 1H NMR spectrum. 

 

 
Figure A18. DOSY NMR spectrum (C6D6, 298 K) of HL1Al(OiPr) (2) showing a monomer-dimer exchange in solution (as 

determined using in-house external calibration). 
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Figure A19: DOSY NMR spectrum (THF-d8, 298 K) of HLAl(OiPr) (2) showing a monomeric structure in solution (with 

potential coordination of THF molecules as per insert) using an in-house external calibration The insert describes the 

different possible coordination of THF on complex 2 along with the corresponding molecular weight in line with the DOSY 

results.1 

 
Figure A20. DOSY NMR spectrum (C6D6, 298 K) of HL1Al(OiPr) (2) with 10 equivalents of iPA showing a mononuclear 

structure in solution under immortal conditions (as determined using in-house external calibration). 

 

 

~ 800 g/mol 
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Figure A21. DOSY NMR spectrum (C6D6, 298 K) of HL2Al(OBn) (8c) showing a dinuclear structure in solution (as 

determined using in-house external calibration). 

 

 
Figure A22. DOSY NMR spectrum (THF-d8, 298 K) of HL2Al(OBn) (8c) showing a mononuclear structure in solution (as 

determined using in-house external calibration). 

Mw = 1312 g/mol 

Mw = 850 g/mol 
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Figure A23. DOSY NMR spectrum (C6D6, 298 K) of  MeL2Al(Et) (11) showing a dinuclear structure in solution (as 

determined using in-house external calibration). 

 

 
Figure A24. DOSY NMR spectrum (THF-d8, 298 K) of MeL2Al(Et) (11) showing a mononuclear structure in solution (as 

determined using in-house external calibration). 

Mw = 1098 g/mol 

Mw = 785 g/mol 
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A.2.2 Chapter 3 

 
Figure A25. 1H NMR spectrum (C6D6, 298 K) of rac-mix12 showing a mixture of products formed. 

 

 
Figure A26. Stacked 1H NMR spectra (C6D6, 298 K) showing cis-mix12 (top) and its product after heating it at 80 °C over 3 

days (bottom). 
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Figure A27. DOSY NMR (C6D6, 298 K) of (S,S)-mix14 showing dimeric structures in solution. 

 
Figure A28. Stacked 1H NMR spectra (C6D6, 298 K) of (S,S)-mix14 at room temperature (top) and after heating at 80 °C 

overnight (bottom) showing no resolution. 

 

 

Mw = 1893 g/mol 
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Figure A29. 1H NMR spectrum (CD2Cl2, 298 K) of rac-14. 

 
 Figure A30: DOSY NMR (C6D6, 298 K) of rac-14 showing a dimeric structure in solution. 
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Figure A31: DOSY NMR (THF-d8, 298 K) of rac-14 showing a dimeric structure in solution. 

 
 

 
Figure A32: 1H NMR spectrum (C6D6, 298 K) of (S,S)-15. 
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 Figure A33: DOSY NMR (C6D6, 298 K) of rac-15 showing a monomeric structure in solution. 

 

 

 
Figure A34. 1H NMR spectrum (C6D6, 298 K) of cis-15. 

Mw = 725 

g/mol 
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Figure A35. DOSY NMR (C6D6, 298 K) of cis-15 showing a monomeric structure in solution. 

 

A.2.3 Chapter 4 

 
Figure A36. 1H NMR spectrum (C6D6, 298 K) of the crude product of the attempted HL4Al-Et synthesis showing a mixture 

of products formed. 

Mw = 745 g/mol 
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Figure A37. 1H NMR spectrum (C6D6, 298 K) of 16 (top) and 16 + MeOH (bottom) showing a transformation taking place 

upon addition of one equivalent of MeOH. 

 
Figure A38. 1H NMR spectrum (C6D6, 298 K) of 16 (top) and 16 +BnOH (bottom) showing a transformation taking place 

upon addition of one equivalent of BnOH. 
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Figure A39. 1H NMR spectrum (C6D6, 298 K) of HL4Al(OBn) (17-b). 

 
Figure A40. 1H NMR spectrum of HL4Al(OiPr) (17-c). 
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Figure A41. 1H NMR spectrum (C6D6, 298 K) of 18 (top) and 18 + KOtBu (bottom) showing a transformation taking place 

upon addition of one equivalent of KOtBu. 

 
Figure A42. CV of piperazine-tethered aluminium complex showing irreversible redox-events. 
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Figure A43. 1H NMR spectrum (CD2Cl2 , 298 K) of the addition of CHO to 18 in-situ (top) and the isolated product of the 

reaction in diethyl ether (bottom). 

 

Figure A44. 1H NMR spectrum (CD2Cl2, 298 K) of 18 (top) and the transformation taking place upon addition of one 

equivalent of AgBF4 (bottom). 
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Figure A45. 1H NMR spectrum (CD2Cl2, 298 K) of the reaction of 20 with 100 equivalents of CHO after 10 minutes at room 

temperature showing complete conversion of the monomer to PCHO. 

 
Figure A46. DOSY NMR (C6D6, 298 K) of 19 + 16 showing a dimeric structure in solution. 

Mw = 1189 g/mol 
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Figure A47. DOSY NMR (THF-d8, 298 K) of 19 showing a monomeric structure in solution. 

 

 
Figure A48. DOSY NMR (CDCl3, 298 K) of a block co-polymer generated from 100 equivalents of rac-LA and CHO 

indicating that the polymer blocks are situated on the same chain. 

Mw = 883 g/mol 
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Appendix B: Kinetic and Molecular Weight Data Plots 

B.1 Kinetic and Molecular Weight Data Plots 

B.1.1 Chapter 2 
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Figure B1: First-order plot (linear fit) for rac-LA ROP initiated by 1 as per conditions in Table 1, Entry 1.  
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Figure B2: Plot of PLA Mn vs. rac-LA conversion for rac-LA ROP initiated by 1 as per conditions in Table 1, Entry 1. 
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Figure B3. First-order plot (linear fit) for rac-LA ROP initiated by 1 as per conditions in Table 1, Entry 2. 
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Figure B4. Plot of Mn vs. rac-LA conversion for rac-LA ROP initiated by 1 as per conditions in Table 1, Entry 2. 
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Figure B5: Overlay of first-order plots (linear fit) for three repeated rac-LA ROP (dash lines) initiated by 2 as per conditions 

in Table 1, Entry 3. 
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Figure B6: Plot of Mn vs rac-lactide conversion for rac-La ROP initiated by 2 as per conditions in Table 1, Entry 3. 
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Figure B7: Overlay showing similar activities of complexes 6 and 7 in rac-LA ROP when reacted with BnOH, as per Table 

1, Entries 4-6. 
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Figure B8. First-order plot (linear fit) for rac-LA ROP initiated by 6 as per conditions in Table 1, Entry 5. 
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Figure B9. Plot of Mn vs. rac-LA conversion for rac-LA ROP initiated by 6 as per conditions in Table 1, Entry 5. 
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Figure B10. First-order plot (linear fit) for rac-LA ROP initiated by 7 as per conditions in Table 1, Entry 6. 
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Figure B11. Plot of Mn vs. rac-LA conversion for rac-LA ROP initiated by 7 as per conditions in Table 1, Entry 6. 
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Figure B12. Overlay of first-order plots (linear fit) for three repeated rac-LA ROP (dash lines) initiated by 8c as per 

conditions in Table 1, Entry 7 (black squares/plain line = average from the three values). 
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Figure B13. Plot of Mn vs. rac-LA conversion for rac-LA ROP initiated by 8c as per conditions in Table 1, Entry 7. 
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Figure B14: First-order plots (average of 2 repeated experiment) for rac-LA ROP initiated by 4 as per conditions in Table 3, 

