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Abstract

Two of the major environmental challenges in today’s society are CO2

emissions and waste management surrounding plastics. The inability to

properly recycle plastic materials (polymers) not only creates pollution is-

sues related to microplastics present in our eco-systems, but also directly

relates to the carbon emitted causing a major impact on global warming

and climate change.

It is thus essential to create new strategies to reduce these negative ef-

fects, and chemistry offers a tool to access polymers using circular econ-

omy principles, which utilize CO2 as a reactant. This minimizes our de-

pendency on fossil fuels, while new types of monomers can be made from

CO2 (cyclic carbonates) used to produce degradable polymers within a

circular economy approach.

This thesis focuses on computational analysis (DFT) of CO2 valoriza-

tion/recycling processes through homogeneous catalysis, and creating

a predictive reactivity model. In each chapter, I studied a specific part

of process circularity or CO2 recycling, starting with the conversion of

CO2 into five-membered cyclic carbonates from alkyne-1,2-diols using a

Ag catalyst. Then, the creation of larger-ring carbonates (six-membered)

from smaller ones is presented via a unique organocatalytic strategy.

As these cyclic carbonates can be used as monomers, though not in all

cases, I conducted an extensive study of the Ring-Opening Polymeriza-

tion (ROP) reaction of cyclic carbonates using BnOH as initiator and an

organocatalyst. This exploration led to defining a main ROP pathway for a

wide range of monomers and model that can predict the polymerization

ability of a monomer. Finally, I studied the organocatalyzed depolymer-

ization of a polycarbonate, that selectively breaks down the polymer into

a trans-cyclic carbonate, or an epoxide and CO2. This ultimate study pro-

vides deep insights for CO2 valorization, complemented by experimental

results offering a more complete view on how to effective convert and

recycle CO2 within a circular approximation.
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Chapter 1. Introduction

1.1 Climate change and CO2 problems

Carbon dioxide (CO2) is a linear gaseous molecule present in the atmo-

sphere as one of its main components. This gas is vital for maintaining Earth’s

habitable conditions as it can absorb infrared radiation. The amount of CO2

in the atmosphere directly affects the greenhouse effect also known as global

warming.

According to the sixth assessment report by the Intergovernmental Panel on

Climate Change (IPCC), emissions of greenhouse gases from human activities

are responsible for about 1.11◦C of global warming since the beginning of the

20th century. These activities include for example the burning of coal, oil and

gas, deforestation and farming. A study made by the European Environment

Agency (EEA) in 2019[1,2], describes that the most emitted greenhouse gas is

CO2 (around 80%), followed by methane (CH4, 11%), nitrous oxide (N2O, 6%)

and hydrofluorocarbons (HFCs, 2%). Despite the fact that other greenhouse

gases are emitted in smaller amounts, they are much more effective at trapping

heat compared to CO2. For example, methane is above 80 times more potent

than CO2.

A 2019 study reported by the EEA describes that the main origin for the

gas emissions is in the energy sector (77%), while agriculture contributes with

10.6%, industrial processes and products emit 9.1% and waste management

another 3.3%.

1.1.1 Circular Recycling Processes

The circular economy is a sustainable model based on three principles: Re-

duce, Reuse and Recycle. The idea is to minimize the use of raw materials and

reducing waste through efficient processes and technologies, and extend the

life cycle of products and recover materials from end-of-life products by reusing

them[3].

The international community has recognized that the principal phenomenon

responsible for global warming is the accumulation of carbon dioxide (CO2)

emissions in the atmosphere. Consequently, the greenhouse effect is increased,
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Chapter 1. Introduction 1.1. Climate change and CO2 problems

causing the Earth’s atmosphere to become warmer, leading to global warming

and its associated adverse impacts. Therefore, the main challenge is to create

sustainable methods for reducing greenhouse gas emissions and using CO2

as a renewable carbon resource in the chemical industry to mitigate climate

change. To reach this goal some strategies have been developed such as CO2

capture and storage (CCS) and CO2 capture and usage (CCU). CCS is the prin-

cipal method to reduce the CO2 in the environment through long-term storage.

However, CCU is particularly promising because involves the chemical conver-

sion of CO2 into high value products, such as organic molecules or polymers.

Another problem is plastic waste and recycling, only a third part of the plastic

waste in Europe is recycled while around 25% is landfilled. At a global level, ex-

perts estimate that in 2019, over 850 million tonnes of greenhouse gases were

released into the atmosphere due to the manufacturing and burning of plas-

tic. Therefore, the European Union is looking for solutions involving circular

recycling processes of plastics.

Figure 1.1: Circular recycling of CO2 considered in this thesis. 1. Synthesis of cyclic car-
bonates from CO2 from alcohols or epoxides. 2. Use cyclic carbonates as a monomers
to obtain polycarbonates via Ring-Opening Polymerization reaction. 3. Depolymeriza-
tion of polycarbonates into its precursors (monomers or CO2 + alcohols or epoxides)

Taking into account these concepts, one example of non-reductive ap-

proaches to use CO2 is the synthesis of cyclic carbonates. These molecules

can be typically prepared from epoxides, halohydrins, or propargyl alcohols

3
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Chapter 1. Introduction 1.2. The importance of Chemistry and Catalysis

with CO2 as a co-reactant. The cyclic carbonates can be used as monomers

to produce polymers that can be depolymerized into its precursors as a prime

example of circular economy of CO2 (Figure 1.1). Furthermore, this process

creates polymers (plastic ingredients) that can be easily depolymerized into

their corresponding monomers or epoxides and CO2 using a catalyst, thereby

reducing the greenhouse gas emissions associated with plastic recycling.

1.2 The importance of Chemistry and Catalysis

Chemistry is everywhere, it is present in every aspect of our daily lives, from

the food we consume, the medicines we take to, the materials we use, and the

environment we live in. This field of science studies the properties and be-

haviour of the substances, which are all made by the combination of atoms in

the periodic table. "There are just over a hundred kinds of chemical atoms, cor-

responding to the different kinds of chemical elements, but their possible and

actual combinations are so many as to seem infinite"[4] (T. H. Levere, 2001).

The ubiquitous nature of chemistry means that it is crucial towards devel-

oping new products and technologies that improve our quality of life. However,

the production and disposal of chemicals can also result in environmental pol-

lution, health hazards, and resource exhaustion. Maintaining a balance be-

tween the benefits and disadvantages of chemistry is a continuous challenge

that requires ongoing research and responsible practices in order to obtain the

benefits of chemical innovations while minimizing their negative impacts on

health and the environment. "Many of the necessities for our crowded planet

are made possible by the application of chemistry. Many of the problems that

we have created while providing those necessities are also tied to chemistry,

and so too will be their solutions"[4] (T. H. Levere, 2001).

A catalyst is defined as a "substance that increases the rate of a chemical re-

action without itself undergoing any permanent chemical change"[5] (Atkins et

al., 2008). The catalyst decreases the activation barrier of the reaction providing

an alternative path for the slowest rate determining step for the noncatalyzed
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Chapter 1. Introduction 1.2. The importance of Chemistry and Catalysis

Figure 1.2: Example of free energy profile for a catalyzed and uncatalyzed chemical
reaction

reaction (Figure 1.2) without being consumed in the process. Moreover, cat-

alysts can also enable alternative reactions that would not be obtained under

other conditions, offering a powerful level of control over the chemical process.

Catalysis processes are traditionally classified in three different areas[5]:

• Homogeneous catalysis: The reactants and the catalyst are in the same

physical phase (usually a liquid one)[6]. Therefore, the catalyst is uni-

formly distributed throughout the reaction mixture making it more prone

to react. Other advantages are the catalyst ability towards high selectivity

when interacting with specific molecules, and the relative ease (com-

pared with heterogeneous catalysis) of studying reaction mechanisms

and kinetics as all reaction molecules are in the same phase. The dis-

advantages are connected to the lack of catalyst separation from the

mixture, which often is challenging, and the lower stability of the catalyst

compared with heterogeneous ones, limiting in that way its reusability.

- Enzymatic catalysis: Enzymes are biological homogeneous cata-

lysts. These molecules (usually proteins) have an active site where the

substrate is prone to be bound and undergo the reaction[7]. Enzymes are

5
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Chapter 1. Introduction 1.2. The importance of Chemistry and Catalysis

highly specific, biodegradable and non-toxic, reducing the environmen-

tal impact and the catalytic reactions typically occur under mild condi-

tions. However, they are expensive to produce and purify, are limited

to pre-set environmental conditions that, if altered, lowers their reaction

efficacy, and have limited stability over time and requiring thus specific

storage conditions.

• Heterogeneous catalysis: The reactants (usually gases or compounds

distributed in a solvent) and the catalyst (usually a solid components)

are in different phases[8]. The main advantages are catalyst recovery,

the application of continuous and large-scale industrial processes, and

the reusability of heterogeneous systems that are often more stable than

homogeneous ones making them more cost-effective within industrial

environments. However, only the atoms in contact with the reactants are

active and therefore, their efficiency heavily relies on the characteristics

of the surface layer. Due to this behaviour, the selectivity may be low,

and the diffusion of the reactants through the catalyst sublayers can slow

down the reaction progress and potentially poison the catalyst. Conse-

quently, the reaction mechanisms can be more complex making them

harder to study.

1.2.1 Catalysts in homogeneous catalysis

A wide portfolio of catalysts is available in homogeneous catalysis depend-

ing on the reaction to study, selectivity to achieve or cost to reduce. Organome-

tallic catalysts[9] have been widely used along the years because they provide

high selectivity and are highly effective in a huge variety of chemical processes

such as hydrogenation, hydroformylation, cross-coupling and polymerization

reactions. However, the separation between the products and the organome-

tallic catalyst to allow for its subsequent reuse can be challenging, Moreover,

if the catalysts have a transition metal, it should not be released to the envi-

ronment and therefore, an extra cost is introduced when disposing its waste.

Over the last years, the use of metal-free organocatalysts[10,11] has grown rep-
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Chapter 1. Introduction 1.2. The importance of Chemistry and Catalysis

resenting a "green" and cheaper alternative to transition metal-based catalysts

also offering to prepare high-purity products, creating process versatility and

considerably reducing the environmental footprint.

TBD: a versatile organocatalyst

TBD (1,5,7-Triazabicyclo[4.4.0]dec-5-ene)[12] is a unique superbase type

catalyst characterized by its high basicity and bifunctionality with two reactive

sites located at close distance in the molecular structure. This makes TBD supe-

rior to other N-derived superbases such as TMG (1,1,3,3-tetramethylguanidine),

DBN (1,5-diazabicyclo(4.3.0)non-5-ene), and DBU (1,8-diazabicyclo(5.4.0)undec-

7-ene).

Figure 1.3: Dual functionality of TBD and its protonated form HTBD+

Figure 1.3 illustrates that TBD structure is a bicyclic guanidine that has nu-

cleophilic character due to the lone pair of electrons on the secondary, sp3-

hybridized nitrogen atom. Once TBD is protonated (HTBD+), both -NH groups

can create hydrogen bonds and also can operate in a formal proton-rely pro-

cess. The proximity between these reactive sides makes the TBD highly versa-

tile, so it can catalyze several reactions such as transesterification, amidation,

Michael and aldol reactions, polymerization (including ROP), and depolymer-

ization. In the case of cyclic carbonates and polycarbonates[13], TBD interacts

with the carbonate oxygen atoms, locating itself close to the reactive centre

while it is able to exchange protons with other carbonate units. The proximity

of various active sites near the catalyst structure makes it exceptionally effec-
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Chapter 1. Introduction 1.3. Synthesis of CO2-based cyclic carbonates

tive for carbonate and polycarbonate formation reactions. Therefore, TBD is

widely studied in this thesis, and more specifically in Chapter 5, 6 and 7.

1.2.2 Synergy between computational and experimental studies

The synergy between computational and experimental studies is crucial for

the investigation of chemical reactions[14]. On one hand, computational chem-

istry provides important insights at an atomic level that unveils the mecha-

nisms and energy changes involved in the reaction to study. This information

helps to investigate different mechanistic pathways and model the chemical

system to predict its behaviour on the basis of the interactions between the mo-

lecules involved. The computational effectiveness and its accuracy, however,

depends on the models used. On the other hand, experimental studies provide

real-world results, allow to characterize and isolate products and intermedi-

ates involved in the reaction, and to obtain kinetic information. Experimen-

tal data offer the opportunity to validate computational predictions, providing

feedback on the accuracy and reliability of the theoretical models. Though, ex-

perimental studies cannot provide detailed information at an atomic-level of

the reaction manifold.

Therefore, the combination of both experimental and computational stud-

ies provides a deeper understanding of complex reaction processes produce

more detailed information of the mechanistic pathways. Considering the im-

portance of the synergy between computational and experimental studies, this

thesis will demonstrate the value of these hybrid approaches as to unravel de-

tailed information of reaction intermediates and the most likely manifolds that

lead to the specific target molecules discussed in each chapter.

1.3 Synthesis of CO2-based cyclic carbonates

The synthesis of cyclic carbonates using carbon dioxide (CO2) is an attrac-

tive and sustainable approach in green chemistry. Cyclic carbonates are ver-

satile heterocycles that have been widely used such as electrolytes for lithium
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Chapter 1. Introduction 1.3. Synthesis of CO2-based cyclic carbonates

batteries, polar aprotic solvents, fine chemical intermediates and polymeriz-

able monomers[15–17]. The traditional method to synthesize cyclic carbonates

in high yield involves the use of phosgene, a very toxic chemical that releases

corrosive HCl upon reacting, with a wide range of precursors such as glycerol,

amino acids, and sugars. Consequently, in the last decades alternative and

environmentally more friendly strategies have been developed towards cyclic

carbonates. These methods use CO2, a greenhouse gas, as a raw material in

combination with typical molecules such as epoxides or alcohols[18,19]. The

most predominant synthesis involves the coupling between carbon dioxide and

epoxides, with the latter being reactive substrates that helps to overcome the

thermodynamic hurdle in converting CO2. Other precursors such as homoal-

lylic alcohols, halohydrines, ethylene glycol, oxetanes and propargylic alcohols

have also been used to generate cyclic carbonates[20,21].

Several strategies/examples to obtain cyclic carbonates using CO2 and di-

verse precursors as reported in the literature are depicted in Figure 1.4. The

reactions studied by the Tomishige, Buchard and Dyson groups (Figure 1.4 (a))

involve 1,n-diols and CO2 as reactants to produce cyclic carbonates[22–24]. Due

to the versatility of the diol precursors, it is possible to obtain cyclic carbonates

with various substituents and different ring sizes. The Johnston group discov-

ered that it is possible to synthesise six-membered cyclic carbonates (6MCCs)

from homoallylic alcohols using a chiral amine catalyst[25,26] (Figure 1.4 (c)).

The Kleij group reported the synthesis of 6MCCs from oxetanes[27] (Figure

1.4 (b)) or epoxides (Figure 1.4(e)) with CO2 as a reactant, catalyzed by an

aluminium-based catalyst[28]. Dabral and Schaub[29] (Figure 1.4(d)) described

the synthesis of an α-alkylidene carbonate using a Buchwald phosphine and

silver(I) salt.

Generally, five-membered cyclic carbonates (5MCCs) are easier to be syn-

thesized compared to larger ring congeners, such as six-membered (6MCC),

seven-membered (7MCC), and even eight-membered cyclic carbonates (8MCCs).

Additionally, the number and disposition of the substituents bound to the

cyclic carbonate ring depend mainly on the precursor structures and the mech-

anistic pathway to synthesise the product.
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Chapter 1. Introduction 1.4. Ring-opening polymerization of cyclic carbonates

Figure 1.4: Schematic synthetic routes reported in the literature for the synthesis of
cyclic carbonates using CO2 as a reagent

1.4 Ring-opening polymerization of cyclic carbonates

Ring-opening polymerization (ROP) is a method used to synthesize lin-

ear polymers by opening cyclic monomers such as lactones[30–33], lactides[34],

cyclic esters or cyclic carbonates under appropriate conditions using an initia-

tor[35]. A standard polymerization manifold consists of three main steps: the

initiation (when a molecule initiates the reaction by activating another one),

the propagation (the active site leads to the addition of the next monomer thus

growing the chain), and termination (polymerization ends). These steps are

typically catalyzed by various metal-based initiators or organic catalysts. The

ring strain of the monomer (cyclic carbonate) is an important thermodynamic

driving force for the ROP, therefore, larger rings such as six- seven- or eight-

membered cyclic carbonates are more prone to ROP and releasing relatively

free energy-stable polycarbonate chains. Smaller cyclic carbonates (5MCC)

typically suffer from decarboxylation during the ROP reaction thereby leading

to poly(ether carbonate)s.
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Chapter 1. Introduction 1.4. Ring-opening polymerization of cyclic carbonates

Figure 1.5: Ring-opening polymerization scheme with different catalysts from the
cationic, anionic and coordination-insertion ROP strategies

The ROP reaction can take place through different mechanisms depending

on the chemical nature of the initiators and catalysts:

Cationic ROP[36,37]: The monomer acts as a Lewis base due to the dipolar

moment of the cyclic carbonate group when reacting with an electrophilic ini-

tiator, which can be a Brønsted or Lewis acid such as MSA (methane sulfonic

acid), HOTf (triflic acid), DPP (diphenylphosphate) or TFA (trifluoro acetic acid.

The polymerization is initiated by the protonation or alkylation of a carbonyl

oxygen by the electrophile initiator, and then there are two possible pathways:

the activated monomer (AM) and the active chain end (ACE) mechanisms[38,39].

The cationic ROP is suitable for a wide range of cyclic carbonates, however, dur-

ing the polymerization side reactions such as backbiting or chain transfer can

occur, which makes it difficult to control the molecular weight and distribution

of the polymer obtained.

Anionic ROP[39,40]: The polymerization is initiated by nucleophiles such

as alkoxides, carbanions, or amines due to the electrophilic nature of the car-
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Chapter 1. Introduction 1.4. Ring-opening polymerization of cyclic carbonates

bonyl group. The reaction starts with a nucleophilic attack by the initiator on

the carbonyl carbon of the cyclic carbonate, opening the ring and generating

an alkoxide intermediate that will attack subsequent monomers thereby ex-

tending the polymer chain. The reaction ends when a proton donor neutralizes

the active alkoxide. There are different catalysts that can enable an anionic

ROP, including phosphazene bases, N-Heterocyclic carbenes (NHCs) and sev-

eral Brønsted base initiators such as DBU, TBD and N-methylated MTBD. In

general, these catalysts allow for good control over the molecular weight and

produce polymers with narrow molecular weight distributions.

Coordination-Insertion ROP[39]: A metallo-organic catalyst attacks the

cyclic carbonate by means of two possible different mechanisms. The first

one consists of an insertion reaction that involves a Lewis acid metal (a metal

halide, oxide or carbonate) and water or alcohol. The second one is a coordination-

insertion mechanism, which involves a metal alkoxide that interacts with the

cyclic carbonate, followed by a rearrangement that results into the breaking of

a metal-oxygen bond and an acyl-oxygen bond of the cyclic carbonate[38]. The

typical metallo-organic catalysts used in this kind of ROP contain zinc, tin or

aluminium such as SnOct2
a, or zinc stearate. These processes generally lead to

high selectivity and control over the polymer structures. However, their high

cost, toxicity, and the difficulty in removing the catalysts from the products

make their use challenging.

Enzymatic ROP[38,41–44]: The ring-opening of the cyclic carbonate is per-

formed by an enzyme (e.g., lipases or Novozym-435). This procedure oper-

ates under mild and environmentally friendly conditions with high specificity

and selectivity. However, these enzymatic ROPs have usually slower reaction

rates compared to the other ROP methods, and hence is limited to specific

monomers that are compatible with the enzyme.

aStannous octoate
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Chapter 1. Introduction 1.5. Depolymerization

1.5 Depolymerization

Polymers are ubiquitous materials widely used because of their low-cost

production and versatility. However, many of them have short lifetimes or are

limited to single use. As a consequence, plastic waste has been accumulating

in the environment for decades. A 2024 review[45] shows that 91% of all plas-

tic ever produced has been incinerated or discarded[46], leading to widespread

microplastics[47,48], environmental pollution (specially marine)[49] and severe

quality air issues from open burning[50]. The overall impact of plastic con-

sumption on climate change is substantial, as it has been estimated that by

2050, plastic production and incineration could consume up to 13% of the re-

maining carbon budget connected to a maximum level of global warming to

1.5◦C[51]. Despite this environmental problem not being new, concerns about

plastic recycling efficiency and the linear way to consume plastics are more re-

cent. Actually, many economic and environmental incentives related to plastic

recycling are focused on solving plastic waste treatment problems, but the cur-

rent approaches still remain limited. Therefore, to mitigate the waste impact,

a circular plastic economy, in which the materials are reused and recycled as

much and as long as possible through repeated cycles of use, needs to be im-

plemented.

On the one hand, mechanical recycling strategies represent traditional

ways to recycle plastic through physical recycling or pyrolysis, which is not

efficient enough. Over 99% of plastic recycling in Europe is mechanical[52],

and faces several limitations such as lowering the material quality after recy-

cling, and being sensitive to contaminants or polymer mixtures thus needing

expensive waste management systems.

On the other hand, chemical recycling has grown both academically and

commercially, and involves converting plastic waste polymers into smaller mo-

lecules with high purity and yield[53]. There are two known chemical recycling

strategies:

• Thermochemical Recycling: This process mainly uses heat to break

down polymers into small(er) molecules. This process is generally nons-
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Chapter 1. Introduction 1.5. Depolymerization

Figure 1.6: Schematic representation of circular polymer recycling processes

elective, producing a mixture of monomers, oligomers, feedstock chemi-

cals, and fuels.

• Chemical Depolymerization: This strategy intends to selectively convert

polymers into monomers or specific chemicals, typically using solvents,

catalysts, and heat. These monomers can then be repolymerized obtain-

ing high-quality polymers, or be repurposed towards the fabrication of

other value-added chemicals.

With these latter chemical recycling processes, the use of catalysts is needed

to enhance the efficiency of the depolymerization reaction. Metal-based cata-

lysts such as zinc or lead acetates, sodium/potassium sulphate, and titanium

phosphate are widely used in depolymerization strategies, having as disadvan-

tage a difficulty of separating them from the crude product, leading to poor

chemo-selectivity, and high environmental/economic cost. In the case of or-

ganic catalysts, a wide range of them are used in polymerization reactions,

while in depolymerization reactions their use is still limited. Organocatalysts

can facilitate the depolymerization mechanisms to produce highly pure, small
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molecules, suitable for subsequent polymerizations. In many cases, hydrogen-

bond interactions involved in the depolymerization mechanism promoted by

organocatalysts such as TBD are crucial for controlling the catalytic activity

and selectivity of the depolymerization reaction.

Figure 1.7: Active sides susceptible to a scission during the depolymerization process
for the most common polymers

The chemical structure of a polymer is crucial to the process efficiency of

the depolymerization reaction. In particular, polymers with C-C backbones are

challenging to depolymerize due to the lack of polarity and high bond disso-

ciation energies of C-C bonds, while polymers with backbones containing C-

X bonds (X is a heteroatom) are more susceptible and depolymerize faster[54].

For polycarbonates, the carbonate carbonyl group is targeted for nucleophilic

attack, which may lead to CO2 release or to the formation of cyclic carbonates

(monomers), depending on the chemistry used.

In this thesis (Chapter 7), we address the depolymerization of polycarbon-

ates, which are thermoplastic polymers widely used in several applications.

In particular, we focus on the depolymerization reaction of poly(limonene

carbonate) (PLC) using an organocatalyst (TBD) that allows obtaining the

monomer, limonene carbonate (LC), as a major product, and limonene ox-

ide (LO) and CO2 as potential side-products. This process could be regarded
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as a proof-of-concept study that should spur further activities in the area of

polymer science with a focus on circularity.
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Chapter 2. Objectives

2.1 Main objectives and outline

The main objective of this thesis is to study the recycling of CO2 itself and

CO2-based polymers obtained by homogeneous catalysis, and studying the

mechanistic pathways involved in every step to create a deeper understanding

how to design more efficient recycling processes. CO2 is a carbon renewable

that can be used as a reactant combined with alcohols and cyclic ethers to

obtain cyclic carbonates. The most common synthesis, the coupling between

epoxides or alcohols and CO2, is typically performed to obtain five-membered

cyclic carbonate (5MCCs) (the focus in Chapter 4). Even though 5MCCs can

be polymerized by a ring-opening polymerization (ROP) reaction, larger-ring

heterocycles such as six-, seven- or eight-membered cyclic carbonates can

lead to more stable polymers. However, in general, these polymers are gen-

erally more difficult to synthesize. Therefore, a conversion from five- to six-

membered cyclic carbonate (Chapter 5) is an interesting alternative route to

obtain functionalized 6MCCs. These monomers can then be polymerized with

an organocatalyst under mild conditions. However, not all cyclic carbonates

are prone to undergo a ROP reaction to obtain their respective polycarbonates.

To optimize available time and resources, a predictive model was designed

to classify which monomers can undergo the ROP under certain conditions

(Chapter 6), and more specifically how their substitution and functionality

influence the ROP process. Finally, polycarbonates can be depolymerized us-

ing an organocatalyst (shown in Chapter 7), obtaining an epoxide, CO2 and a

trans-configured cyclic carbonate (monomer). The latter is particularly inter-

esting as it can be re-polymerized, thereby creating a step closer to a circular

use of polycarbonates.

In this thesis, computational studies are complemented with experimental

data provided by other Kleij group members. The synergy between theoreti-

cal and experimental results provides a deeper understanding of the reaction

mechanisms. In terms of structure, this thesis describes first a theoretical back-

ground used to perform the calculations throughout the thesis, followed by the

chapters that describe various transformative CO2 processes addressing the
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reuse/recycling of this carbon feedstock. The following paragraphs outline the

contents and objectives of each chapter.

In Chapter 3: Computational Methods, the theoretical background of the

methodology used along this thesis is outlined. All reactions studied involve

homogeneous catalysis, and therefore, we have focused on Density Functional

Theory (DFT) since it is widely used in modelling mechanistic pathways. This

offers high accuracy in describing the reactivity, and low computational cost.

In Chapter 4: Using CO2 to obtain Five-Membered Cyclic Carbonates

with a Silver-based Catalyst, we describe a novel cascade process to syn-

thesise keto-substituted five-membered cyclic carbonates that are built from

alkyne-1,2-diol as a key substrate together with CO2 as a renewable carbon

reagent. This process is promoted by a Ag-based catalyst composed of a Buch-

wald phosphine-ligand (DavePhos or BrettPhos) coordinated to a silver(I) salt

(AgOAc). As the substrate has a chiral center, in order to fully understand the

mechanistic pathway, DFT calculations will be performed for each catalyst

complex while taking into account the chirality of the substrate. The compu-

tational results obtained will be supported with experimental data provided by

Xuetong Li (another Kleij group member).

In Chapter 5: From Five- to Six-Membered Cyclic Carbonates, a unique

organocatalytic manifold has been discovered for the formation of six-membered

cyclic carbonates starting with five-membered cyclic carbonates. The reaction

begins with a five-membered cyclic carbonate possessing a tertiary alcohol,

1,5,7-triazabicyclodec-5-ene (TBD) as a catalyst, and acetyl imidazole (AcIm)

as an acylating agent. This cascade reaction yields an elusive six-membered

cyclic carbonate product with a primary alcohol, which can be trapped by

protecting the pendent alcohol. The mechanistic pathway involved in this re-

action will be examined in detail by performing DFT calculations reinforced by

experimental data from Chang Qiao’s research (another Kleij group member).

Furthermore, alternative mechanistic pathways will be also calculated, such
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as the acylation of the alcohol from the reactant and the five-membered cyclic

carbonate isomerization into a seven-membered cyclic carbonate.

In Chapter 6: Ring-Opening Polymerization, an extensive computational

study will be performed. Firstly, we will study the mechanistic pathway in-

volved in a ROP reaction for a six-membered cyclic carbonate using benzyl al-

cohol (BnOH) as an initiator, catalyzed by TBD (an often used and highly effec-

tive organocatalyst) in toluene solution at room temperature. To comprehend

the effect of the ring size of the cyclic carbonates (5MCC, 6MCC and 7MCC),

several mechanistic pathways will be calculated and compared. Monomers

(cyclic carbonates) polymerizable under the same conditions will then stud-

ied and the results will be benchmarked against experimental data provided

by various Kleij group members. Moreover, a predictive model correlating the

energy span of the reaction and the polymer stability could be generated. The

data points within this plot indicate whether the ROP reaction is energetically

feasible and the resulting polymer stability is thermodynamically favoured.

Thus, if the specific data points fall within a specific region, it shows that the

monomer has good potential to be polymerized. Monomers with a different

number of substituents, or difference in the chemical nature and size of ring-

substituents in the cyclic carbonate will be also calculated. For some of these

monomers, experimental data have been reported in the literature and helped

to validate the predictive model. Finally, an additional computational study

on the influence of the polymer conformation on the ROP efficiency was per-

formed taking into account more configurations.

In Chapter 7: Depolymerization, we will study the mechanistic pathways

involved in the depolymerization of poly(limonene carbonate) abbreviated as

PLC, using TBD as a catalyst at 80◦C in acetonitrile solution by exploring two

different mechanisms: end-group based depolymerization and main-chain

scission. Both mechanisms will be investigated through DFT calculations sup-

ported by experimental results obtained from David Lamparelli (a former Kleij

group member). The combination of these mechanisms offers a successful
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and efficient depolymerization that provides an appreciable yield of trans-

limonene-carbonates (i.e., monomers), and limonene-oxides and CO2 as al-

ternative products. The cyclic carbonate repolymerization into PLC via ROP

using the same organocatalyst will be also considered, being this depolymer-

ization/repolymerization sequence a nice example of a potential circular use

of polycarbonates.
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CHAPTER

3
Computational Methods
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Chapter 3. Methods

3.1 Quantum Chemistry

Quantum chemistry[55–57], is a field in physical chemistry that applies

quantum mechanics to chemical systems in order to describe their interatomic

interactions. Its main goal is to calculate the electronic effects on the physical

and chemical properties of molecules, materials, and solutions at atomic scale.

In this thesis, the mechanistic pathways of chemical reactions were computed

by using quantum mechanics calculations to determine the intermediates and

transition states.

3.1.1 Schrödinger equation

Erwin Schrödinger[58] proposed that physical systems can be described by

means of wave functions.

The time-dependent Schrödinger equation is:

iħ∂ψ(r, t )

∂t
= Ĥψ(r, t ) (3.1)

The time-independent Schrödinger equation is:

Ĥψ(r) = Eψ(r) (3.2)

Where Ĥ is the Hamiltonian operator representing the total energy of the

system, ψ(r) is the wavefunction dependent on spatial coordinates r, and E is

the energy associated with the state represented by the wavefunction.