Entry 2. 
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Figure B15. First-order plot (average of 3 repeated experiment) for rac-LA ROP initiated by 7 + iPrOH as per conditions in 

Table 3, Entry 3. 
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Figure B16. First-order plot (average of 2 repeated experiment) for rac-LA ROP initiated by 10 + iPrOD as per conditions in 

Table 3, Entry 4. 
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Figure B17. First-order plot (linear fit) for rac-LA ROP initiated by 2 as per conditions in Table 5, Entry 3. 
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Figure B18. Plot of PLA Mn vs. rac-LA conversion for rac-LA ROP initiated by 2 as per conditions in Table 5, Entry 3. 
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Figure B19. First-order plot (linear fit) for L-LA ROP initiated by 2 as per conditions in Table 7, Entry 1. 
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Figure B20. Plot of PLLA Mn vs. L-LA conversion for L-LA ROP initiated by 2 as per conditions in Table 7, Entry 1. 
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Figure B21. First-order plot (linear fit) for L-LA ROP initiated by 8c as per conditions in Table 7, Entry 2. 

 

 

0 20 40 60 80 100

0

5000

10000

15000

20000
 Mn

 Đ

Conversion (%)

M
n
 (

g
/m

o
l)

1.0

1.2

1.4

1.6

1.8

2.0

Đ

 
Figure B22. Plot of PLLA Mn vs. L-LA conversion for L-LA ROP initiated by 8c as per conditions in Table 7, Entry 2. 
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Figure B23. First-order plot (linear fit) for meso-LA ROP initiated by 2 as per conditions in Table 7, Entry 3. 
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Figure B24. Plot of PLA Mn vs. meso-LA conversion for meso-LA ROP initiated by 2 as per conditions in Table 7, Entry 3. 
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Figure B25. First-order plot (linear fit) for meso-LA ROP initiated by 8c as per conditions in Table 7, Entry 4. 
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Figure B26. Plot of PLA Mn vs. meso-LA conversion for meso-LA ROP initiated by 8c as per conditions in Table 7, Entry 4. 
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Figure B27. First-order plot (linear fit) for ε-CL ROP initiated by 2 as per conditions in Table 8, Entry 1. 
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Figure B28. Plot of PCL Mn vs. ε-CL conversion for ε-CL ROP initiated by 2 as per conditions in Table 8, Entry 1. 
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Figure B29. First-order plot (linear fit) for ε-CL ROP initiated by 8c as per conditions in Table 8, Entry 2. 
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Figure B30. Plot of PCL Mn vs. ε-CL conversion for ε-CL ROP initiated by 8c as per conditions in Table 8, Entry 2. 
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Figure B31. First-order plot (linear fit) for ε-DL ROP initiated by 2 as per conditions in Table 8, Entry 3. 

 

 

 
Figure B32. Plot of PDL Mn vs. ε-DL conversion for ε-DL ROP initiated by 2 as per conditions in Table 8, Entry 3. 
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Figure B33. First-order plot (linear fit) for ε-DL ROP initiated by 8c as per conditions in Table 8, Entry 4. 

 

 

 
Figure B34. Plot of PDL Mn vs. ε-DL conversion for ε-DL ROP initiated by 8c as per conditions in Table 8, Entry 4. 
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Figure B35. First-order plot (linear fit) for β-BL ROP initiated by 2 as per conditions in Table 9, Entry 1. 
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Figure B36. Plot of PHB Mn vs. β-BL conversion for β-BL ROP initiated by 2 as per conditions in Table 9, Entry 1. 
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Figure B37. First-order plot (linear fit) for β-BL ROP initiated by 8c as per conditions in Table 9, Entry 2. 
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Figure B38. Plot of PHB Mn vs. β-BL conversion for β-BL ROP initiated by 8c as per conditions in Table 9, Entry 2. 
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Figure B39. First-order plot (linear fit) for TMC ROP initiated by 2 as per conditions in Table 9, Entry 3. 
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Figure B40. First-order plot (linear fit) for TMC ROP initiated by 8c as per conditions in Table 9, Entry 4. 
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6.7.2 Chapter 3 
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Figure B41: Plot of Mn vs. ε-CL conversion for ε-CL ROP as initiated by (R,R)-15 as per conditions in Table 1, Entry 1. 
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Figure B42: Plot of Mn vs. ε-CL conversion for ε-CL ROP as initiated by rac-15 as per conditions in Table 1, Entry 3. 
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Figure B43. Superimposition of initial rate plots at various %eecat (0-100 %) and their corresponding initial rate for ε-CL 

ROP. 
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Figure B44. First-order plot (linear fit) for L-LA ROP initiated by (R,R)-15 as per conditions in Table 2, Entry 1. 
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Figure B45. Plot of Mn vs L-LA conversion for L-LA ROP as initiated by (R,R)-15 as per conditions in Table 2, Entry 1. 
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Figure B46. First-order plot (linear fit) for L-LA ROP initiated by (S,S)-15 as per conditions in Table 2, Entry 2. 
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Figure B47. Plot of Mn vs. L-LA conversion for L-LA ROP as initiated by (S,S)-15 as per conditions in Table 2, Entry 2. 

 

0 500 1000 1500

0

1

2

3
 rac-15

 kapp = 2.33 x 10-3 s-1 ; R2 = 0.994

ln
([

A
] 0

/[
A

] t)

Time (s)

 
Figure B48. First-order plot (linear fit) for L-LA ROP initiated by rac-15 as per conditions in Table 2, Entry 3. 



322 

 

0 20 40 60 80 100

0

5000

10000

15000

 Mn

 Đ

Conversion (%)

M
n
 (

g
/m

o
l)

1.000

1.125

1.250

1.375

1.500

Đ

 
Figure B49. Plot of Mn vs. L-LA conversion for L-LA ROP as initiated by rac-15 as per conditions in Table 2, Entry 3. 
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Figure B50. First-order plot (linear fit) for D-LA ROP initiated by (R,R)-15 as per conditions in Table 2, Entry 4. 



323 

 

0 20 40 60 80 100

0

5000

10000

15000

 Mn

 Đ

Conversion (%)

M
n
 (

g
/m

o
l)

1.0

1.2

1.4

1.6

1.8

2.0

Đ

 
Figure B51. Plot of Mn vs. D-LA conversion for D-LA ROP as initiated by (R,R)-15 as per conditions in Table 2, Entry 4. 
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Figure B52. Superimposition of first-order log plots at various %eecat (-100-0 %) and their corresponding kapp for L-LA ROP. 
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Figure B53. Superimposition of first-order log plots at various %eecat (0-100 %) and their corresponding kapp for L-LA ROP. 
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Figure B54. Superimposition of first-order log plots at various %eeLA (-100-0 %) and their corresponding kapp for LA ROP 

mediated by (S,S)-15. 
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Figure B55. Superimposition of first-order log plots at various %eeLA (0-100 %) and their corresponding kapp for LA ROP 

mediated by (S,S)-15. 

 

 
Figure B56. Plot of Mn vs. meso-LA conversion for meso-LA ROP as initiated by rac-15 as per conditions in Table 3, Entry 

3. 
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Figure B57. Superimposition of first-order log plots at various %eecat (0-100 %) and their corresponding kapp for meso-LA 

ROP. 
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Figure B58. First-order plot (linear fit) for rac-LA ROP initiated by (R,R)-15 as per conditions in Table 4, Entry 1. 
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Figure B59. Plot of Mn vs. rac-LA conversion for rac-LA ROP as initiated by (R,R)-15 as per conditions in Table 4, Entry 1. 
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Figure B60. First-order plot (linear fit) for rac-LA ROP initiated by (S,S)-15 as per conditions in Table 4, Entry 2. 
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Figure B61. Plot of Mn vs. rac-LA conversion for rac-LA ROP as initiated by (S,S)-15 as per conditions in Table 4, Entry 2. 
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Figure B62. First-order plot (linear fit) for rac-LA ROP initiated by rac-15 as per conditions in Table 4, Entry 3. 
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Figure B63. Plot of Mn vs. rac-LA conversion for rac-LA ROP as initiated by rac-15 as per conditions in Table 4, Entry 3. 
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Figure B64. Superimposition of first-order log plots at various %eecat (0-100 %) and their corresponding kapp for rac-LA 

ROP. 
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Figure B65. First-order plot (linear fit) for β-BL ROP initiated by (R,R)-15 as per conditions in Table 5, Entry 1. 
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Figure B66. Plot of Mn vs. β-BL conversion for β-BL ROP as initiated by (R,R)-15 as per conditions in Table 5, Entry 1. 
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Figure B67. First-order plot (linear fit) for β-BL ROP initiated by (S,S)-15 as per conditions in Table 5, Entry 2. 
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Figure B68. Plot of Mn vs. β-BL conversion for β-BL ROP as initiated by (S,S)-15 as per conditions in Table 5, Entry 2. 
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Figure B69. First-order plot (linear fit) for β-BL ROP initiated by rac-15 as per conditions in Table 5, Entry 3. 
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Figure B70. Plot of Mn vs. β-BL conversion for β-BL ROP as initiated by rac-15 as per conditions in Table 5, Entry 3. 
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Figure B71. First-order plot (linear fit) for ε-DL ROP initiated by (S,S)-15 as per conditions in Table 6, Entry 1. 
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Figure B72. Plot of Mn vs. ε-DL conversion for ε-DL ROP as initiated by (S,S)-15 as per conditions in Table 6, Entry 1. 
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Figure B73. First-order plot (linear fit) for ε-DL ROP initiated by rac-15 as per conditions in Table 6, Entry 2. 

0 20 40 60 80 100

0

5000

10000

15000

20000

25000

30000

 Mn

 Đ

Conversion (%)

M
n
 (

g
/m

o
l)

1.0

1.2

1.4

1.6

1.8

2.0

Đ

 
Figure B74. Plot of Mn vs. ε-DL conversion for ε-DL ROP as initiated by rac-15 as per conditions in Table 6, Entry 2. 
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Figure B75. First-order plot (linear fit) for TMC ROP initiated by (S,S)-15 as per conditions in Table 6, Entry 4. 
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Figure B76. First-order plot (linear fit) for TMC ROP initiated by rac-15 as per conditions in Table 6, Entry 5. 
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Figure B77. First-order plot (linear fit) for rac-LA ROP initiated by cis-15 as per conditions in Table 7, Entry 1. 
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Figure B78. Plot of Mn vs. rac-LA conversion for rac-LA ROP as initiated by cis-15 as per conditions in Table 7, Entry 1. 
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Figure B79. First-order plot (linear fit) for L-LA ROP initiated by cis-15 as per conditions in Table 7, Entry 2. 
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Figure B80. Plot of Mn vs. L-LA conversion for L-LA ROP as initiated by cis-15 as per conditions in Table 7, Entry 2. 
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Figure B81. First-order plot (linear fit) for meso-LA ROP initiated by cis-15 as per conditions in Table 7, Entry 3. 
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Figure B82. Plot of Mn vs. meso-LA conversion for meso-LA ROP as initiated by cis-15 as per conditions in Table 7, Entry 

3. 
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Figure B83. First-order plot (linear fit) for ε-CL ROP initiated by cis-15 as per conditions in Table 7, Entry 4. 
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Figure B84. Plot of Mn vs. ε-CL conversion for ε-CL ROP as initiated by cis-15 as per conditions in Table 7, Entry 4. 
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Figure B85. First-order plot (linear fit) for β-BL ROP initiated by cis-15 as per conditions in Table 8, Entry 1. 
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Figure B86. Plot of Mn vs. β-BL conversion for β-BL ROP as initiated by cis-15 as per conditions in Table 8, Entry 1. 
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Figure B87. First-order plot (linear fit) for ε-DL ROP initiated by cis-15 as per conditions in Table 8, Entry 2. 

0 20 40 60 80 100

0

5000

10000

15000

20000

25000

 Mn

 Đ

Conversion (%)

M
n
 (

g
/m

o
l)

1.0

1.2

1.4

1.6

1.8

2.0

Đ

 
Figure B88. Plot of Mn vs. ε-DL conversion for ε-DL ROP as initiated by cis-15 as per conditions in Table 8, Entry 2. 
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Figure B89. First-order plot (linear fit) for TMC ROP initiated by cis-15 as per conditions in Table 8, Entry 3. 
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Figure B90. First-order plot (linear fit) for rac-LA ROP initiated by 18 as per conditions in Table 3, Entry 1. 
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Figure B91. Plot of Mn vs rac-LA conversion for rac-LA ROP as initiated by 18, as per conditions in Table 3, Entry 1. 
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Figure B92. Plot of Mn vs. rac-LA conversion for rac-LA ROP as initiated by 18, as per conditions in Table 3, Entry 4. 

There appears to be a linear molecular weight increase upon switching 18-ox (FcBArF) back to 18 with CoCp2. 
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Figure B93. Plot of Mn vs. rac-LA conversion for rac-LA ROP as initiated by 18, as per conditions in Table 3, Entry 6. 

There appears to be a linear molecular weight increase despite switching from 18 to 18-ox (AgOTf) and back to 18 (CoCp2). 
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Figure B94. First-order plot (linear fit) for CHO ROP initiated by 18-ox as per conditions in Table 4, Entry 3. 
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Figure B95. First-order plot (linear fit) for meso-LA ROP initiated by 18 as per conditions in Table 5, Entry 1. 
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Figure B96. Plot of Mn vs meso-LA conversion for meso-LA ROP as initiated by 18, as per conditions in Table 5, Entry 1. 
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B.2 Determination of Reaction Order 

B.2.1 Determination of order in catalyst for ε-CL ROP: 

 

All three experiments used to determine order in catalyst where ran at the same time, using the same 

stir plate and same batch of catalyst. 