The total molecular wavefunction depends on the nuclei position (R) and

the electron coordinates (r), giving the Equation 3.3:

Ĥψ(r,R) = Eψ(r,R) (3.3)

The Born-Oppenheimer approximation[59] is a fundamental assumption in

quantum chemistry and molecular physics that assumes that the nuclei are

much more heavier than the electrons, resulting in a much more slower move-

ment. Consequently, it separates the motion of the nuclei and the electrons
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based on their mass difference in the total molecular wavefunction Ψ(r,R) by

separating the variables as a product of the electronic wavefunctionψ(r;R) and

the nuclear wavefunction χ(R) (Equation 3.4)

Ψ(r,R) ≈ψ(r;R)χ(R). (3.4)

Then, the electronic wavefunction is obtained from the electronic Hamilto-

nian. The electronic Schrödinger equation, with the nuclei fixed at positions R

is represented in Equation 3.5:

Ĥelecψ(r;R) = Eelec(R)ψ(r;R) (3.5)

The electronic Hamiltonian (Ĥelec) is described in Equation 3.6:

Ĥelec = T̂elec + V̂elec-elec + V̂elec-nuc (3.6)

Where T̂elec is the kinetic energy operator of the electrons, V̂elec-elec is the

electron-electron repulsion potential, and V̂elec-nuc is the electron-nucleus at-

traction potential.

3.1.2 Potential Energy surface

The concept of Potential Energy surface (PES)[57] derives directly form the

Born-Oppenheimer approximation explained above. Solving the electronic

Schrödinger equation Eelec(R), the energy for a determined nuclear configura-

tion is found. The value for this energy (potential energy) acts as a potential

energy surface (PES) for the nuclei, allowing the nuclear Schrödinger equation

(Equation 3.7) to be solved:

[
T̂nuc +Eelec(R)+ V̂nuc-nuc

]
χ(R) = Etotalχ(R) (3.7)

Where T̂nuc is the kinetic energy operator of the nuclei, V̂nuc-nuc is the

nucleus-nucleus repulsion potential, and Etotal is the total energy of the molecule.
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Gradient

The gradient of the potential energy is a vector of first-order partial deriva-

tives of the potential energy function with respect to the nuclear coordinates. It

indicates the direction and rate of the steepest descent in the energy landscape.

It is defined as:

∇E(R) =
(
∂E(R)

∂R1
,
∂E(R)

∂R2
, . . . ,

∂E(R)

∂Rn

)
(3.8)

Where E(R) is the potential energy function, and R1,R2, . . . ,Rn are the nu-

clear coordinates.

Hessian Matrix

The Hessian Matrix is a square matrix of second-order partial derivatives of

the potential energy function with respect to the nuclear coordinates. It pro-

vides information about the curvature of the PES. It is defined as:

Hi j = ∂2E(R)

∂Ri∂R j
(3.9)

Where E(R) is the potential energy function, and Ri and R j are the nuclear

coordinates.

Stationary Points

An stationary point in the Potential Energy Surface is defined as a point with

zero gradient (Equation 3.8, Figure 3.1), which can be:

• Local Minima: Is the point where the Hessian matrix has all positive

eigenvalues. It describes energy minima that correspond to physically

stable chemical species that can be reactants, products or intermediates.

• Saddle Point: Is the point where the Hessian matrix has exactly one neg-

ative eigenvalue, indicating a local maximum in one direction (reaction

coordinate) and the other eigenvalues are positive indicating a local min-

ima in all other directions, describing a transition state (TS).
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• n-order Saddle Point: Is the point where the Hessian matrix has n (where

n>1) negative eigenvalues, and the other are positive. These kind of

points are not chemical relevant.

In Figure 3.1 are represented an example of PES with the stationary points

both minima and Transition State (TS). The reaction path must connect the

local minimum (Reactants, Products) through the TS, which has to be energet-

ically higher than the minima and has to accomplish the definition of Saddle

Point described above.

Figure 3.1: Example of Potential Energy Surface (PES) representation with stationary
points (Minima and TS) depicted as circles and Reaction Path drawn as a dashed line

The main problem to obtain a Potential Energy surface (PES) in molecu-

lar systems is the dimensionality, particularly in chemical systems that include

several atoms. It describes the exponential growth in computational complex-

ity when the system increases, namely the number of atoms to describe. Using

Cartesian coordinates (x, y, z), the dimension of a molecular system of N atoms,

becomes 3N (nuclear coordinates). The internal coordinates allow to eliminate

the system’s global translations and rotations degrees of freedom, thus resulting

in a 3N-6 of total coordinates and 3N-5 for linear molecules. This dimensional-

ity issue becomes particularly challenging in quantum chemistry calculations
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where the Schrödinger equation needs to be solved for the entire molecular

system.

Representing the PES entirely is not feasible, as for example a small molec-

ular system with 10 atoms, has 24 degrees of freedom. Considering that an ac-

ceptable representation of the PES is by representing 10 points for each degree

of freedom, the total number of calculations need to obtain the PES is 1024,

which is totally unfeasible. To address this challenge several approximations

and computational methods were developed, therefore, computational chem-

istry focuses in the description to the stationary points along the PES to de-

scribe the reaction path without the need of calculating the complete PES.

3.1.3 Solvation Models

In chemical reactivity and properties, the solvation effects are crucial to

describe the chemical reactions. There are two methods to take into account

the solvation effects in computational chemistry, explicit solvation and implicit

solvation.

The explicit solvation consists in introducing explicitly a certain amount

of solvent molecules around the studied molecule. This method provides an

accurate description of solute-solvent interaction in the studied system. How-

ever, the inconvenient in adding the number of solvent molecules needed to

mimic the real concentration of the chemical system is the computational cost,

which is inaccessible in DFT calculations. For that reason, the explicit solvation

is commonly used in Molecular Dynamics calculations.

The implicit solvation consists in considering that the solvent molecules are

modelled as a continuum medium with a dielectric constant ϵ[60]. The solute

molecule is located in a cavity within the continuum medium, usually shaped

to fit the solute molecule. Then, the dielectric medium models the electrostatic

interaction between the solute and the solvent, which is typically described by

the Poisson or Poisson-Boltzmann equation that considers the dielectric prop-

erties of the solvent and the solute charge distribution. The response of the sol-

vent to the solute’s charge distribution, named reaction field, is determined in a
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Figure 3.2: Schematic representation of the explicit and implicit solvation models

self-consistent manner that consists in iterating the solute’s electronic structure

and the solvent’s reaction field until convergence is achieved (Self-Consistent

Reaction Field (SCRF))[61]. One of many internal parameters used to define sol-

vents (SCRF) in Gaussian 16 rev. A.03[62] are ϵ=2.3741 for toluene, and ϵ=35.688

for acetonitrile.

The most used implicit solvent continuum models implemented in Gaus-

sian 16[62] software are the Polarized Continuum Model (PCM)[63,64] and the

Solvation Model based on Density (SMD)[65].

The PCM method is focused on electrostatic interactions by solving the

Poisson-Boltzmann equation. The solute cavity is created by a set of overlap-

ping spheres centred on atoms or groups of atoms. This method is generally

used for molecular geometry optimization in solution, calculating solvation en-

ergies and studying reaction mechanisms.

The SMD method, is based on the generalized Born equation, it solves

the Poisson-Boltzmann equation similarly to PCM, but uses a set of specif-

ically parametrised Coulomb radii to construct the solute cavity. The non-

electrostatic contributions are explicitly included by the cavity-dispersion-

solvent-structure (CDS) protocol[65]. This method is widely used to calculate

thermodynamic properties, solvation energies, spectral properties and reac-

tion mechanisms.

29

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 3. Methods 3.1. Quantum Chemistry

In this Thesis the SCRF=SMD for toluene and acetonitrile implemented in

Gaussian 16 rev. A.03[62] were used to calculate the solvation effects in the reac-

tion mechanisms.

3.1.4 Entropic Corrections

The gas-phase Gibbs free energies for mechanistic pathways with a high de-

gree of association or dissociation tend to not describe correctly the entropic ef-

fects in solution. For example, in a polymerization reaction, the reaction starts

with n molecules (monomers and initiator) that become in an unique macro-

molecule (polymer) as a product. In this case, if we use the uncorrected Gibbs

free energies, the final product will be too entropically disfavoured due to the

overestimation of the entropic penalty. Therefore, in Chapter 6 and 7, where

a polymerization and depolymerization reactions are described, it is necessary

to apply entropic corrections to the Gibbs free energies. Specifically, we applied

the Standard state correction[66], which consists in assuming a 1.0 M concentra-

tion instead of a 1 atm of pressure. The correction could be applied by applying

the ideal gas equation related by concentrations and pressure (Equation 3.10).

PV = nRT → P = nRT

V
→ P = n

V
RT → P = cRT (3.10)

Where c = 1.0 mol/L, P = 1atm and R = 0.082(atm·L)/(mol·K)

P∗ =
(

1.0mol

L
RT

)
(3.11)

G∗ =G◦+RT l og

(
P∗

P◦

)
(3.12)

Then, substituting the Equation 3.11 with Equation 3.12:

G∗ =G◦+RT l og

(
c∗RT

P◦

)
=G◦+RT l og

(
1.0M

1.0atm
RT

)
=G◦+RT l og |RT | (3.13)

Note that the units of R inside the logarithm should be in atm·L/mol·K for sim-

plicity, while the R located outside the logarithm should be in the same units as

G◦.
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Therefore, the Equation 3.13 at 298.15K is:

G∗ =G◦+1.89kcal ·mol−1 (3.14)

With these corrections, the entropic effects in solution along the reactions

depicted in Chapter 6 and 7 are described more accurately.

3.1.5 Energy Span Model

The Energy Span Model (ESM) developed by Kozuch and Shaik[67,68], pro-

vides an understanding of the catalytic efficiency of a chemical reaction by an-

alyzing the turnover frequency (TOF) of catalytic cycles by means of the inter-

mediates and transition state energies involved in the catalytic process.

• Turnover Frequency (TOF) can be described as the number of catalytic

cycles per unit of time and is it used to measure the catalytic activity of

the system.

• Energy Span (δE) is defined as the difference in energy between the high-

est energy transition state (TS) and the lowest energy intermediate (Int)

in the catalytic cycle.

In brief, the application of the Energy Span Model starts by identifying key

intermediates and transition states named TOF-determining transition state

(TDTS) and the TOF-determining intermediate (TDI). In this model the TDI

and TDTS are not necessarily the highest and lowest states, and they do not

need to be connected in a single process. Once both identified, the TOF is cal-

culated. Note that the TOF is inversely proportional to the exponential of the

energy span, therefore, a higher TOF corresponds to smaller energy span, indi-

cating a better efficiency of the catalyst. The model assists in identifying which

steps of the catalytic cycle are kinetically controlling.

3.2 Outline of ab initio Methods

In this section, we will only summarize a basic overview about this methods

to understand the foundations and differences. The ab initio methods[55–57]
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solves the Schrödinger equation using only the Born-Oppenheimer approxi-

mation, without adding empirical information.

3.2.1 Hartree-Fock

The Hartree equation as an approximate solution of the time-independent

Schrödinger (Equation 3.2) for a multi-electron atom or molecule. The energy

for the many-electron wavefunction (ΨHF) is approximated by a single Slater

determinant (Equation 3.15), which is a product of one-electron wavefunctions

(orbitals).

ΨHF = 1p
N !

∣∣∣∣∣∣∣∣∣∣∣

φ1(x1) φ2(x1) · · · φN (x1)

φ1(x2) φ2(x2) · · · φN (x2)
...

...
. . .

...

φ1(xN ) φ2(xN ) · · · φN (xN )

∣∣∣∣∣∣∣∣∣∣∣
(3.15)

Where φi (x j ) are the spin-orbitals of the electrons.

The Fock operator F̂i (Equation 3.16) is defined as an effective one-electron

Hamiltonian that includes the effects of electron-electron repulsion.

F̂i = ĥi +
∑
j ̸=i

(
Ĵ j − K̂ j

)
(3.16)

Where ĥi is the one-electron Hamiltonian, Ĵ j is the Coulomb operator, and K̂ j

is the exchange operator.

The Hartree-Fock equations (Equation 3.17) are derived from the varia-

tional principle applied to the Slater determinant.

F̂iφi = ϵiφi (3.17)

Where ϵi are the orbital energies and φi the molecular orbitals

These equations must be solved iteratively because the Fock operator de-

pends on the orbitals themselves. Therefore, the Hartree-Fock Method is a
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Self-Consistent Field (SCF)[69] method. The procedure consists in starting with

an initial guess for the spin-orbitals φi , then apply the Fock operator using

the current orbitals φi (Equation 3.16), and solve the HF-equations to obtain

new ones. This process is iterated until convergence (when the energies and

orbitals do not have significant changes), which means the system reaches the

self-consistency and the spin-orbitals are consistent with their own potential

The total Hartree-Fock energy of the system is described as:

EHF =
N∑

i=1
〈φi |ĥ|φi 〉+ 1

2

N∑
i=1

N∑
j=1

(
〈φiφ j | 1

r12
|φiφ j 〉−〈φiφ j | 1

r12
|φ jφi 〉

)
(3.18)

Where, the first term represents the sum of one-electron energies, and the sec-

ond term accounts for the electron-electron repulsion composed by Coulomb

( Ĵ j ) and exchange (K̂ j ) terms.

In summary, the Hartree-Fock offers an approximate solution for the time-

independent Schrödinger equation considering the many-electron wavefunc-

tion as a single Slater determinant. This method is also named as Self-Consistent

Field, which obtains the optimal group of single-electron orbitals and the re-

lated overall energy by iterating the solution of HF equations until they con-

verge. Although HF has its limitations in accounting for electron correlation, it

plays a fundamental role in quantum chemistry calculations being the basis of

many computational methods.

3.2.2 Basis set

The Basis set is a set of guess functions χi used to approximate the molec-

ular orbitals[57]. It is used to represent the electronic wave function in Hartree-

Fock or DFT calculations. The most known are:

• Slater Type Orbitals (STOs): They provide a more accurate representa-

tion of atomic orbitals, but unfortunately calculating the integrals is com-

putationally difficult.
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• Gaussian Type Orbitals (GTOs): These orbitals involves a Gaussian func-

tion in their expression. The main advantage is the simplification of

the computation of interaction integrals because the product of two

Gaussian functions (from different atoms) is another Gaussian function.

Despite the representation of atomic orbitals are less accurate than the

STOs, the GTOs are the most often used due to the simplicity of solving

interaction integrals with a lower computational cost, and allow efficient

implementations in the post-HF methods.

3.2.3 Semiempirical Methods

The semiempirical methods balance between accuracy and computational

efficiency by simplifying the Schrödinger equation calculations. In particular,

they use parametrized Hamiltonians that are derived from experimental data

or higher-level calculations to reproduce known properties of molecules such

geometric parameters or energies. They neglect certain integrals to reduce the

computational cost, and use empirical data to tune their parameters, being rea-

sonable accurate for a wide range of molecular properties. The main advan-

tages are the computational efficiency, being significantly faster than ab initio

methods, and their reasonable accuracy for well parametrized properties. As an

inconvenient, the accuracy depends on the quality of the empirical data used

to parametrize, and the parameters optimized for a specific type of molecules

may not describe well other molecules.

This method is mainly used to studying large molecule simulations for large

molecules such polymers, preliminary screening, and qualitative analysis for

chemical reactivity and electronic structure.

3.2.4 Post-Hartree-Fock Methods

The main inconvenient of the Hartree-Fock method is that it does not con-

sider the electron correlation. In order to improve the approximations, the

post-Hartree-Fock methods uses the HF function as a basis and add the elec-
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tron correlation in different ways. These methods are extremely accurate but

computationally expensive[56,57]. The most important methods are:

• Møller-Plesset Perturbation Theory (MPn): Includes the electron corre-

lation through perturbation theory. The notation "MPn" denotes that the

energy has been corrected in n-order.