Sample preparation: the amount of catalyst [either (R,R)-15, rac-15, or cis-15] was weighed in three 

separate vials: 

- For [cat]0 = 0.005 M: 5 mg (0.008 mmol)  

- For [cat]0 = 0.0075 M: 7.5 mg (0.012 mmol)  

- For [cat]0 = 0.01 M: 10 mg (0.016 mmol) 

- For [cat]0 = 0.0125 M: 12.5 mg (0.02 mmol) 

- For [cat]0 = 0.02 M: 10 mg (0.032 mmol) 

 

To each vial was added 178.5 μL of ε-CL (1.61 mmol) in 1.43 mL of THF (so that [e-CL]0 = 1 M)  

 

Once the monomer solution was added to the catalyst-containing vial, timing was started. Aliquots 

were taken periodically and quenched in wet CDCl3 to stop any further reaction. The samples were 

analysed by 1H NMR spectroscopy to determine conversion by relative integration of monomer and 

polymer signals (see above). Once aliquots were collected and analysed for different concentration 

reactions, the concentration of monomer was plotted as a function of [cat]αt (where α is the catalyst 

order). The value of α was changed in such a way to cause the three curves to overlap. 

 

 
Figure B97. Variable Time Normalisation Analysis for the enantiopure catalyst (R,R)-15 (ε-CL ROP) shows an order of 0.8 

with [(R,R)-15] = 0.0125 (●), 0.01 (●), 0.0075 (●), 0.005 (●) mol.dm-3. 
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Figure B98. Variable Time Normalisation Analysis for the racemic catalyst rac-15 (ε-CL ROP) shows an order between 0.5 

and 0.6, with [rac-15] = 0.005 (●), 0.01 (●), 0.02 (●) mol.dm-3. 

 

 
Figure B99. Variable Time Normalisation Analysis for complex cis-15 (ε-CL ROP) shows an order of 0.65, with [cis-15] = 

0.005 (●), 0.01 (●), 0.02 (●) mol.dm-3. 
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B.2.2 Determination of order in catalyst for rac-LA/L-LA ROP: 

 

All three experiments used to determine order in catalyst where ran at the same time, using the same 

stir plate and same batch of catalyst. 

Sample preparation: the amount of catalyst [either 2, 8c, (R,R)-15, (S,S)-15, or rac-15] was weighed in 

three separate vials: 

- For [cat]0 = 0.005 M: 5 mg 

- For [cat]0 = 0.0075 M: 7.5 mg  

- For [cat]0 = 0.01 M: 10 mg 

- For [cat]0 = 0.0125 M: 12.5 mg 

- For [cat]0 = 0.02 M: 10 mg 

 

To each vial was added the appropriate amount of LA in THF (so that [LA]0 = 1 M): 

- When using 2: 242 mg of LA in 1.68 mL of THF 

- When using 8c: 240 mg of LA in 1.66 mL of THF 

- When using (R,R)-, (S,S)-, or rac-15: 232 mg of LA in 1.61 mL of THF 

 

Once the monomer solution was added to the catalyst-containing vial, timing was started. Aliquots 

were taken periodically and quenched in wet CDCl3 to stop any further reaction. The samples were 

analysed by 1H NMR spectroscopy to determine conversion by relative integration of monomer and 

polymer signals (see above). Once aliquots were collected and analysed for different concentration 

reactions, the concentration of monomer was plotted as a function of [cat]αt (where α is the catalyst 

order). The value of α was changed in such a way to cause the three curves to overlap. 

 

 

 

 
Figure B100. Variable Time Normalisation Analysis for complex 2 (rac-LA ROP) shows an order close to 1.0, with [2] = 

0.0075 (●), 0.01 (●), 0.0125 (●) mol.dm-3. 
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Figure B101. Variable Time Normalisation Analysis for complex 2 (L-LA ROP) shows an order of 0.9, with [2] = 0.0075 

(●), 0.01 (●), 0.0125 (●) mol.dm-3. 

 
Figure B102. Variable Time Normalisation Analysis for complex 8c (rac-LA ROP) shows an order close to 1.0, with [8c] = 

0.005 (●), 0.01 (●), 0.02 (●) mol.dm-3. 
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Figure B103. Variable Time Normalisation Analysis for complex 8c (L-LA ROP) shows an order of 1.0, with [8c] = 0.0075 

(●), 0.01 (●), 0.0125 (●) mol.dm-3. 

 

 
Figure B104. Variable Time Normalisation Analysis for the enantiopure catalyst (R,R)-15 (L-LA ROP) shows an order of 

0.8 with [(R,R)-15] = 0.0075 (●), 0.01 (●), 0.0125 (●) mol.dm-3. 
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Figure B105. Variable Time Normalisation Analysis for the enantiopure catalyst (S,S)-15 (rac-LA ROP) shows an order of 

1.2 with [(S,S)-15] = 0.0075 (●), 0.01 (●), 0.0125 (●) mol.dm-3. 

 
Figure B106. Variable Time Normalisation Analysis for the enantiopure catalyst (S,S)-15 (L-LA ROP) shows an order of 1.0 

with [(S,S)-15] = 0.005 (●), 0.01 (●), 0.02 (●) mol.dm-3. 
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Figure B107. Variable Time Normalisation Analysis for the racemic catalyst rac-15 (rac-LA ROP) shows an order of 1.1 

with [rac-15] = 0.005 (●), 0.01 (●), 0.02 (●) mol.dm-3. 

 

Figure B108. Variable Time Normalisation Analysis for the racemic catalyst rac-15 (L-LA ROP) shows an order of 1.25 

with [rac-15] = 0.0075 (●), 0.01 (●), 0.0125 (●) mol.dm-3. 
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B.2.3 Determination of order in e-CL: 

 

Three experiments with three different initial concentration in e-CL (i.e. [e-CL]0 = 1.0 M, 1.5 M and 

2.0 M) were monitored to determine the order in e-CL. 

Procedure: In a glovebox, the catalyst (10 mg, 0.016 mmol, either R,R-1 or rac-1) was weighed in a 

vial. In a separate vial, the desired amount of ε-CL and THF were measured out to reach the considered 

[e-CL]0, i.e.:  

- For [ε-CL]0 = 1.0 M: 178.5 μL of ε-CL (1.61 mmol) in 1.43 mL of THF 

- For [ε-CL]0 = 1.5 M: 267.7 μL of ε-CL (2.42 mmol) in 1.34 mL of THF 

The ε-CL solution was then added to the vial containing the catalyst and timing was started. Aliquots 

were taken periodically and quenched in wet CDCl3 to stop any further reaction. These samples were 

analysed by 1H NMR spectroscopy to determine conversion by relative integration of signals at 4.23 

ppm (monomer) and 4.05 ppm (polymer). The temporal reaction concentration profiles are very similar 

when shifted to account for the different initial concentration of monomer, suggesting a close to zero 

order dependence on [ε-CL] at concentrations higher than 0.5 M.  

 

 
Figure B109: [ε-CL] versus time for multiple runs using [ε-CL]0 = 1 M and [ε-CL]0 = 1.5 M. 

 
Figure B110: Similar temporal reaction profiles for [e-CL]0 = 1 M (○) and [e-CL]0 = 1.5 M (▲, shifted down by 0.5 M) 

suggesting a close to zero order dependence on [ε-CL] at concentrations higher than 0.5 M. 
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Appendix C: Homo- and Heteronuclear Decoupled NMR Spectra 

C.1 General procedure 

  
Determination of tacticity of PLA derived from rac-LA 

The PLA tacticity (Pr) was determined using the homonuclear decoupled 1H NMR spectrum 

(methine region). In the case of rac-lactide polymerisation, five possible tetrad sequences are 

possible. Thus, the decoupled NMR spectrum yields five peaks, each corresponding to a tetrad 

sequence, with their relative ratios determining the microstructure of the PLA through 

Bernoullian statistics (Figure C25).1-3 

Example of calculation: 

[rmr] = Pr
2/2  → 𝑃r = √[

(2×21394)

52457
] = 0.90  

[rmm] = PrPm/2  → 𝑃m =
[
(2×3146)

52457
]

0.90
= 0.13 Pm = [(2 x 3146) / (52457)] / 0.90 

= 0.13 

[mmr] = PrPm/2 

[mmm] = Pm
2 + PrPm/2   

 [mrm] = (Pr
2 + PrPm)/2 

Although all five peaks are used in the calculations, only the equations corresponding to the 

rmr and rmm peaks are employed as these peaks are the only ones that can be integrated with 

accuracy. The MestReNova line fitting tool was used to deconvolute the spectrum and obtain 

the area below the peaks. 

 

Determination of tacticity of PLA derived from meso-LA 

In the case of meso-lactide polymerisation, five possible tetrad sequences are possible as well. 

However, only the rmr tetrad at 5.20 ppm can be integrated with confidence as the other tetrads 

overlap.1 

Example of calculation: 

[rmr] = (Pm
2 + PrPm)/2  → Pm = 2 × [rmr]  

 

Determination of tacticity of P3HB derived from β-BL 

In the case of β-BL polymerisation, the stereoregularity is analysed by examining the carbonyl 

regions in the quantitative 13C NMR spectrum of P3HB. This region consists of two peaks 

which represent the r (169.2 ppm) and m dyad (169.1 ppm). Their intensity can be resolved by 

simple integration of the peaks.4 

Example of calculation: 

Pr = [r] / ([r] + [m]) 
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C.2 Chapter 2 Decoupled NMR Spectra 
 

 
Figure C1. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 1 showing Pr 

= 0.90 (reaction conditions as per Table 1, Entry 1). 

 

 
Figure C2. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 1 showing Pr 

= 0.89 (reaction conditions as per Table 1, Entry 2). 
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Figure C3. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 2 showing Pr 

= 0.91 (reaction conditions as per Table 1, Entry 3). 

 

 
Figure C4. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 6 showing 

Pm = 0.62 (reaction conditions as per Table 1, Entry 4). 
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Figure C5. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 6 showing Pm 

= 0.59 (reaction conditions as per Table 1, Entry 5). 

 

 
Figure C6. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 7 showing Pm 

= 0.62 (reaction conditions as per Table 1, Entry 6). 
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Figure C7. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 8c showing 

Pm = 0.60 (reaction conditions as per Table 1, Entry 7). 

 

 
Figure C8. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by Hsalan-Al 

showing Pr = 0.54 (reaction conditions as per Table 1, Entry 8). 
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Figure C9. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 4 showing Pr 

= 0.91 (reaction conditions as per Table 2, Entry 2). 

 

 

 
Figure C10. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 5 showing 

Pr = 0.43 (reaction conditions as per Table 3, Entry 1). 
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Figure C11. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 2 showing 

Pr = 0.69 (reaction conditions as per Table 5, Entry 3). 

 

 

 
Figure C12. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 8c showing 

Pm = 0.57 (reaction conditions as per Table 5, Entry 4). 
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Figure C13. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 2 showing 

Pr = 0.61 (reaction conditions as per Table 6, Entry 1). 

 

 
Figure C14. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 2 showing 

Pr = 0.85 (reaction conditions as per Table 6, Entry 2). 
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Figure C15. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 2 showing 

Pr = 0.61 (reaction conditions as per Table 6, Entry 3). 

 

 
Figure C16. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 8c showing 

Pm = 0.61 (reaction conditions as per Table 6, Entry 5). 
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Figure C17. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 8c showing 

Pm = 0.55 (reaction conditions as per Table 6, Entry 6). 

 

 

 
Figure C18. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 8c showing 

Pm = 0.55 (reaction conditions as per Table 6, Entry 7). 
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Figure C19: Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 8c showing 

Pm = 0.56 (reaction conditions as per Table 6, Entry 8). 

 

 

 
Figure C20. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for meso-LA ROP initiated by 2 showing 

Pm = 0.54 (reaction conditions as per Table 7, Entry 3). 
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Figure C21. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for meso-LA ROP initiated by 8c 

showing Pm = 0.62 (reaction conditions as per Table 7, Entry 4). 

 

 
Figure C22. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for β-BL ROP initiated by 2 showing Pr 

= 0.47 (reaction conditions as per Table 9, Entry 1). 
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Figure C23. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for β-BL ROP initiated by 8c showing 

Pr = 0.42 (reaction conditions as per Table 9, Entry 2). 

 

C.3 Chapter 3 Decoupled NMR Spectra 

 
Figure C24. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by (R,R)-15 

showing Pm = 0.50 (reaction conditions as per Table 4, Entry 1). 
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Figure C25. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by (S,S)-15 

showing Pm = 0.50 (reaction conditions as per Table 4, Entry 2). 

 

 

 
Figure C26. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by rac-15 

showing Pm = 0.50 (reaction conditions as per Table 4, Entry 3). 
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Figure C27. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by cis-15 

showing Pm = 0.54 (reaction conditions as per Table 7, Entry 1). 

 

 

 
Figure C28. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for meso-LA ROP initiated by (R,R)-15 

showing Pm = 0.38 (reaction conditions as per Table 3, Entry 1). 
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Figure C29. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for meso-LA ROP initiated by (S,S)-15 

showing Pm = 0.40 (reaction conditions as per Table 3, Entry 2). 

 

 

 
Figure C30. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for meso-LA ROP initiated by rac-15 

showing Pm = 0.76 (reaction conditions as per Table 3, Entry 3). 
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Figure C31. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for meso-LA ROP initiated by cis-15 

showing Pm = 0.54 (reaction conditions as per Table 7, Entry 3). 

C.4 Chapter 4 Decoupled NMR Spectra 

 
Figure C32. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for rac-LA ROP initiated by 18 showing 

Pr = 0.70 (reaction conditions as per Table 3, Entry 1). 
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Figure C33. Methine region of the homonuclear decoupled 1H{1H} NMR spectrum for meso-LA ROP initiated by 18 

showing Pm = 0.60 (reaction conditions as per Table 5, Entry 1). 
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Appendix D: MALDI-ToF Mass Spectra 

D.1 Chapter 2 

 
Figure D1: MALDI-ToF spectrum of PLA obtained using 2 (conditions as per Table 1). 