• Configuration Interaction (CI): The wavefunction is expressed as a lin-

ear combination of multiple Slater determinants constructed from the

orbital spins obtained with the Hatree-Fock method, representing dif-

ferent electron configurations to account for electron correlation. If the

wavefunction include all possible excitations as a linear combination of

Slater determinants, the exact non-relativistic energy of the system of N

electrons would be obtained. This function is named Full Configuration

Interaction (Full CI), and is considered one of the most complete descrip-

tion of electron correlation, however the computational cost associated

is unavailable. Methods derived from the CI approach include Multi-

Configurational Self-Consistent Field (MCSCF), which prominent exam-

ples are Complete Active Space Self-Consistent Field (CASSCF) and Multi-

Reference Configuration Interaction (MRCI).

• Coupled Cluster (CC): It considers excitations (singles, double, triple..)

of electron pairs through an operator T̂ to introduce the electron corre-

lation. Is a self-consistent and highly accurate method, specifically the

CCSD(T) Coupled Cluster Singles and Doubles with approximating the

triple excitations is considered one of the most precise methods in the

actuality.

3.3 Density Functional Theory

The basis of the Density Functional Theory (DFT)[70,71] relies on the Hohenberg-

Kohn theorem[72], which postulates that the energy of the ground state of any

electronic system can be described to its electron density ρ(r) that only de-

pends on three spatial coordinates. And also postulates about a functional
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that relates the energy of the system and the electron density (Equation 3.19),

whose form is not described.

E [ρ(r)] = T [ρ(r)]+Vext[ρ(r)]+Eint[ρ(r)] (3.19)

Where T [ρ(r)] is the kinetic energy functional, Vext[ρ(r)] is the external

potential energy functional, and Eint[ρ(r)] is the electron-electron interaction

energy functional.

The Kohn-Sham[73] formalism is a DFT foundational method based on im-

plementing the Hohenberg-Kohn theorem, that offers a solution for the in-

tractable many-body problem of interacting electrons in a static external po-

tential, by reducing it to a solvable problem of non-interacting electrons mov-

ing in an effective potential that includes the Coulomb interactions between

electrons and the external potential. The Kohn-Sham equations and its terms

are described below:

ĥK Sψi (r) = ϵiψi (r) (3.20)

ĥK S =
(
− ħ2

2m
∇2 +Veff(r)

)
(3.21)

Where the first term is the kinetic Energy T [ρ], and the second is the effective

potential Veff(r) which is described in Equation 3.22.

Veff(r) =Vext(r)+VH(r)+Vxc (r) (3.22)

This effective potential consists in the Vext(r) that is the interaction energy

electron-nuclei, VH(r) is the Hartree potential (Equation 3.23), and Vxc (r) is the

exchange-correlation potential (Equation 3.24)

VH(r) =
∫

ρ(r′)
|r− r′| dr′ (3.23)

Vxc (r) = δExc [ρ]

δρ(r)
(3.24)
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The Kohn-Sham equations are solved iteratively using the SCF method

analogous as the Hartree-Fock explained above. In this case, it starts with an

initial guess for the electron density ρ(r), then the Kohn-Sham equations are

solved to obtain the orbitals ψi (r) and the corresponding energies ϵi and a

new electron density is calculated from the orbitals. This process is repeated

until the density converges. As the true form of the functional postulated by

Hohenberg-Kohn is not known, approximate Exchange-Correlation function-

als must be proposed. Therefore, the accuracy of the DFT method relies in

the approximation of the Exchange-Correlation functional. Therefore, differ-

ent functionals were developed (LDA, GGA, and Hybrid) depending on the

description of this Exchange-Correlation functional.

3.3.1 Local Density Approximation (LDA)

The main assumption in the Local Density Approximation (LDA)[57,70] is

that the functional only depends on the density, which is considered as an uni-

form gas of electrons. The exchange energy is obtained from the Dirac formula,

and the correlation energy term is obtained from quantum Monte-Carlo simu-

lations.

E LDA
xc [ρ] =

∫
ρ(r)ϵxc(ρ(r))dr (3.25)

In general, LDA provides good results for solid structure properties, however,

overestimates the binding energy and underestimate ground-state and ioniza-

tion energies. It obtains accurate results for many systems, but fails in describ-

ing situations where the electronic density changes fast.

3.3.2 Generalized Gradient Approximation (GGA)

To improve the LDA, the Generalized Gradient Approximation (GGA)[57,70]

exchange-correlation energies not only depend on the electronic density but

also for its gradient (∇ρ(⃗r )).

E GGA
xc [ρ] =

∫
f (ρ(r),∇ρ(r))dr (3.26)
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Chapter 3. Methods 3.3. Density Functional Theory

Compared to LDA, the GGA functional compensates the LDA over-binding ten-

dency obtaining in general better total energies, structural energy differences,

energy barriers, and atomization energies. However, GGA does not describe

correctly the van der Waals interactions and sometimes it describe the solid-

state properties worse than LDA.

3.3.3 Hybrid Density functionals

The Hybrid Density functionals (H-GGA)[57,70] combine a part of the exact

Hartree-Fock’s exchange Energy E HF
ex with the exchange-correlation functional

of GGA. Consequently, improves the accuracy for the description of several

molecular properties although has some difficulties in describing solid-state

systems.

In this Thesis, the functional ωB97X-D introduced by Chai and Head-

Gordon in 2008, which includes empirical dispersion[74], is widely used in

Chapters 5, 6 and 7. The central part of this functional is based on B97 func-

tional, modified to include a long-range correction and incorporating a fraction

of Hartree-Fock (HF) exchange, which improves the treatment of long-range

electron-electron interactions. The X indicates the inclusion of exact (Hartree-

Fock) exchange, and the -D correspond to the Grimme’s D2 empirical disper-

sion correction to describe the van der Waals (vdW) interactions that are not

well-described by standard DFT methods. This functional is widely used for

optimization of molecular geometries, calculating reaction energies and en-

thalpies, studying non-covalent interactions and computing electronic spectra

and properties related to excited states.

In Chapter 4 the method used is PBE0-D3(BJ)/SDD/def2tzv. The PBE0

functional incorporates a part of the exact Hartree-Fock echange into the

Perdew-Burke-Ernzerhof (PBE)[75] that is a GGA functional. The -D3(BJ) corre-

sponds to the D3 Grimme dispersion correction with Becke-Johnson damping

(more details explained below). The basis set consists in a Stuttgart/Dres-

den effective core potential (SDD) and a split-valence basis set developed by
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Chapter 3. Methods 3.3. Density Functional Theory

the Karlsruhe group (def2)[76]. The SDD is a relativistic effective core poten-

tial (ECP) that substitutes the inner core electrons of heavier elements with a

potential, decreasing computational cost while preserving accuracy. The def2-

tzv[77] means "triple-zeta valence", which includes three basis functions for

each valence orbital. This basis set is often used for lighter elements, while the

SDD basis set works well for transition metals and heavier elements. Therefore

the combination of both, describe well the metal-based catalyst system studied

in Chapter 4.

Figure 3.3: Jacob’s ladder of DFT representation proposed by Perdew[78], which defines
the path from the "Earth Hartree World" towards to "Heaven of chemical accuracy". In
the left side are written the main DFT functionals for each method. In the right side are
included the principal feature added to the functional

The number of DFT functionals and sophistication were increased signif-

icantly, as a consequence, John Perdew in June 2000 proposed a idea named

"Jacob’s Ladder of DFT"[78] (Figure 3.3) visualizing the DFT functionals as
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Chapter 3. Methods 3.3. Density Functional Theory

a succession of ladder steps that categorizes various approximations of the

exchange-correlation functional based on their accuracy and complexity. The

ladder comprises five rungs, each one corresponding to five generations of DFT

functionals (LDA, GGA, meta-GGA, Hybrids and Double-hybrids). Climbing

the Jacob’s ladder from the "Hartree World" towards the "Heaven of Chemical

Accuracy", the accuracy of the functionals improves, but also the computa-

tional cost.

3.3.4 Dispersion Correction

As seen in the section above, sometimes the DFT method does not describe

accurately the weak intermolecular forces, such as hydrogen bonds or van der

Waals interactions. To solve this problem, dispersion corrections are added to

the total energy calculated by DFT. In this thesis, we use Grimme’s empirical

dispersion correction D2, and D3 with Becke-Johnson (BJ) damping. The D2

correction is included in the DFT functional ωB97X-D used in Chapters 5, 6,

and 7, and the D3 (BJ) is used in Chapter 4.

The Grimme’s D2 correction[79] adds pairwise dispersion energy terms to

the DFT energy, considering only the C6 term for pairwise atomic interactions.

The total dispersion energy E D2
disp is given by:

E D2
disp =−s6

∑
A<B

C AB
6

R6
AB

fdamp(RAB ) (3.27)

Where s6 is a global scaling factor, C AB
6 is the dispersion coefficient for the

C6 term between atoms A and B, RAB is the distance between atoms A and B,

fdamp(RAB ) is the damping function.

The damping function is usually defined as:

fdamp(RAB ) = 1

1+e−d(RAB /R0−1)
(3.28)

The Grimme’s D3 (BJ)[80,81] correction adds pairwise dispersion energy

terms with higher-order contributions, considering C6, C8, and C10 terms for
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Chapter 3. Methods 3.3. Density Functional Theory

pairwise atomic interactions. The Becke-Johnson (BJ) damping helps to avoid

overestimation at short distances.

The total dispersion energy E D3(BJ)
disp is given by:

E D3(BJ)
disp =− ∑

A<B

∑
n=6,8,10

sn
C AB

n

Rn
AB

f (n)
damp(RAB ) (3.29)

Where sn are the global scaling factors for each term, C AB
n is the dispersion

coefficients for the n-th term between atoms A and B, RAB is the distance be-

tween atoms A and B, and f (n)
damp(RAB ) is the Becke-Johnson damping function.

The Becke-Johnson (BJ) damping function is defined as:

f (n)
damp(RAB ) = 1

1+e−dn (RAB /R0−1)
(3.30)

Where dn is the damping parameter for the n-th term, R0 is the reference

distance related to the sum of atomic van der Waals radii.

The Grimme’s Dispersion Corrections D2 and D3 described in this section

are implemented in Gaussian 16 rev. A.03[62], implicitly within a functional as

ωB97X-D, or explicitly as a keyword to request.

3.3.5 GFN2-xTB

Grimme and Bannwarth[82]defined the GFN2-xTB method as a "Semiem-

pirical quantum mechanical method, which represents the first broadly parametrized

tight-binding method to include electrostatic and exchange-correlation Hamil-

tonian terms beyond the monopole approximation." This method combines

theoretical foundations from Hartree-Fock and DFT methods, incorporating a

self-consistent D4 dispersion model. As GFN2-xTB method is implemented in

xtb software developed by Grimme[83] (coded with Fortran), the calculations

are very fast, making it extremely useful for exploring conformations, perform-

ing MD simulations, and scanning the PES.

In particular, in this thesis we used GFN2-xTB to explore the initial geome-

tries for the transition states by scanning the PES. Additionally, in Chapter 6 we
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Chapter 3. Methods 3.3. Density Functional Theory

also studied the conformations of a polymer by means of an alternative proce-

dure that involves an initial molecular dynamics simulations with GFN2-xTB.

The resultant molecular geometries are a good starting point before performing

more detailed calculations (DFT).
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Membered Cyclic

Carbonates with a

Silver-based Catalyst
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Chapter 4. 5MCC with Ag-based Catalyst

4.1 Introduction

In the context of a circular chemistry, an attractive route consists in the re-

utilization of carbon-based waste into value added products via catalysis[84–86].

The utilization of circular principles, will improve the usage of the natural

resources, which will lead to a sustainable future and a more efficient car-

bon management[87]. Carbon dioxide (CO2) is a simple carbon-based reac-

tant that is attractive for the synthesis of diverse products such polymerizable

monomers[88–92], pharmaceuticals[93–96], bulk chemicals[97,98] and synthetic

intermediates[99–103].

In the last 10 years and despite the difficulties, the catalytic conversion of

CO2 has been advanced and reported for both reductive[104–107] and nonreduc-

tive transformations[108–114]. More specifically, a notable nonreductive conver-

sion to obtain cyclic carbonates is the [3+2] cycloaddition of CO2 to epoxides.

In the last few years, cyclic carbonates gained synthetic importance as starting

points for the formation of decarboxylated compounds with elusive stereocen-

ters[115,116] and CO2-based polymers and more sustainable materials[117–121].

Cyclic carbonates synthesis based on the [3+2] cycloaddition works well for

mono- and di-substituted epoxides in general, however this approach is still

limited for sterically demanding oxiranes. To face this challenge, new concep-

tual designs have arisen that rely on alternative reactivity patterns, some exam-

ples are presented in Figure 4.1.

A substrate-controlled manifold example is represented in Figure 4.1 (a)

where a cascade process with a suitable trapping mechanism offers access to

highly elusive cyclic carbonates[122,123]. Another cascade process is depicted

in Figure 4.1 (b), starting with an α-alkylidene carbonate (prepared in or ex-

situ) and a diol reagent, which leads to a domino transesterification process

that produces a 1:1 mixture of an α-hydroxy ketone and different cyclic car-

bonate[124–126]. Whereas the latter cascade process is able to obtain a high

but quite limited degree of structural diversity, the formation of a ketone by-

product makes it atom inefficient. The preparation of α-alkylidene carbon-

ate is represented in Figure 4.1 (c)[29], which involves a propargyl alcohol and
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Chapter 4. 5MCC with Ag-based Catalyst 4.1. Introduction

Figure 4.1: (a) Substrate-controlled cascade leading to highly substituted cyclic car-
bonates, (b) Domino transesterification process involving external diols, (c) Synthesis
of α-alkylidene carbonate using a Buchwald-phosphine ligand with a silver(I) salt as a
pre-catalyst

CO2 as a reactants and a Ag-based catalyst. The catalyst choice is due to the

assumption of the Thorpe-Ingold effect[127–129], which enhances the cycliza-

tion of an α-substituted tertiary or secondary propargyl alcohol. Therefore, a

bulky-donor ligand such as Buchwald-phosphine ligands in combination with

a silver(I) salt (see Figure 4.2) could produce an angle compression effect with

a wider population of the appropriate conformer which will initiate the car-
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Chapter 4. 5MCC with Ag-based Catalyst 4.2. Objective/Motivation

boxylative cyclization.

Figure 4.2: Scheme of the Buchwald phosphines DavePhos and BrettPhos and their
pre-catalyst complexes when combined with the silver salt AgOAc

To enhance the creation of new cyclic carbonates via a novel cascade

process, the Kleij’s group members developed the reaction presented in Fig-

ure 4.3 is developed[130]. This procedure consists of the combination of the

presence of an intramolecular alcohol (pro)nucleophile with a reactive exo-

cyclic double bond, which will lead to the formation of a keto-functionalized

cyclic carbonate, that also will enable a large substitution and functionality

scope. The key for this novel path is the use of an alkyne-1,2-diol which in-

duces a skeletal rearrangement of an initially created α-alkylidene carbonate

with the building of the keto group as a thermodynamic driving force. There-

fore, the reaction to study is the conversion from an alkyne-1,2-diol with CO2

to a keto-functionalized five-membered cyclic carbonates using Buchwald-

phosphines combined with a silver(I) salt as a pre-catalyst under mild con-

ditions. Specifically, the phosphines chosen are commonly named DavePhos

and BrettPhos, which will be combined with silver acetate (AgOAc) to create the

catalyst complexes studied in this chapter, abbreviated as Ag(DavePhos)OAc

and Ag(BrettPhos)OAc respectively (see Figure 4.2).