 

 
Figure D2. MALDI-ToF spectrum of PLA obtained using 8c (conditions as per Table 1). 
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D.2 Chapter 3 
 

 

 
Figure D3: MALDI-ToF spectrum of a PLLA product initiated by (R,R)-15 (conditions as per Table 2). 

 

4 series of peak spaced by 144 a.u. were obtained corresponding to: 

➢ Polymer chains initiated by OtBu (■) + corresponding transesterification (□) 

➢ Hydrolysis of the tert-butyl ester end-groups leading to acid-terminated polymer chains (▲, 

●), likely due to the use of KTFA during sample preparation (TFA can be used to deprotect 

tert-butyl esters)11 
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D.3 Chapter 4 
 

 
Figure D4. MALDI-ToF spectrum of a PLA product initiated by 18 showing the 2-chlorocyclohexano initiating group that is 

generated during the pre-activation period of 18. 
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Appendix E: DFT Calculations 

E.1 General Considerations 
 

Computational details: 

DFT calculations were performed using Gaussian 09 (revision D01). Unless stated otherwise, 

calculations used the ωB97xD density functional (which includes a second-generation dispersion and 

long-range corrections) with a 6-31G(d,p) basis set. Self-consistent reaction cavity continuum solvation 

model was used with THF as the solvent [scrf=(cpcm, solvent=THF)]. All calculations were performed 

with an ultrafine grid (integral=grid=ultrafine) and without restriction on symmetry (No Symm) at 

298.15K (default). All transition states were characterized by normal coordinate analysis revealing 

precisely one imaginary mode corresponding to the intended reaction. 

 

Non-covalent interactions (NCI): NCI surfaces were created using a script developed by Prof. Henry 

Rzepa available here http://doi.org/10.14469/hpc/3660.1, 2 The following parameters were used to create 

the NCI surface:  
isosurface parameters [0.5 1 0 0.05 0.95 1.00] NCI density.cube colorscheme 

"bgyor";color isosurface range 0.04 -0.04. 

 

Topograhic steric Map:3 The topographic steric maps (TSM) were created using the SambVCa 2 tool. 

Atomic radii were selected to be Bondi radii scaled by 1.17, a mesh spacing of 0.10 was chosen and the 

hydrogen atoms were included in the calculations. All coordination spheres were centred on the Al atom 

with a radius of 5.0 Å.  

 

Framework Distortion Energy (FDE):4, 5 From the optimized TS structures, the reacting species (i.e 

lactide, alkoxide moiety) were removed and a single-point energy calculation was performed on the 

resulting cationic aluminium species. Similarly, the methoxide was removed from the optimized 

structure of the initial catalyst I(c) and a single-point energy calculation was carried out. The difference 

in energy determines the FDE. 

 

Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, 

J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. 

Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. 

Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, 

A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. 

Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. 

Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, 

E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. 

Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, 

J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., 

Wallingford CT, 2016. 
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E.2 Chapter 2 
 

 
Figure E1: Relative Gibbs free energies ΔG298 of different Lewis base adducts of I(c). 

 

 

 
Figure E2. PES showing first insertion of a LA monomer into complex 2-I(a). DFT protocol: # ωB97xD/6-31g(d,p) 

scrf=(cpcm, solvent = THF) nosymm integral=grid=ultrafine. 
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Figure E3. PES showing first insertion of a LA monomer into complex 2-I(c) and 2-I(h). DFT protocol: # ωB97xD/6-

31g(d,p) scrf=(cpcm, solvent = THF) nosymm integral=grid=ultrafine. 

 

 

 

 

Figure E4: NCI surfaces of IX(D) [left] and IX(L) [right] showing H bonds (bright blue spot) between O atoms of the 

lactide and the growing polymer chain with the NH moieties of the ligands. 
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Figure E5: NCI surfaces of XIII(D)-TS [left] and XIII(L)-TS [right] showing H bonds (bright blue spot) between O atoms 

of the lactide and the growing polymer chain with the NH moieties of the ligands. 

 

 

 

 

E.3 Chapter 3 
 

 
Figure E6: Relative Gibbs free energy for mononuclear and dinuclear Al complexes binding e-CL. 
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Figure E7. PES showing second insertion of a LA monomer into after an L-LA insertion (red and orange) and D-LA 

insertion (green and blue). DFT protocol: # ωB97xD/6-31g(d,p) scrf=(cpcm, solvent = THF) nosymm 

integral=grid=ultrafine. 

 

 
Figure E8. PES showing first insertion of a ε-CL monomer into cis-15 (I). DFT protocol: # ωB97xD/6-31g(d,p) scrf=(cpcm, 

solvent = THF) nosymm integral=grid=ultrafine. 
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Figure E9. NCI surface of acyl oxygen cleavage TS of β-BL with (S,S)-15 showing a hydrogen bond between the hemiacetal 

and NH moiety as a blue disc. 
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Appendix F: Crystallography Data 
 

Crystal data for 1: C35H57AlN2O2·2(C4H8O), M = 709.01, monoclinic, P21/n (no. 14), a = 

11.02907(12), b = 21.7628(3), c = 17.7351(2) Å, β = 91.0574(11)°, V = 4256.12(9) Å3, Z = 4, Dc = 

1.106 g cm–3, μ(Cu-Kα) = 0.723 mm–1, T = 173 K, colourless blocky needles, Agilent Xcalibur PX Ultra 

A diffractometer; 8215 independent measured reflections (Rint = 0.0272), F2 refinement,[X1,X2] R1(obs) 

= 0.0486, wR2(all) = 0.1325, 6615 independent observed absorption-corrected reflections [|Fo| > 

4σ(|Fo|), completeness to θfull(67.7°) = 98.5%], 489 parameters. CCDC 1827520. 

Crystal not grown by the author. 

The C22-based t-butyl group in the structure of 1 was found to be disordered. Two orientations 

were identified of ca. 71 and 29% occupancy, their geometries were optimised, the thermal parameters 

of adjacent atoms were restrained to be similar, and only the non-hydrogen atoms of the major 

occupancy orientation were refined anisotropically (those of the minor occupancy orientation were 

refined isotropically). The N–H hydrogen atoms on N7 and N11 were both located from ΔF maps and 

refined freely subject to an N–H distance constraint of 0.90 Å. These N–H groups are both involved in 

intermolecular N–H···O hydrogen bonds to the two included tetrahydrofuran solvent molecules with 

N···O and H···O distances (Å) and N–H···O angles (°) of 3.110(2), 2.231(4) and 165.6(13) for the 

N7···O40 contact, and 3.061(2), 2.181(4) and 165.4(12) for the N11···O50 contact. 

 

 
Figure F1: The crystal structure of 1 (ellipsoid plot, 50% probability) showing the N–H···O hydrogen bonds to the included 

tetrahydrofuran solvent molecules. The hydrogen bonding geometries [N···O and H···O (Å), and N–H···O (°)] are 3.110(2), 

2.231(4) and 165.6(13) for the N7···O40 contact, and 3.061(2), 2.181(4) and 165.4(12) for the N11···O50 contact. 