4.2 Objective/Motivation

The objective of this chapter is to understand the mechanistic pathway in-

volved for the novel catalytic domino process based on the transformation of an

alkyne-1,2-diol with CO2 into a highly substituted (saturated) keto-carbonate
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Chapter 4. 5MCC with Ag-based Catalyst 4.3. Computational Details

in acetonitrile solution at room temperature. To accomplish this goal, DFT cal-

culations were performed considering:

• Two different Buchwald-phosphine ligands, named DavePhos and BrettPhos,

each of them bonded to a silver(I) salt (AgOAc) used as a catalyst

• As the substrate has a chiral centre, R- and S-pathways were calculated

for each catalyst complex.

The computed mechanistic pathways are supported by the experimental

data provided by X.Li, Kleij’s group member.

4.3 Computational Details

All calculations were performed using Gaussian 16 version A.03[62]. Due to

the nature of the catalyst, which contains a silver atom and a phosphine lig-

and, the functional and basis set chosen is PBE0-D3(BJ)/SDD/def2tzv[131,132]

using dispersion correction with Becke-Johnson damping[133,134]. The temper-

ature chosen is 298 K and an implicit solvent model SMD[65] with parameters

for acetonitrile were used. An unrestricted optimization and frequencies anal-

ysis were performed to determine the transition state structures and interme-

diates involved in the mechanistic pathway.

Full access to the computational data stored in ioChem-BD[135] repository

is provided through: http://dx.doi.org/10.19061/iochem-bd-1-214

4.4 Results and Discussion

The reaction to study represented in Figure 4.3 starts with an alkyne-1,2-

diol as a substrate in the presence of CO2, using acetonitrile as a solvent and

AgOAc with DavePhos as catalyst components. Under these conditions, instead

of an expected α-alkylidene carbonate, a highly substituted keto-carbonate is

obtained.
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Chapter 4. 5MCC with Ag-based Catalyst 4.4. Results and Discussion

Figure 4.3: Overall computed reaction scheme for the CO2-based domino synthesis

The silver salt or the phosphine ligand alone do not catalyze the reaction,

however, their combination generates a silver complex named from now on

Ag(DavePhos)OAc (Figure 4.2), which induces a high substrate conversion and

moderate yield (entry 1, Table 4.1). The nature of the phosphine is essential

considering that the use of a bulky monophosphine ligand as BrettPhos pro-

vides a full conversion and excellent yield (entries 2 and 3, Table 4.1). Another

silver salt was tested (AgF), and while the reaction time and amount of catalyst

is lower than in the other cases, the reaction temperature had to be increased a

bit to obtain the same conversion and yield. These last conditions are consid-

ered the most favoured ones (entry 3, Table 4.1).

Table 4.1: Highlighted screening and optimization data of the Ag- catalyzed conversion
of alkyne-1,2-diol and CO2 into keto-substituted cyclic carbonate[130]

Ag Salt Phosphine time (h) Temp ◦C Conv. (%) Yield (%)
AgOAc DavePhos 48 25 83 62
AgOAc BrettPhos 24 25 >99 91 (85)

AgF BrettPhos 6 40 >99 91 (88)

The nature of the catalyst has been described as a complex generated from a

silver(I) salt with a Buchwald-phosphine-ligand as DavePhos or BrettPhos[29].

Notably, the expected product is an α-alkylidene carbonate (Figure 4.1 (c))

however, the use of an alkyne-1,2-diol causes the α-alkylidene carbonate be-

coming an intermediate instead of a final product. The nature of the catalyst

and the initial substrate help to isomerize this last intermediate into a keto-

carbonate as shown in Figure 4.3.

The combination of the phosphine ligands with the silver(I) salt are repre-
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sented in Figure 4.2, the phosphor atom makes a coordinative bond with the

silver atom from the AgOAc salt. The P-Ag-O geometry is totally linear with an

angle near to 180◦. The biphenyl fragment bonded to the phosphor atom can

rotate at room temperature, thus making different configurations for DavePhos

possible.

4.4.1 Mechanistic Pathway

The mechanistic pathway and its relative Gibbs free energy profile involved

in this reaction are represented in Figure 4.4. Since the substrate has a chi-

ral centre, there are diastereoisomeric intermediates and transition states, and

to see more clearly the mechanism, only the lowest energetic pathway (based

on (R)-substrate) is represented. However, the energetic profiles for both di-

astereoisomer formations are compared in Figure 4.5 to describe the complete

analysis of this reaction.

In Figure 4.2 the Ag(DavePhos)OAc catalyst structure is represented, note

that the phosphine substituents are not symmetric and can rotate at room

temperature. Hence, to correctly understand the reactivity of this reaction, all

structures showed in Figure 4.4 and Figure 4.5 were calculated with the same

fixed chiral phosphine conformation. This catalyst was chosen since it was able

to compare directly with a previous work[29] which computed the conversion of

a simpler propargylic alcohol precursor into an α-alkylidene carbonate using

Ag(DavePhos)OAc as a catalyst.

The mechanism starts with the (R)-substrate, CO2 and the pre-catalyst

complex Ag(DavePhos)OAc used as a reference (0.0 kcal·mol−1) and known

as Reactants. The first transition state TS-1 (4.7 kcal·mol−1) is the concerted

reaction of the deprotonation of the tertiary alcohol of the substrate, which

is bonded through the triple bond to the silver atom, followed by CO2 acti-

vation by the newly created alkoxide (geometry showed in Figure 4.7). This

concerted transition state results in the intermediate A (3.7 kcal·mol−1) which

includes the catalyst complex bound to the substrate with a terminal carbonate
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anion and an acetic acid molecule. The latter will not be involved during the

formation of the further intermediates and transition states until E-A and E-B.

The intermediate B (-0.1 kcal·mol−1) has a linear O-coordination through

the carbonate which replaces the initial alkyne coordination to the silver atom,

although it will be restored in the intermediate C (-1.0 kcal·mol−1), via a biden-

tate coordination mode. The next transition state TS-2 is the alkylidene cyclic

carbonate formation starting from the intermediate C. The five-membered

cyclic carbonate that is created during this transition state could be obtained

through two possible orientations with respect to the fixed conformation of

Ag(DavePhos). This results into two different diastereoisomers, both differ in

the double-bond configuration where TS-2A (15.1 kcal·mol−1) corresponds to

a Z configuration and TS-2B (13.2 kcal·mol−1) to E (geometries for both TS-2A

and TS-2B are represented in Figure 4.8). From now on, all structures and in-

termediates "A" will be referred to the starting configuration Z and "B" to the

E.

The following structures D-A (-1.2 kcal·mol−1) and D-B (-4.7 kcal·mol−1)

shown an alkene carbon to the silver centre from Ag(DavePhos). These struc-

tures are similar to the ones reported[29] before the final protodemetalation

takes place providing alkylidene carbonates. Nevertheless, the reaction stud-

ied in this chapter corresponds to a more substituted substrate, which leads to

more complex pathways where Z- and E- configurations are feasible in addition

to the (R) and (S) ones from the substrate.

The next structures E-A (6.5 kcal·mol−1) and E-B (2.9 kcal·mol−1) include a

molecule of the acetic acid which enables the protodemetalation through TS-

3A (9.4 kcal·mol−1) and TS-3B (4.6 kcal·mol−1) by means of a proton transfer

from the acetic acid’s hydrogen to the alkene carbon bound to the Ag(DavePhos)

complex (geometries for TS-3A and TS-3B shown in Figure 4.9). During these

last steps, the (E) isomer structures are more energetically favoured than

the (Z) ones, nonetheless, the energetic difference shows that both path-

ways are equally feasible under these conditions. As a result, intermediate

F (-14.7 kcal·mol−1) has the α-alkylidene cyclic carbonate released with the

Ag(DavePhos) bound to the oxygen alkoxide from the acetate. The pendant
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alcohol from the newly synthesised cyclic carbonate is then deprotonated by

the acetate bound to the silver centre obtaining structure G (-1.2 kcal·mol−1),

which is the pendent alkoxide bound to the Ag(DavePhos) complex and an

acetate acid. It was not possible to identify the transition state involved during

this deprotonation for this uphill process. Again, the acetic acid is not present

in the following structures until intermediate L. The de-coordination of the O-

carbonate in H (-9.3 kcal·mol−1) followed by a rotation and re-coordination of

the outer oxygen next to the olefin results into intermediate I (-4.9 kcal·mol−1).

An isomerization process occurs in the transition state TS-4 (-2.0 kcal·mol−1),

with a tetrahedral geometry for the carbon centre (geometry showed in Figure

4.10), a new five-membered cyclic carbonate is obtained with an enol coor-

dinated to the Ag(DavePhos) complex by its oxygen atom as represented in

structure J (-22.3 kcal·mol−1). The most thermodynamically stable intermedi-

ate is K (-24.8 kcal·mol−1), resulting from an oxygen to carbon rearrangement

with the enolate coordinated by the terminal carbon to the catalyst. As said be-

fore, the acetic acid plays a key role in the last part of the reaction approaching

the complex in structure L (-19.9 kcal·mol−1). The last transition state TS-5 (-

5.2 kcal·mol−1) is the proton transfer from the acetic acid to the carbon atom of

the enolate fragment (geometry represented in Figure 4.11), forging the keto-

carbonate with the regenerated catalyst complex Ag(DavePhos)OAc named as

Products with the most stable energetic value (-33.6 kcal·mol−1).

As seen in Figure 4.4 and Figure 4.5, the overall mechanistic pathway for

the conversion of the substrate includes different key steps: a CO2 activation

by a propargylic diol succeeded by a triple bond attack, a carbonate isomer-

ization step including a pendant alcohol and a tautomerization. All of these

steps are promoted by proton transfer/H-abstraction. The determining tran-

sition state is TS-2 with a maximum energetic span of 16.1 kcal·mol−1 for the

R-substrate and 16.6 kcal·mol−1 for the S-substrate. These data concur with the

experimental finding that the substrate (regardless of its stereochemistry), may

undergo the reaction at room temperature to obtain a keto-carbonate using a

Ag(DavePhos)OAc as a pre-catalyst and acetonitrile as a solvent.

The comparison showed in Figure 4.5 represents both pathways for the
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conversion of R- and S- configured substrates. Whereas the pathway-S is more

energetically disfavoured than the pathway-R, both substrates are able to un-

dergo the reaction successfully through a cascade process. The S-pathway is

initially slightly more feasible than the R one with energetic values for TS-1 and

A of 3.8 and 3.5 kcal·mol−1 respectively. However, when the acetic acid is not

present, the energies become more unstable than those in the R-pathway in

the following structures with a 4.8 kcal·mol−1 for B, and 5.5 kcal·mol−1 for C.

The determining transition state TS-2A related to the Z-isomer remains being

the most disfavoured for both structures having a value of 16.6 kcal·mol−1 for

the S-pathway. The TS-2B (E-isomer) has also similar values for both isomers,

with a value of 13.6 kcal·mol−1. The behaviour changes in the resulting inter-

mediates because the structure D-B (E) at 2.2 kcal·mol−1 is more disfavoured

than the D-A (Z) at -1.1 kcal·mol−1, contrary than R-pathway. Nevertheless, the

reactivity changes again for the following structures having similar values for

E-A and TS-3A having a Z-configuration (8.6 and 11.9 kcal·mol−1), and E-B and

TS-3B with E-configuration (1.6 and 4.2 kcal·mol−1).

The intermediate F in the S-pathway is more thermodynamically favoured

located at -19.4 kcal·mol−1. The last structures and transition states of the man-

ifold are energetically higher for the S-pathway, starting with the G, H and I in-

termediates that have relative energies of -1.0, -7.1 and -4.3 kcal·mol−1 respec-

tively. The energetic values in this latter portion of the computed profiles are

very close for both pathways. The transition state TS-4 for the S-pathway has an

energetic value of -1.3 kcal·mol−1, which leads to J located at -17.8 kcal·mol−1.

The next structure K is the most feasible intermediate with an energy of -23.2

kcal·mol−1. The last intermediate L and transition state TS-5 were calculated

at -15.1 and -1.1 kcal·mol−1 respectively. The mechanistic profile ends with the

most thermodynamically stable structure at -27.1 kcal·mol−1 and corresponds

to the keto-carbonate product and the recovered catalyst.

Taking into account the data listed in Table 4.1, the mechanistic profile us-

ing the Ag(BrettPhos)OAc complex was calculated and is represented in Figure

4.6. This catalyst was chosen due to the similar successful results between AgF

and AgOAc salts, with the conversion and yield being really close, and there-
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fore, both salts are effective precursors to obtain the keto-carbonate. Whereas

the phosphine ligand BrettPhos is more sterically hindered than DavePhos, the

reactivity related with the counterion of the AgOAc salt has to be similar. Con-

sidering the deep knowledge for the mechanistic pathway obtained by the cal-

culations showed above, the silver salt AgOAc was chosen.

The overall mechanism shown in Figure 4.6 is slightly more energetically

favoured than the one represented in Figure 4.5, nevertheless, the energetic

differences have not a significant effect on the outcome of the reaction. For

the BrettPhos profile, the first transition states TS-1 have an energetic value

of 6.0 and 2.5 kcal·mol−1 respectively, for the R- and S-pathway in compari-

son with the DavePhos pathway with these transition states located at 4.7, and

3.8 kcal·mol−1. While this first transition state is more disfavoured for the R-

pathway than the S-based one, the following transition states show a differ-

ent relationship. The determining transition state (TDTS) for both DavePhos

pathways is TS-2. While the S-BrettPhos pathway follows the same trend, the

R-BrettPhos pathway is different at at the stage of TS-3, which corresponds to

the H-transfer to the alkene carbon bound to the Ag atom to release the five-

membered cyclic carbonate instead of carbonate ring closure. The energies in-

volved in S-BrettPhos pathway are 14.7 and 8.0 kcal·mol−1 for TS-2A and TS-2B,

while for the R-Brettphos manifold these values are 9.1 and 2.4 kcal·mol−1. The

TS-3A is slightly more favoured than the last transition state in the S-BrettPhos

path (12.4 kcal·mol−1), and a bit less stable in the R-BrettPhos mechanism (10.8

kcal·mol−1). The following structures have a similar pattern as already noted in

Figure 4.5 and refers to all intermediates and transition states being more sta-

ble than the initial reference. While the profile for R-pathway has less energetic

differences between the structures computed for the S-pathway display larger

differentiation. In this latter part, the structures involved in the R-pathway are

not always the most feasible ones, nonetheless, the transition state TS-4 (-7.5

kcal·mol−1 for R, and -1.9 kcal·mol−1 forS), the last transition state TS-5 (-5.8

and -3.7 kcal·mol−1) and the Products (-34.3 and -28.6 kcal·mol−1) keep the

same behaviour as seen before with the DavePhos complex.

The results shown during this computational process are not relevant to
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compare directly with the experimental results. Note that the calculations car-

ried out for the Ag(DavePhos) complex were fixed because the structure can ro-

tate, and there is a realistic possibility that the conformation depends on the

position of the ligands. On the other hand, Ag(BrettPhos) is more sterically

hindered but the rotation of the rings could be similar, thereby creating more

similarities in the reactivity compared to DavePhos. Moreover, in the case of

DavePhos it is possible to keep the reactants and acetic acid more close to the

reactive centre due to this geometry. Therefore, this computational study al-

lows to understand the reaction with both catalysts by thermodynamic forces,

but does not allow to determine the relative rate of the reaction depending on

the concentration of the reactants and catalyst.

4.4.2 Mechanistic Pathway Structures

The following figures describe the geometries for the transition states in-

volved in the mechanistic pathway shown in Figure 4.4. In this section, key

distances and angles will be included in a Table to combine them with the re-

spective Figure which illustrate the schematic and tridimensional representa-

tions.

The first transition state TS-1 is represented in Figure 4.7 and its key an-

gle and distances values are provided in Table 4.2. As described before, TS-1

corresponds to a concerted transition state that involves CO2 activation and

a proton transfer. The oxygen atom O1 from the complex Ag(DavePhos)OAc

deprotonates the tertiary alcohol from the (R)-substrate (H2 and O3), and con-

sequently, the angle O1-H2-O3 is linear with a value of 175.2◦. The distances

O1-H2 (1.31 Å) and H2-O3 (1.10 Å) are longer than expected for an O-H bond.

At the same time, the oxygen atom O3 from the generated alkoxide attacks the

carbon C4 from the CO2 molecule, bending its linear molecular geometry to

151.1◦, which will become an approximately 120◦ when the carbonate is formed

in the next structure A.

The second transition state for both structures TS-2A and TS-2B are shown

in Figure 4.8, and their key geometry values are represented in Table 4.3, cor-
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Figure 4.7: Geometry for the transition state TS-1 for the (R)-pathway using
Ag(DavePhos)

Table 4.2: Angles and distances for the geometry of TS-1 presented in Figure 4.7

Atom labels Angle (◦) Atom labels Distance (Å)
O1-H2-O3 175.2 Ag-O1 2.14
Ag-O1-H2 115.9 O1-H2 1.31
H2-O3-C4 117.1 H2-O3 1.10
O3-C4-O5 102.7 O3-C4 1.86
O6-C4-O3 106.2 O5-C4 1.22
O5-C4-O6 151.1 O6-C4 1.21

responding to a ring closure from two different sides. The orientation of the

substrate bound to Ag(DavePhos) for TS-2A matches with the Z-isomer, while

TS-2B with the E-isomer. Despite the energetic differences shown in Figure

4.4, the distances and angles for the ring closure step are very close, the outer

oxygen atoms from the carbonate anion O6 are located within 2 Å and the angle

related with the closure O6-C11-C12 is 112◦ for both structures. The distance

between C11 and C12 for the alkene part is near 1.25 Å, and the angle related
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with the alkene and the Ag atom from the catalyst C11-C12-Ag is around 113◦

for both structures. The five-membered cyclic carbonate bound by the alkene

carbon C12 to the catalyst is represented in the following structures D-A and

D-B, with the release of the α-alkylidene carbonate intermediate occurring in

the next transition state, with an active role for acetic acid.

Figure 4.8: Geometry for the transition states TS-2A and TS-2B in the (R)-pathway
using Ag(DavePhos)

Table 4.3: Angles and distances for the geometry of TS-2A and TS-2B presented in Fig-
ure 4.8

Atom labels Angle (◦) Atom labels Distance (Å)
O6-C11-C12 112.6 Ag-C12 2.18

TS-2A C11-C12-Ag 106.7 TS-2A C11-C12 1.26
H13-C12-Ag 113.7 O6-C11 2.07
O6-C11-C12 112.8 Ag-C12 2.20

TS-2B C11-C12-Ag 99.3 TS-2B C11-C12 1.25
H13-C12-Ag 112.5 O6-C11 2.21

In Figure 4.9 and Table 4.4 are presented the structures and key geometry

values for the TS-3A and TS-3B. These transition states illustrate a proton trans-

fer made by the acetic acid, releasing the five-membered cyclic carbonate in the

next intermediate and the recovered catalyst complex Ag(DavePhos)OAc. The
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stereochemical Z- and E-configuration is maintained from TS-3A and TS-3B re-

spectively. During this latter transition state, the distances for the proton trans-

fer are slightly different, while TS-3A has the distance for alkene carbon C12 and

the hydrogen H2 from acetic acid at 1.44 Å, while for TS-3B this is closer with

a value of 1.36 Å. The other relevant distance related with this proton transfer

is between the oxygen O1 from the acetic acid and its proton H2, which has a

value of 1.19 Å for TS-3A and 1.25 Å for TS-3B. These slight differences are due

to the orientation of the substrate related with the catalyst which could be a bit

more accessible. Consequently, the relative Gibbs free energy profile in Figure

4.4 shows an energetic preference for one of these structures although both of

them are feasible. Despite of that, the angle C12-H2-O1 related with this re-

action is very similar for both structures, being around 177◦. Such an angle as

consequence, enables a successful proton transfer and allows for subsequent

α-alkylidene cyclic carbonate release in F and to be bound again in intermedi-

ate G.

Figure 4.9: Geometry for the transition states TS-3A and TS-3B in the (R)-pathway
using Ag(DavePhos)

The transition state TS-4 presented in Figure 4.10 and its key geometric val-

ues collected in Table 4.5, describe an isomerization process. From the tetrahe-

dral intermediate I, the new keto-carbonate is generated during TS-4 through
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Table 4.4: Angles and distances for the geometry for TS-3A and TS-3B presented in
Figure 4.9

Atom labels Angle (◦) Atom labels Distance (Å)
C12-H2-O1 176.4 Ag-C12 2.23

TS-3A C11-C12-Ag 104.6 TS-3A C12-H2 1.44
H13-C12-H2 115.8 H2-O1 1.19
C12-H2-O1 177.6 Ag-C12 2.21

TS-3B C11-C12-Ag 111.6 TS-3B C12-H2 1.36
H13-C12-H2 115.0 H2-O1 1.25

a ring closure involving C4 and O9 (distance is 1.53 Å) and simultaneously a

ring opening that comprise O6 and carbon C4 (distance 1.70 Å). The Ag atom

from the catalyst complex Ag(DavePhos) has similar distances to the carbonyl

carbon C4, and both outer oxygens O6 and O9, while the Ag-C4 distance is the

longest one being 2.92 Å, while the distance to O6 and O9 are 2.48 Å and 2.36

Å respectively. Thus, the silver atom could easily change its coordination by

the substrate along the conformational conversion, making this transition state

feasible geometrically. The tetrahedral geometry around the (initial) carbonyl

carbon C4 enhances the reactivity, and the angles related between the outer

oxygens O6 or O9 and the carbonyl carbon C4 and the oxygen O5 are 114.6◦

and 118.3◦ respectively. In the resulting product, the oxygen O6 will be bound

to the silver atom once the new cyclic carbonate is created in intermediate J

(Figure 4.4).

Table 4.5: Angles and distances for the geometry for TS-4 presented in Figure 4.10

Atom labels Angle (◦) Atom labels Distance (Å)
O6-C4-O5 114.6 Ag-C4 2.92
O9-C4-O5 118.3 Ag-O6 2.48
O6-C4-Ag 58.1 Ag-O9 2.36
O9-C4-Ag 53.6 O6-C4 1.70
O6-C4-O3 97.5 O9-C4 1.53
O3-C4-O9 102.8 O3-C4 1.44

In Figure 4.11 and Table 4.6, the geometry scheme and values for the last
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Figure 4.10: Geometry for the transition state TS-4 in the (R)-pathway using
Ag(DavePhos)

transition state TS-5 are shown, which relate to a proton transfer that releases

the final product, a keto-carbonate. This process consists of a protonation of

carbon C12 by the H10 from the acetic acid group. This protonation causes a

change in the hybridation of C12 connected to C11, with an interatomic value

of 1.46 Å which is in the middle of an alkene and alkane C-C bond (note that

theoretical values are 1.54 Å and 1.35 Åfor a C-C and a C=C bond, respectively).

The aforementioned change in hybridization will help to create a ketone in the

final product, and moreover, the angle C12-C11-O6 is already trigonal with a

value of 123.8◦. The proton transfer itself results in an angle of 164.1◦, and de-

spite being less linear than TS-3 and TS-1 structures, it is feasible. The distance

from the acetic acid oxygen O1 and hydrogen H10 is 1.30 Å, which is similar to

the distance between carbon C12 and hydrogen H10 (1.36 Å).

Note that only transition states are discussed in this section, and there were

selected to better understand the geometries involved in the key steps during

the reaction. With these structures, it is possible to imagine the intermediates
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Figure 4.11: Geometry for the transition state TS-5 for the (R)-pathway using
Ag(DavePhos)

Table 4.6: Angles and distances for the geometry of TS-5 presented in Figure 4.11

Atom labels Angle (◦) Atom labels Distance (Å)
C12-H10-O1 164.1 Ag-C12 2.42
H13-C12-H2 126.8 C12-H10 1.36
H2-C12-H10 90.5 H10-O1 1.30
C12-C11-O6 123.8 C11-C12 1.46

through the geometry and reactivity described in each transition state which

supports the schematic mechanism shown in the Figure 4.4, thus creating a

specific and overall understanding of the mechanism.

4.5 Conclusions

The central focus of this chapter was to examine the mechanistic pathway

involved with the synthesis of keto-substituted five-membered cyclic carbon-

ates, starting from alkyne-1,2-diols as modular substrates, CO2 as a renewable
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carbon reagent and promoted by a Ag-based catalyst. In pursuit of this aim,

a detailed computational analysis based on DFT calculations has revealed the

main mechanistic features of this process and how the catalyst composed of a

different phosphine-ligand (DavePhos or BrettPhos) coordinated to a silver(I)

salt (AgOAc) operates, all supported by experimental data provided by X. Li

(Kleij’s group member). Moreover, the chiral centre of the substrate has also

been considered in this mechanistic pathway, thus offering a complete under-

standing of this reaction including all possible scenarios.

The pathway related to the R-substrate is more favoured than the S-substrate

for both Ag(DavePhos)OAc and Ag(BrettPhos)OAc catalysts. Furthermore, the

formation of an α-alkylidene carbonate as an intermediate instead of be-

ing a final product is demonstrated by the higher thermodynamic stability

of the keto-carbonate (product) which concurs with the experimental data.

The determining transition state (TDTS) for both R- and S- Pathways using

the Ag(DavePhos)OAc catalyst corresponds to the ring closure, with the E-

configuration being more energetically favoured than the Z .

The mechanistic profile for the path catalyzed by Ag(BrettPhos)OAc is

slightly more energetically feasible compared to Ag(DavePhos)OAc. However,

the energetic differences are not directly comparable with the experimental

behaviours that have a moderate yield for Ag(DavePhos)OAc and high yield for

Ag(BrettPhos)OAc. A potential explanation could be that the catalyst complex

can rotate, leading to conformational changes that depends on the position

of the ligands, thereby favouring the reaction catalyzed by Ag(BrettPhos)OAc.

Therefore, the computational study allows to understand the reaction with

both catalysts by thermodynamic forces but does not enable the determination

of the relative reaction rates depending on the concentration of the reactants

and catalyst.

In summary, a new cascade process has been discovered, which begins

with alkyne-1,2-diol and CO2, catalyzed by an Ag-based catalyst in acetoni-

trile solution at room temperature, obtaining a wide scope of keto-substituted

five-membered cyclic carbonates. The catalyst is composed by a Buchwald

phosphine-ligand (DavePhos or BrettPhos) coordinated to a silver(I) salt (AgOAc)
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and the substrate has a chiral centre. All of these pathways were calculated,

providing insights into the mechanism involved in this reaction and demon-

strating the feasibility of both pathways catalyzed by Ag(BrettPhos)OAc or

Ag(DavePhos)OAc.
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Chapter 5. From 5 to 6 Cyclic Carbonates

5.1 Introduction

During the last decade, there has been a growing interest in new catalytic

processes focused on the valorisation of carbon dioxide (CO2)[136–139] to pro-

vide organic molecules used as precursors for polymers[140–143], fine chemi-

cals[144–146] and pharmaceuticals[147–149]. The preparation of heterocycles such

as cyclic carbonates[150–152], carbamates[153–155] and ureas[156,157] by a non-

reductive transformation of CO2 is one of the most applied valorisation routes.

Both organocatalysts[158–160] and metal-based catalysts[130,161–163] are able to

activate a co-reactant such as cyclic ethers, to produce a nucleophilic interme-

diate species that activates CO2 to obtain the desired product. In general, the

synthesis of larger rings remains as a challenging target due to the difficulties

related to both thermodynamic and kinetic aspects. In particular, routes to

generate six-membered cyclic carbonates are scarce[164–169] and often depend

on stoichiometric approaches. As an exception, successful coupling reactions

between oxetanes and CO2 have been discovered, though currently there is

still a lack of effective catalysts for these substrates[170–173] and oxetanes are

less common substrates than epoxides. Therefore, new ideas are required

to obtain larger functionalized heterocycles that can be used as a synthetic

intermediates[174,175] and polymerizable monomers, and specifically, cyclic

carbonates[176–180].

Figure 5.1: Scheme for the synthesis of the 5MCC-OH from homoallylic alcohols and
its isomerization and acylation into 6MCC-OAc
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A study made by Kleij group[88] examined the synthesis of a five-membered

cyclic carbonate and its subsequent organocatalytic trapping to form elu-

sive six-membered cyclic carbonates (Figure 5.1). The synthesis of the five-

membered cyclic carbonate uses a homoallylic alcohol as a reactant because it

is a ubiquitous precursor with an important role in organic synthesis[181–183].

The terminal alkene group from the homoallylic alcohol can be converted into

an epoxide, that combined with CO2 can be transformed into a five-membered

cyclic carbonate[184–188] with a tertiary alcohol (5MCC-OH) in high yield using

a Al(III) based binary catalyst[189,190].

This chapter will focus on the reaction presented in Figure 5.1, which starts

with the activation of five-membered cyclic carbonate 5MCC-OH catalyzed by

TBD (1.5.7-triazabicyclo-[4.4.0]dec-5-ene) ) and evolves into a six-membered

cyclic carbonate with a primary alcohol group (6MCC-OH). The pendant alco-

hol from 6MCC-OH can be protected using acetyl imidazole (AcIm), resulting

in the acylated product of six-membered cyclic carbonate (6MCC-OAc).

5.2 Objective/Motivation

The main objective of the work reported in this chapter is to study the

mechanistic pathway involved in the conversion of a five-membered cyclic

carbonate with a tertiary alcohol (5MCC-OH) into an acylated six-membered

cyclic carbonate (6MCC-OAC) using TBD as a catalyst and AcIm as an acylating

agent in acetonitrile solution under mild conditions. Two kinds of computa-

tional studies were performed:

• DFT studies to understand the mechanistic pathway involved from

5MCC-OH to 6MCC-OAc.

• Exploration of alternative mechanistic pathways via DFT calculations to

complete the knowledge about the entire process.

The synergy between the experimental data provided by the Kleij group[88]

and computational studies allows to gain a deeper understanding of the studied

reaction.
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5.3 Computational Details

DFT calculations were performed using ωB97X-D functional[191] and the

6–311G**[192,193] basis set. All structures in this study were calculated by us-

ing Gaussian 16 program, revision A.03[62]. Unconstrained optimizations and

vibrational analysis were carried out in order to find the nature of the interme-

diates and transition states. To emulate the experimental conditions, all calcu-

lations were performed at 298.15 K (room temperature) including an implicit

solvent model SMD[65] with parameters for acetonitrile. Full access to the com-

putational data is provided through ioChem-BD repository[135]:

https://dx.doi.org/10.19061/iochem-bd-1-171.

To find the initial geometries for the transition states, the Potential Energy

Surface (PES) was scanned using Gaussian 16 rev. A.03[62] at the same DFT level

outlined above. For faster or multi-dimensional scans in the potential energy

surface, the GFN-xTB[83] version 6.4.1 program was used. The temperature

chosen was the same as in Gaussian calculations (298.15 K), and the implicit

solvent model used was GBSA with acetonitrile parameters.

5.4 Results and Discussion

The reaction studied is presented in Figure 5.2, it starts with a five-membered

cyclic carbonate with a tertiary alcohol and two phenyl groups as a substituents

(5MCC-OH), which isomerizes into an intermediate six-membered cyclic car-

bonate with a primary alcohol (6MCC-OH) that is trapped by acylating the

pendent alcohol resulting into an acylated six-membered cyclic carbonate

(6MCC-OAc). The overall reaction is catalyzed by the organocatalyst TBD, the

acylating agent is AcIm in acetonitrile solution under mild conditions.