 

__________________________________________________________________________________ 
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Crystal data for 3: C37H61AlN2O2, M = 592.85, orthorhombic, Pna21 (no. 33), a = 29.9888(18), b = 

13.4133(8), c = 9.2213(5) Å, V = 3709.2(4) Å3, Z = 4, Dc = 1.062 g cm–3, μ(Mo-Kα) = 0.086 mm–1, T = 

173 K, colourless blocks, Agilent Xcalibur 3 E diffractometer; 4898 independent measured reflections 

(Rint = 0.0300), F2 refinement,[X1,X2] R1(obs) = 0.0523, wR2(all) = 0.1367, 4120 independent observed 

absorption-corrected reflections [|Fo| > 4σ(|Fo|), completeness to θfull(25.2°) = 98.7%], 445 parameters. 

The structure was refined as a two component inversion twin [Flack parameter x = +0.3(3)]. CCDC 

1827521. 

Crystal not grown by the author. 

The C22- and C30-based t-butyl groups in the structure of 3 were both found to be disordered, and 

in each case two orientations were identified, of ca. 70:30 and 71:29% occupancy respectively. For 

each pair of orientations the geometries were optimised, the thermal parameters of adjacent atoms were 

restrained to be similar, and only the non-hydrogen atoms of the major occupancy orientations were 

refined anisotropically (those of the minor occupancy orientations were refined isotropically). 

 
Figure F2: The crystal structure of 3 (ellipsoid plot, 50% probability). 

 

__________________________________________________________________________________ 

 

Crystal data for 6: C60H90Al2N4O4, M = 985.31, triclinic, P-1 (no. 2), a = 10.3044(5), b = 10.3044(5), 

c = 14.5467(9) Å, α = 80.997(4), β = 72.376(5)°, γ = 83.181(4), V = 1478.84(14) Å3, Z = 1, Dc = 1.106 

g cm–3, μ(Cu-Kα) = 0.798 mm–1, T = 173 K, colourless tablets, Agilent Xcalibur PX Ultra A 

diffractometer; 5645 independent measured reflections (Rint = 0.0234), F2 refinement,[X1,X2] R1(obs) = 

0.0416, wR2(all) = 0.1142, 4759 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), 

completeness to θfull(67.7°) = 98.4%], 332 parameters. CCDC 1836017. 

Crystal not grown by the author. 
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Figure F3. Crystal structure of 7 (ellipsoid plot, 50% probability). 

 

__________________________________________________________________________________ 

 

Crystal data for 8c: C74H106Al2N4O6, M = 1514.01, monoclinic, P21/c (no. 14), a = 15.4213(4), b = 

15.4213(5), c = 22.2668(5) Å, β = 93.350(2)°, V = 4603.5(2) Å3, Z = 2, Dc = 1.092 g cm–3, μ(Cu-Kα) = 

0.084 mm–1, T = 173 K, colourless blocks, Agilent Xcalibur 3 E diffractometer; 9164 independent 

measured reflections (Rint = 0.0225), F2 refinement,[X1,X2] R1(obs) = 0.0480, wR2(all) = 0.1114, 6643 

independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), completeness to θfull(25.2°) = 

98.7%], 517 parameters. CCDC 1836019. 

 
Figure F4. Crystal structure of 8c (ellipsoid plot, 50% probability). 

__________________________________________________________________________________ 
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Crystal data for 11: C68H110Al2N4O4, M = 1101.55, monoclinic, P21/c (no. 14), a = 29.5098(6), b = 

11.5958(2), c = 19.4955(5) Å, β = 95.297(2)°, V = 6642.7(3) Å3, Z = 4, Dc = 1.101 g cm–3, μ(Cu-Kα) = 

0.084 mm–1, T = 173 K, colourless blocks, Agilent Xcalibur 3 E diffractometer; 13303 independent 

measured reflections (Rint = 0.0220), F2 refinement,[X1,X2] R1(obs) = 0.0561, wR2(all) = 0.1389, 10191 

independent observed absorption-corrected reflections, 733 parameters. 

 
Figure F5. Crystal structure of 11 (ellipsoid plot, 50% probability). 

 

__________________________________________________________________________________ 

 

Crystal data for 2-Cl: C33H52AlClN2O2·C36H30NP2·Cl, M = 1301.41, triclinic, P-1, a = 15.3997(4), b 

= 15.4612(4), c = 16.8442(5) Å, α = 95.768(2), β = 107.098(2) γ = 102.551(2)°, V = 3683.15(18) Å3, Z 

= 2, Dc = 1.173 g cm–3, μ(Cu-Kα) = 0.084 mm–1, T = 173 K, colourless blocky needles, Agilent Xcalibur 

3 E diffractometer; 14518 independent measured reflections (Rint = 0.0191), F2 refinement,[X1,X2] R1(obs) 

= 0.0568, wR2(all) = 0.1631, 10374 independent observed absorption-corrected reflections, 858 

parameters. 

Crystal not grown by the author. 

 

 
Figure F6. Crystal structure of 2-Cl (ellipsoid plot, 50% probability). 

__________________________________________________________________________________ 
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Crystal data for rac-13: C68H102Al2N4O4, M = 1178.4, triclinic, P-1, a = 10.5780(4), b = 12.2216(7), c 

= 13.9230(8) Å, α = 75.891(5), β = 71.532(4)°, γ = 87.632(4)° V = 1654.50(16) Å3, Z = 1, Dc = 1.183 g 

cm–3, μ(Cu-Kα) = 0.174 mm–1, T = 173 K, colourless blocks, Agilent Xcalibur 3 E diffractometer; 6519 

independent measured reflections (Rint = 0.0180), F2 refinement,1, 2 R1(obs) = 0.0484, wR2(all) = 0.1217, 

5071 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), completeness to θfull(67.7°) 

= 98.2%], 395 parameters. 

 

 
Figure F7. The crystal structure of rac-13 (ellipsoid plot, 50% probability). 

__________________________________________________________________________________ 

 

Crystal data for rac-14: C82H118Al2N4O6·1.25(CH2Cl2), M = 1415.91, monoclinic, P21/n (no. 14), a = 

14.7009(5), b = 19.8009(6), c = 15.5738(6) Å, β = 112.532(4)°, V = 4187.3(3) Å3, Z = 2 [Ci symmetry], 

Dc = 1.123 g cm–3, μ(Mo-Kα) = 0.165 mm–1, T = 173 K, colourless blocks, Agilent Xcalibur 3 E 

diffractometer; 8327 independent measured reflections (Rint = 0.0239), F2 refinement,1, 2 R1(obs) = 

0.0864, wR2(all) = 0.2563, 6052 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), 

completeness to θfull(25.2°) = 98.6%], 487 parameters. CCDC 1972760. 

The structure of rac-14 was found to sit across a centre of symmetry at the middle of the central Al2O2 

ring. The included solvent was found to be highly disordered, and the best approach to handling this 

diffuse electron density was found to be the SQUEEZE routine of PLATON.3 This suggested a total of 

110 electrons per unit cell, equivalent to 55 electrons per molecule. Before the use of SQUEEZE the 

solvent clearly resembled dichloromethane (CH2Cl2, 42 electrons), and 1.25 dichloromethane molecules 

corresponds to 52.5 electrons, so this was used as the solvent present. As a result, the atom list for the 

asymmetric unit is low by 0.625(CH2Cl2) = C0.625H1.25Cl1.25 (and that for the unit cell low by C2.5H5Cl5) 

compared to what is actually presumed to be present. 