Despite the effectiveness of other bases such as DBUa, DABCOb, DBNc,

TEAd etc., the best results were achieved for TBD due to its versatility, capable

aDBU=1,8-diazabicyclo[5.4.0]-undec-7-ene
bDABCO=1,4-diazabicyclo[2.2.2]octane
cDBN=1,5-diazabicyclo[4.3.0]non-5-ene
dTEA=triethylamine
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Chapter 5. From 5 to 6 Cyclic Carbonates 5.4. Results and Discussion

Figure 5.2: Scheme showing the optimized experimental conditions for the conversion
from 5MCC-OH into 6MCC-OAc

of functioning both as a base and as a proton-relayspecies involved in breaking

and creating hydrogen bonds. In particular, the best experimental conditions

for this reaction to reach high substrate conversion and a 93% NMR yield (91%

- yield of isolated 6MCC-OAc) ) were achieved by using TBD, AcIm, in ace-

tonitrile solution, at room temperature under inert atmosphere (N2 or Ar)[88].

(Experimental data provided by Chang Qiao, an ex-member of Kleij group)

Figure 5.3: Control experiments starting with the reactant 5MCC-OH using catalyst
(TBD), and the influence of the acylating agent (AcIm) on the conversion of 5MCC-OH

Figure 5.3 depicts two of the control experiments performed during the in-

vestigation to examine the role of carbonate isomerization and the steric bulk

on the O-protection. The first experiment focuses on the preparation of a six-

membered cyclic carbonate with a primary alcohol (6MCC-OH) using only the

catalyst TBD. The target product 6MCC-OH was not detected, suggesting that
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the reactant 5MCC-OH is thermodynamically more stable. The second control

experiment involves the absence of the catalyst TBD, with only the acylating

agent AcIm present. The envisioned product is the five-membered cyclic car-

bonate with the tertiary alcohol protected, named 5MCC-OAc; however, this

product was also not detected suggesting that the reactant is kinetically stable.

With the experimental conditions reported and control experiments carried

out, is possible to conclude that both TBD and AcIm are required to facilitate

the reaction. The catalyst (TBD) is crucial to perform the isomerization process

from a five- to a six-membered cyclic carbonate, and the combination of both

catalyst (TBD) and acylating agent (AcIm) leads to the formation of the acylated

six-membered cyclic carbonate (6MCC-OAc) by trapping the product in this

formal cascade process

5.4.1 Mechanistic Pathway

The overall cascade mechanistic pathway showed in Figure 5.4 can be de-

scribed as two consecutive reactions: a conversion from a five- (5MCC-OH) to a

six- membered cyclic carbonate (6MCC-OH) named "isomerization part", fol-

lowed by an alcohol protection using acetyl imidazole (AcIm) to obtain the final

product 6MCC-OAc named "acylation part", all catalyzed with TBD.

The first part of the mechanism (isomerization) involves the five-membered

membered cyclic carbonate 5MCC-OH and the catalyst TBD, while the AcIm

acts as a spectator and will start its role in the second part (acylation). The

adduct with 5MCC-OH and the TBD is used as a reference (0.0 kcal·mol−1),

followed by the first transition state TS 1 which consists of a deprotonation of

the tertiary alcohol by TBD with an energetic value of 4.2 kcal·mol−1 (geome-

try represented in Figure 5.5). As a result, the structure for the corresponding

alkoxide 5MCC-O and the protonated catalyst HTBD+ (3.0 kcal·mol−1) is ob-

tained. The oxygen atom from this alkoxide approaches the carbonyl carbon

from the cyclic carbonate and generates the intermediate 5MCC-Int with a

value of 13.8 kcal·mol−1 (geometry represented in Figure 5.6). This interme-
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diate has a tetrahedral carbon centre that leads to TS 2 (geometry represented

in Figure 5.7), in which the bond related to the five-membered cyclic carbon-

ate is broken, creating a new one thereby obtaining a six-membered one with

a pendent alkoxide. This transition state is the most unstable along the en-

tire mechanism with an energetic value of 17.6 kcal·mol−1. The next structure

6MCC-Int1 (9.0 kcal·mol−1) represents a six-membered cyclic carbonate with

an alkoxide group close to the carbonyl carbon. The role of the protonated cat-

alyst HTBD+ during this process (from 5MCC-Int to 6MCC-Int1) is to maintain

a close interaction between the alkoxide and the carbonyl group by means of

hydrogen bonds.

Then, a proton transfer from the protonated catalyst HTBD+ to the alkox-

ide through transition state TS 3 (8.8 kcal·mol−1), produces a six-membered

cyclic carbonate with a primary alcohol 6MCC-OH (2.9 kcal·mol−1). This is an

important step since it changes the conformation from the alkoxide, placing

this group away from the carbonate, thus avoiding a back-reaction to produce

5MCC-Int or even the starting reactant 5MCC-OH. Note that the 6MCC-OH is

thermodynamically less stable than reactant 5MCC-OH (nearly 3 kcal·mol−1),

hence, corroborating with the control experiment presented in Figure 5.3,

which determined that the intermediate 6MCC-OH is not detectable without

the O-protection by ImAc. Therefore, the only way to trap the six-membered

cyclic carbonate product during this cascade process is by means of an acyla-

tion reaction.

The second part of the cascade process consists of the acylation of the pri-

mary alcohol of the six-membered cyclic carbonate 6MCC-OH to obtain the

product 6MCC-OAc. This step uses AcIm as the acylating agent and TBD as a

catalyst. The acylation part starts with a deprotonation of the primary alco-

hol of the 6MCC-OH in TS 4 with an energetic value of 7.7 kcal·mol−1, which

results into a six-membered cyclic carbonate with an alkoxide group and the

protonated catalyst HTBD+ as intermediate 6MCC-O-1 (9.1 kcal·mol−1). Note

that in this last structure (6MCC-O-1) the alkoxide is located further away from

the carbonate carbon centre, different than the geometry involved in the inter-

mediate 6MCC-Int1. This larger separation is still present in the next interme-

73

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 5. From 5 to 6 Cyclic Carbonates 5.4. Results and Discussion

F igu
re

5.4:R
elative

G
ib

b
s

Free
en

ergy
p

ro
fi

le
in

kcal·m
o

l −
1

fo
r

th
e

m
ech

an
istic

p
ath

w
ay

fo
r

th
e

co
n

versio
n

an
d

acylatio
n

o
f5M

C
C

-
O

H
to

give
6M

C
C

-O
A

c
u

sin
g

T
B

D
as

a
catalystan

d
A

cIm
as

acylatin
g

agen
t

74

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 5. From 5 to 6 Cyclic Carbonates 5.4. Results and Discussion

diate 6MCC-O-2 (3.6 kcal·mol−1), which gathers the six-membered cyclic car-

bonate, the protonated catalyst HTBD+ and AcIm. This ensemble evolves into

the next transition state TS 5 (geometry represented in Figure 5.8) with an en-

ergetic value of 5.5 kcal·mol−1, and the HTBD+ allows the nucleophilic alkoxide

to attack the carbonyl carbon fragment from the AcIm. As a consequence, the

intermediate 6MCC-Int2 (8.7 kcal·mol−1) includes a tetrahedral carbon centre

with the Imidazole bound. The last step hence leads to the last transition state

TS 6 (geometry represented in Figure 5.9) where the carbonyl carbon bound

to the AcIm changes its hybridization from sp3 to sp2. The protonated catalyst

HTBD+ undergoes a proton transfer reaction to the outer nitrogen of the imi-

dazole group which induces an electronic rearrangement that delivers the final

product 6MCC-OAc, with the ImH as a by-product while regenerating the cat-

alyst TBD with an stable energetic value of -10.2 kcal·mol−1. This final product

6MCC-OAc is thermodynamically more stable than the initial reactants 5MCC-

OH, and since all intermediates and transition states are in dynamic equilib-

rium, the acylation to achieve O-protection makes the cascade process irre-

versible at room temperature.

The determining transition state (TDTS) for the overall reaction corre-

sponds to TS 2, which has an energy span of 17.6 kcal·mol−1. This transition

state is crucial as it determines the isomerization from five- to six-membered

cyclic carbonate. Interestingly, there is another transition state, TS 6, with a

slightly lower energy span of 14.6 kcal·mol−1, which is close to the TDTS. This

transition state also plays a significant role in trapping the product by acylating

the pendent alcohol of the six-membered cyclic carbonate.

Mechanistic pathway structures

For an in-depth analysis of the mechanism depicted in Figure 5.4, specific

transition states and intermediates were chosen to closely examine their geo-

metric parameters.

The structure presented in Figure 5.5 and some geometric values described

in Table 5.1, corresponds to the first transition state TS 1 that consists of a pro-
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ton transfer for the tertiary alcohol from 5MCC-OH (O9-H10) through the ni-

trogen atom N11 from the catalyst TBD. The angle O9-H10-N11 related with the

proton transfer is fairly linear with a value of 162.7◦. The N-H bond distances

related to this proton transfer are similar, which involve TBD and the H10 from

the tertiary alcohol and O9-H10 (from the alcohol group) and are 1.24 Å and

1.23 Å respectively.

Figure 5.5: Molecular structure for the transition state TS 1 from Figure 5.4 including
atom labels

Table 5.1: Angles and distances for the geometry of TS 1 presented in Figure 5.5

Atom labels Angle (◦) Atom labels Distance (Å)
O3-C2-O6 111.7 O9-H10 1.23

O9-H10-N11 162.7 H10-N11 1.24
C8-C7-C5 117.1 O9-C2 3.30

The intermediate 5MCC-Int is shown in Figure 5.6 and some relevant

bonds and angles are listed in Table 5.2. This structure is crucial for the next
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transition state TS 2 in which the isomerization occurs through a tetrahedral

carbon centre C2 connected to O1, O3, O6 and O9 providing an intermediate

for advancing towards the product. The angle O6-C2-O3 corresponding to the

initial five-membered cyclic carbonate is 102.2◦, which is close to the angle

(O9-C2-O6) that corresponds to the final six-membered cyclic carbonate hav-

ing a value of 107.0◦. Moreover, the C-O bond distances are similar with values

close to 1.45 Å. In this intermediate, the catalyst TBD does not interact with the

substrate directly, but has an important role of keeping close the O-atoms sur-

rounding the tetrahedral carbon center via hydrogen bonds. Hence, the angle

O3-H13-N12 (outer oxygen O3 and H13-N12 from TBD) has an rather linear

geometry with a value of 169.1◦, and the distance from O3 (substrate) and H13

(TBD) is 1.89 Å.

Figure 5.6: Molecular structure for the intermediate 5MCC-Int from Figure 5.4 includ-
ing atom labels

The second transition state TS 2 is presented in Figure 5.7 and some geo-

metrical parameters such as bond distances and angles are described in Table

5.3. This is the determining transition state (TDTS) that represents an isomer-
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Table 5.2: Angles and distances for the geometry of 5MCC-Int presented in Figure 5.6

Atom labels Angle (◦) Atom labels Distance (Å)
O6-C2-O3 102.2 O9-C2 1.48
O9-C2-O6 107.0 C2-O6 1.42
C5-C4-O3 104.0 C2-O3 1.47

O3-H13-N12 169.1 O3-H13 1.89

ization of the five- to six-membered cyclic carbonate.

During this transition state, the carbonyl carbon centre C2 from the previ-

ous intermediate 5MCC-Int is separated from O3 (a C-O bond present in the

initial 5MCC) by a distance of 1.91 Å. Simultaneously, the C2-O bond lengths

involving O9 and O6 become smaller and amount to 1.39 Å and 1.37 Å respec-

tively, facilitating the formation of the six-membered cyclic carbonate (6MCC).

The catalyst TBD does not react directly with the substrate, but its role during

this process is to keep the oxygen atoms bound to the carbon centre enhancing

their interaction through hydrogen bonds. Specifically, the distance between

O3 and H13 from the TBD is 1.60 Å, and the angle is rather linear (170◦). The

distance is shorter than that within the previous intermediate 5MCC-Int, as

such it favours the next transition state TS 3 depicted in Figure 5.4.

Table 5.3: Angles and distances for the geometry of TS 2 presented in Figure 5.7

Atom labels Angle (◦) Atom labels Distance (Å)
O6-C2-O3 93.7 O9-C2 1.39
O9-C2-O6 112.0 C2-O6 1.37
C5-C4-O3 104.0 C2-O3 1.91

O3-H13-N12 170.4 O3-H13 1.60

The next transition states, TS 3 and TS 4, involve proton transfer reactions.

Initially, the pendent alkoxide from 6MCC-Int is protonated to obtain a six-

membered cyclic carbonate with a primary alcohol, 6MCC-OH, which is then

deprotonated into an alkoxide providing structure 6MCC-O-1. The proton

transfer reactivity can be described as a process analogous to TS 1, hence, it

will not be further discussed here.
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Figure 5.7: Molecular structure for the transition state TS 2 from Figure 5.4 including
atom labels

The transition state TS 5 is presented in Figure 5.8 and some of its geo-

metrical parameters are described in Table 5.4. This structure entails a six-

membered cyclic carbonate (6MCC) with a primary alkoxide, the protonated

catalyst HTBD+ and the acylating agent ImAc. The process involves the at-

tack of alkoxide O3 onto the carbonyl carbon C14 from the ImAc, with an inter-

atomic distance of 2.04 Å, and an angle O3-C14-N16 of 91.7◦. This arrangement

leads to the formation of an intermediate with a tetrahedral carbon centre in

the next structure 6MCC-Int2 (Figure 5.4). During this transition state, the role

of the catalyst is to bring the alkoxide O3 from the 6MCC and H13 in close prox-

imity via hydrogen bonding with the formed O3-H13 distance being 1.75 Å.

The last transition state TS 6 is presented in Figure 5.9 and some of its bond

lengths and angles are given in Table 5.5. This transition state is the second

most energetically disfavoured after TS 2 in the entire mechanism. It involves

a protonation of the outer nitrogen atom N17 from the ImAc by H13 from the

catalyst HTBD+, followed by an electronic rearrangement that involves the car-
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Figure 5.8: Molecular structure for the transition state TS 5 from Figure 5.4 including
atom labels

Table 5.4: Angles and distances for the geometry of TS 5 presented in Figure 5.8

Atom labels Angle (◦) Atom labels Distance (Å)
O3-C14-N16 91.7 O3-C14 2.04

O15-C14-N16 117.2 C14-N16 1.46
C5-C4-O3 112.9 C14-O15 1.22

O3-H13-N12 153.4 O3-H13 1.75

bon centre C14. This reaction overall results into an acylation of the alkoxide O3

by breaking the bond between the imidazole-N16 and C14, thereby releasing a

molecule of Im-H.

Table 5.5: Angles and distances for the geometry of TS 6 presented in Figure 5.9

Atom labels Angle (◦) Atom labels Distance (Å)
O3-C14-N16 101.6 O3-C14 1.46

O15-C14-N16 108.5 C14-N16 1.65
C5-C4-O3 116.8 N17-H13 1.20

N17-H13-N12 171.0 H13-N12 1.36
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Figure 5.9: Molecular structure for the transition state TS 6 from Figure 5.4 including
atom labels

The protonation step that involves H13 from HTBD+ and N17 from the im-

idazole group results into a linear angle N17-H13-N12 of 171.0◦. The distance

between the carbon C14 from the acetate group and the nitrogen N16 from the

imidazole is 1.65 Å, which is larger than that in the previous transition state

TS 5 (1.22 Å), due to the subsequent release of ImH. All of these consecutive

reactions in this transition state give rise to the formation of the final product

6MCC-OAc, which is a six-membered cyclic carbonate with a pendent primary

alcohol (O3) protected by an acetate group, a molecule of ImH as a byproduct

and the regenerated catalyst TBD.