The t-Bu2-C6H2 group between O1 and N7, the C33-based t-butyl group, and the benzyl portion of the 

O40-based bridging benzyloxide group were all found to be disordered, and two orientations were 

identified in each case of ca. 61:39, 92:8 and 71:29% occupancy respectively. The geometries of each 

pair of orientations were optimised, the thermal parameters of adjacent atoms were restrained to be 

similar, and only the non-hydrogen atoms of the major occupancy orientations were refined 

anisotropically (those of the minor occupancy orientations were refined isotropically). (As a test, the 

structure was solved and partially refined in the lower symmetry space group without the inversion 
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centre in the middle of the complex (Pn) to see if this would remove the extensive disorder. It did not, 

and so the higher symmetry space group was retained.) The N–H hydrogen atoms on N7 and N14 were 

located from ΔF maps and refined freely subject to an N–H distance constraint of 0.90 Å. 

 
Figure F8: The crystal structure of rac-14 (ellipsoid plot, 50% probability). 

 

__________________________________________________________________________________ 

 

Crystal data for (S,S)-mix14: C75H112Al2N4O6·2(C6H6), M = 1375.85, monoclinic, P21 (no. 4), a = 

14.2817(3), b = 19.6139(2), c = 16.3139(3) Å, β = 112.131(2)°, V = 4233.15(13) Å3, Z = 2, Dc = 1.079 

g cm–3, μ(Cu-Kα) = 0.702 mm–1, T = 173 K, colourless tablets, Agilent Xcalibur PX Ultra A 

diffractometer; 10672 independent measured reflections (Rint = 0.0377), F2 refinement,1, 2 R1(obs) = 

0.0555, wR2(all) = 0.1582, 9496 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), 

completeness to θfull(67.7°) = 98.3%], 966 parameters. The absolute structure of S,S-2 was determined 

by use of the Flack parameter [x = 0.08(4)]. CCDC 1972759. 

The C25- and C65-based t-butyl groups, and the C101- and C121-based included benzene solvent 

molecules in the structure of S,S-1 were all found to be disordered, and two orientations were identified 

in each case of ca. 71:29, 89:11, 74:26 and 77:23% occupancy respectively. The geometries of each 

pair of orientations were optimised, the thermal parameters of adjacent atoms were restrained to be 

similar, and only the non-hydrogen atoms of the major occupancy orientations were refined 

anisotropically (those of the minor occupancy orientations were refined isotropically). The N–H 

hydrogen atoms on N7, N14, N47 and N54, and the O–H hydrogen atom on O90, were all located from 

ΔF maps and refined freely subject to an X–H distance constraint of 0.90 Å. 
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Figure F9: The crystal structure of (S,S)-mix14 (ellipsoid plot, 50% probability). 

 

__________________________________________________________________________________ 

 

Crystal data for (S,S)-15: C38H61AlN2O3, M = 620.86, monoclinic, P21 (no. 4), a = 10.5311(3), b = 

12.1035(3), c = 14.8941(4) Å, β = 100.650(3)°, V = 1865.74(9) Å3, Z = 2, Dc = 1.105 g cm–3, μ(Cu-Kα) 

= 0.743 mm–1, T = 173 K, colourless blocks, Agilent Xcalibur PX Ultra A diffractometer; 4705 

independent measured reflections (Rint = 0.0351), F2 refinement,1, 2 R1(obs) = 0.0432, wR2(all) = 0.1056, 

4052 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), completeness to θfull(67.7°) 

= 98.2%], 450 parameters. The structure of S,S-1 was refined as a two component inversion twin [Flack 

parameter x = 0.37(6)]. CCDC 1972758. 

The C25- and C29-based t-butyl groups in the structure of S,S-1 were both found to be disordered, and 

two orientations were identified in each case of ca. 75:25 and 79:21% occupancy respectively. The 

geometries of each pair of orientations were optimised, the thermal parameters of adjacent atoms were 

restrained to be similar, and only the non-hydrogen atoms of the major occupancy orientations were 

refined anisotropically (those of the minor occupancy orientations were refined isotropically). The N–

H hydrogen atoms on N7 and N14 were located from ΔF maps and refined freely subject to an N–H 

distance constraint of 0.90 Å. 
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Figure F10: The crystal structure of (S,S)-15 (ellipsoid plot, 50% probability). 

 

__________________________________________________________________________________ 

 

Crystal data for cis-15: C68H106Al2N4O6, M = 1363.84, monoclinic, C2/c, a = 25.6952(5), b = 

16.2237(2), c = 19.8057(4) Å, β = 100.650(3)°, V = 8256.3(3) Å3, Z = 4, Dc = 1.097 g cm–3, μ(Cu-Kα) 

= 0.716 mm–1, T = 173 K, colourless tablets, Agilent Xcalibur PX Ultra A diffractometer; 8120 

independent measured reflections (Rint = 0.0410), F2 refinement,1, 2 R1(obs) = 0.0538, wR2(all) = 0.1670, 

5942 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), completeness to θfull(67.7°) 

= 98.2%], 454 parameters. 

 
Figure F11. The crystal structure of cis-15 (ellipsoid plot, 50% probability). 

__________________________________________________________________________________ 
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Crystal data for 18: C34H46AlClN2O2, M = 577.16, orthorhombic, Pbca, a = 21.8935(5), b = 9.3491(2), 

c = 32.4903(12) Å, α = 90°, β = 90°, γ = 90° V = 6650.3(3) Å3, Z = 8, Dc = 1.153 g cm–3, μ(Mo-Kα) = 

1.504 mm–1, T = 173 K, colourless needles, Agilent Xcalibur PX Ultra A diffractometer; 6469 

independent measured reflections (Rint = 0.0498), F2 refinement,1, 2 R1(obs) = 0.0496, wR2(all) = 0.1218, 

4594 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), completeness to θfull(25.2°) 

= 98.6%], 409 parameters. 

 

 
Figure F12. Crystal structure of 18 (ellipsoid plot, 50% probability). 

__________________________________________________________________________________ 

Crystal data for [19 + 16]: C74H101Al2ClN4O5, CH2Cl2 M = 1300.92, monoclinic, P21/n , a = 

15.7048(3), b = 29.5260(4), c = 16.3308(2) Å, α = 90°, β = 104.4812(14)°, γ = 90° V = 7332.02(18) Å3, 

Z = 4, Dc = 1.179 g cm–3, μ(Mo-Kα) = 1.756 mm–1, T = 173 K, colourless plates, Agilent Xcalibur PX 

Ultra A diffractometer; 13976 independent measured reflections (Rint = 0.0399), F2 refinement,1, 2 

R1(obs) = 0.0557, wR2(all) = 0.1651, 9926 independent observed absorption-corrected reflections [|Fo| 

> 4σ(|Fo|), completeness to θfull(25.2°) = 98.6%], 877 parameters. 

 

 
Figure F13. Crystal structure of [19 + 16] (ellipsoid plot, 50% probability). 



390 

 

1. SHELXTL v5.1, B. A., Madison, WI, 1998. 

2. Sheldrick, G., Act. Cryst. C 2015, 71, 3-8. 

3. Spek, A., Act. Cryst. C 2015, 71, 9-18. 

 

 