5.4.2 Alternative routes

As described above, the reaction starts with the reactant (5MCC-OH), cat-

alyst (TBD) and Imidazole Acetate (ImAc). Although the most feasible mech-

anism is described in Figure 5.4, these molecules may be involved in different
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mechanistic pathways that lead other products than 6MCC-OAc. In this sec-

tion, the most relevant alternative routes (acylation of 5MCC and isomerization

into a seven-membered cyclic carbonate 7MCC) will be described.

Acylation of 5MCC

The acylation mechanism of the pendent alcohol converting 6MCC-OH

into 6MCC-OAc requires the close proximity between the substrate having an

alcohol group (6MCC-OH), the catalyst (TBD) and the acylating agent(ImAc).

All three molecules involved in this protecting step are similar to the combina-

tion of the reactants (5MCC-OH, TBD and ImAc), and question could come to

mind: Why is the initial 5MCC-OH not acylated?

To explore this hypothesis, the acylation mechanism for the five-membered

cyclic carbonate 5MCC-OH was investigated and the findings are depicted in

Figure 5.10, following the same pathway as described for 6MCC-OH in Figure

5.4.

The reaction starts in the same way as the main mechanism presented in

Figure 5.4 using the adduct of 5MCC-OH and TBD with the addition of ImAc

as a reference (0.0 kcal·mol−1). This is followed by the deprotonation of the al-

cohol in TS 1 (4.2 kcal·mol−1) to form a newly generated alkoxide 5MCC-O (3.0

kcal·mol−1). The differences start with the next structure 5MCC-O-2, which

includes the adduct of the 5MCC alkoxide, ImAc and TBD (8.6 kcal·mol−1).

This leads to the next transition state TS 5.1, in which the alkoxide attacks the

carbonyl carbon from the acetate group in ImAc, and the protonated catalyst

HTBD+ keeps the involved species close by making several hydrogen bonds

(18.2 kcal·mol−1). As a result, the intermediate 5MCC-Int2 has a tetrahedral

carbon centre due to its bonding with the Imidazole group (20.1 kcal·mol−1).

The last transition state TS 6.1 is the most disfavoured one with an energy of

24.8 kcal·mol−1. At this stage, the HTBD+ protonates the outer nitrogen atom of

the Imidazole, releasing ImH, while simultaneously there is an electronic rear-

rangement that changes the geometry of the tetrahedral carbon centre, result-
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Figure 5.10: Relative Gibbs free energy profile in kcal·mol−1 for the acylation of the
5MCC-OH into 5MCC-OAc

ing in the formal acylation of the five-membered cyclic carbonate. The final

product 5MCC-OAc includes the acylated 5MCC, the recovered catalyst TBD

and ImH (1.8 kcal·mol−1).

The energy span[67] for the acylation of 5MCC-OH (Figure 5.10) is 24.8

kcal·mol−1, while for the overall mechanism reported in Figure 5.4, a span of

is 17.6 kcal·mol−1 was determined. Comparing both mechanisms, it becomes

evident that there is an energetic preference for the mechanism involving both

isomerization and acylation to obtain 6MCC-OAc rather than the acylation

of the reactant 5MCC-OH. Additionally, the product resulting from this latter

acylation mechanism 5MCC-OAc (1.8 kcal·mol−1) is more unstable than the

product for the overall mechanism 6MCC-OAc (-10.2 kcal·mol−1). This sug-

gests that the alcohol protection for 6MCC-OH is irreversible, resulting in a

stable product (6MCC-OAc), while the 5MCC-OAc mechanism is energetically
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disfavoured and reversible and can led to in situ back-equilibration to the un-

protected alcohol 5MCC-OH.

These results indicate that at room temperature, the acylation of the 5MCC-

OH is not energetically competitive with the five-to-six carbonate isomeriza-

tion/acylation cascade, and a kinetic differentiation between both alcohol pro-

tection pathways allows for the selective trapping of 6MCC-OAc in high yield,

which is consistent with the experimental data reported above (control experi-

ments - Figure 5.3, and main mechanistic pathway - Figure 5.4).

Isomerization into 7MCC

The isomerization from a five- to six-membered cyclic carbonate in TS

2 corresponds to the TOF-determining transition state (TDTS) in the overall

mechanism reported in Figure 5.4. The process starts with 5MCC-Int that has

a tetrahedral carbon centre (Figure 5.6) between C2 and the oxygens O1, O3,

O6 and O9. During TS 2, the bond between C2 and O3 is broken, resulting into

a six-membered cyclic carbonate (Figure 5.7). However, if the bond scission

occurs between C2 and O6, a seven-membered cyclic carbonate with a sec-

ondary alcohol (7MCC-OH) could also be obtained. To investigate this option,

a computational study was performed calculating the intermediates and tran-

sition states for the conversion of the 5MCC-OH into 7MCC-OH (Figure 5.11)

and comparedto the isomerization part reported in Figure 5.4, which involves

the isomerization of 5MCC-OH into 6MCC-OH.

The energetic profile presented in Figure 5.11, starts with the same inter-

mediates and transition states as reported in Figure 5.4. The 5MCC-OH is

deprotonated in TS 1, culminating into 5MCC-O as a resultant alkoxide, and

this latter species approaches the carbonyl carbon in intermediate 5MCC-Int.

From this point onwards, two possible isomerization transition states may be

accessed, both creating a new bond between C2 and O9 (see Figure 5.6). How-

ever, depending on which bond is broken in the initial 5MCC (O3 or O6), the

resulting product could be either a 6MCC or a 7MCC.

On the one hand, TS 2 describes the separation between C2 and O3, re-
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Figure 5.11: Relative Gibbs free energy profiles for the isomerization part in kcal·mol−1

for the formation of 6MCC-OH and 7MCC-OH

sulting in a six-membered cyclic carbonate structure at 17.6 kcal·mol−1, which

determines the energy span of the entire process. On the other hand, the tran-

sition state TS 2.2 promotes the separation of C2 and O6, obtaining a seven-

membered cyclic carbonate, which is also the most energetically disfavoured

one for this alternative mechanism at 23.7 kcal·mol−1 (see Figure 5.11). The

intermediate alkoxide 7MCC-Int1 has an energetic value of 17.8 kcal·mol−1,

and thus more unstable than the TDTS (TS 2) in the other mechanism leading

to 6MCC-OAc. The protonation of the alkoxide during the transition state TS

3.2 is also energetically disfavoured at 17.7 kcal·mol−1. Finally, the free energy

product of the isomerization 7MCC-OH has a value of 13.6 kcal·mol−1, which

is much higher compared to 6MCC-OH (2.9 kcal·mol−1).

Note that the control experiment in (Figure 5.3 did not result in detecting

the presence of 6MCC-OH due to its relative instability compared with the reac-

tants and the acylated product. Therefore, the energy values determined for the

structures and transition states in the 7MCC formation pathway are too high,

which is in line with the experimental observations by various Kleij group mem-

bers who did not detect such species by any means[88].

85

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 5. From 5 to 6 Cyclic Carbonates 5.5. Conclusions

In summary, the mechanistic pathway for the isomerization from 5MCC to

7MCC is energetically unfavourable, with an energetic span of 23.7 kcal·mol−1.

In contrast, the isomerization from 5MCC to 6MCC followed by an O-protection

step to capture the product, presents a significant more favourable energetic

span of 17.6 kcal·mol−1.

5.5 Conclusions

In this chapter, the main objective was to investigate the mechanistic path-

way involved in the formation of six-membered cyclic carbonate 6MCC-OAc

starting with a five-membered cyclic carbonate 5MCC-OH, catalyzed by TBD,

using AcIm as an acylating agent in acetonitrile solution at room temperature.

To achieve this goal, DFT studies were performed to calculate the mechanistic

pathway for this reaction, as well as alternative routes, supported by experi-

mental data/observations provided by Chang Qiao (a former Kleij group mem-

ber), to gain a better understanding of the role of each molecule/species during

this reaction.

The main computed mechanism can be divided into two parts, an isomer-

ization step followed by O-acylation. The reaction starts with a five-membered

cyclic carbonate featuring a tertiary alcohol (5MCC-OH), which is first isomer-

ized into a six-membered cyclic carbonate having a primary alcohol (6MCC-

OH) by the organocatalyst TBD. During this phase, the acylating agent remains

a spectator. The second part begins with the six-membered cyclic carbonate

6MCC-OH that is acylated by AcIm in the presence of TBD to obtain the fi-

nal product 6MCC-OAc. During this second phase, both TBD and AcIm are

required to successfully facilitate the reaction. All intermediates and transi-

tion states involved in this reaction are thermodynamically more unstable com-

pared to the reactant 5MCC-OH, with the exception of the final product 6MCC-

OAc. This suggests that these structures remain in equilibrium until they reach

the last transition state, through which the final product is trapped and thus ob-

tained in high yield. The energetic span of this reaction is 17 kcal·mol−1, which

enables a room temperature conversion.
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Chapter 5. From 5 to 6 Cyclic Carbonates 5.5. Conclusions

The alternative routes that were considered, the acylation of the reactant

5MCC-OH into a 5MCC-OAc, and the isomerization of 5MCC-OH into a 7MCC-

OH, involve both more unstable intermediates and transition states, and con-

sequently have higher energetic spans (24.8 and 23.7 kcal·mol−1 respectively)

compared to those involved in the main reaction.

In summary, a unique organocatalytic manifold for the formation of six-

membered cyclic carbonates has been developed starting from five-membered

cyclic carbonates. These products (6MCC) are highly versatile and may include

the presence of several aryl- and alkyl-ring substituents. This computational

study complements the experimental data and control experiments previously

obtained, and emphasizes the importance of a kinetic differentiation between

the protecting of the pendent alcohol groups. This chapter describes the overall

mechanistic pathway that involves an isomerization followed by an acylation

step. The isomerization step includes the rate-determining transition state for

the overall reaction, while the acylation step traps the elusive six-membered

cyclic carbonate. To consider other possible scenarios, alternative routes such

as the acylation of 5MCC-OH and the isomerization from a 5MCC-OH to a

7MCC-OH have also been considered. Both of these routes are energetically

not competitive compared to the observed manifold leading to 6MCC-OAc.
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Chapter 6. Ring Opening Polymerization

6.1 Introduction

A major challenge in materials science is to develop biomaterials that meet

the criteria of biocompatibility, controlled degradation, and high performance.

Synthetic polymers, particularly aliphatic polycarbonates (APCs) have been

considered as promising sustainable materials, as they can be obtained from

a range of natural or renewable sources, and they are potentially biodegrad-

able. The APCs are excellent biocompatible materials due to their low toxicity,

degradability and mechanical properties, making them particularly suitable

for medical devices and drug delivery systems. The potential for these poly-

carbonates over the natural ones lies in their versatility with respect to the

chemical structure and the ease of manipulation. These APCs can be syn-

thesized through different routes including: polycondensation of aliphatic

polyols and dialkyl carbonates[194], Ring-Opening Copolymerization of carbon

dioxide with epoxides (ROCOP)[195–201] or Ring-Opening Polymerization (ROP)

using cyclic carbonates as monomers[35,38,39,202]. Currently, many polymers

can be synthesised through a ring-opening polymerization reaction starting

from lactones[30–33], lactides[34], or cyclic carbonates. These ROP reactions

may proceed via cationic[36,37], anionic[40], coordination-insertion or enzy-

matic[38,41–44] mechanisms. The ring strain of the monomers play a key role to

facilitate a successful ROP (Figure 6.1). The ROP of larger-ring, six- to eight-

membered cyclic carbonates will lead to stable polymer chains, contrary to

five-membered cyclic carbonates, whose ROP is far more difficult. Without us-

ing a fused ring-structure making the whole system more strained, the ROP of

5MCCs can only occur at high temperatures, leading to decarboxylation during

the process[203,204] obtaining thereby a poly(ether-carbonates).

In the ring-opening polymerization (ROP) of cyclic carbonates, catalysts

play a key role in controlling polymerization kinetics, achieving high molec-

ular weights, and maintaining end-group fidelity. Two main types of catalysts

commonly employed in this process are metal-based catalysts and organocat-

alysts.
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

Figure 6.1: Ring-Opening Polymerization scheme products for five-, six- and seven-
membered cyclic carbonates and their polymer products

On the one hand, metal-based catalysts are often transition metal com-

plexes, which have been extensively studied and utilized in ROP reactions.

These catalysts typically coordinate the cyclic carbonate monomer, activat-

ing it towards ring-opening polymerization. Some of the most used metals

present in catalysts include tin(II)[205,206], zinc(II)[30,207,208], and aluminium-

based[209,210]. They typically offer high catalytic activity and these metal-based

catalysts can polymerize a wide range of cyclic carbonates under mild reaction

conditions. However, an inconvenience of metal-based catalysts is the resid-

ual metal that could remain within the polymer product, which may lead to

cytotoxicity in biomedical applications.

On the other hand, organocatalysts have gained attention as alternative

catalysts for ROP reactions due to their biocompatibility and potential to pro-

duce metal-free polymers[44,211]. The most used organocatalysts, presented in

the Figure 6.2, offer precise control over polymerization kinetics and can pro-

duce polymers with low dispersity and well-defined end-groups. Additionally,
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

Figure 6.2: Organocatalysts used in ROP of cyclic carbonates

organocatalysts often exhibit high efficiency and selectivity in ROP reactions.

The organocatalysts represented in Figure 6.2 correspond to the main or-

ganic bases used in an Anionic Ring-Opening Polymerization (AROP). A simple

nitrogen-based catalyst is DMAPa, the N-heterocyclic carbene (NHCs) group

includes catalysts that may have either alkyl or aryl substituents such as NHC-

1b and NHC-2c respectively. The next group gathers two commercially avail-

able guanidines being TBDd and MTBDe, and the amidine-base DBUf. Typical

phosphazene bases are BEMPg, P1-t-Buh and P2-t-Bui. The last group includes

the bifunctional thiourea-tertiary amine catalyst TU-1j, and a catalyst mixture

a4-dimethylamino pyridine
b1,3-diisopropyl- 4,5-dimethyl-imidazol-2-ylidene
c1,3-bis(2,6-diisopropylphenyl)- imidazol-2-ylidene
d1.5.7-triazabicyclo-[4.4.0]dec-5-ene
e7-methyl-1.5.7-triazabicyclo-[4.4.0]dec-5-ene
f1,8-diazabicyclo[5.4.0]undec-7-ene
g2-tert-Butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine
htert-Butylimino-tris(dimethylamino)phosphorane
i1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi(phosphazene)
j1-(3,5-bis(trifluoromethyl)phenyl)-3-(2-(dimethylamino)cyclohexyl)thiourea
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

of thiourea TU-2k with (-)-Sparteine.

In this chapter, the organocatalyst selected for the ROP reactions is TBD

because its properties combine strong basicity, steric hindrance, nucleophilic-

ity, and versatility making it a highly efficient catalyst for ROP reactions[12,13].

As aprotic solvents, toluene, methylene chloride (CH2Cl2), THF, benzene, ace-

tonitrile and DMF are preferred, contrary to protic solvents as methanol, which

can be involved in the initiation step. Solvation affects the reactivity of the

monomers, catalysts and initiators in some cases, hence, low or non-polar sol-

vents are favoured[39]. The typical initiators are molecules with a terminal alco-

hol group such as benzyl alcohol (BnOH), glycerol (GLY), and diethylene glycol

(DEG)[212]. In these cases, it is believed that the ROP is facilitated by the bifunc-

tional activation of an initiator alcohol through an ionic nucleophilic interac-

tion. In summary, the conditions studied for the ROP reaction in this chapter

include the use of cyclic carbonates as monomers, TBD as a catalyst, BnOH as

an initiator in toluene solution at room temperature.

The building blocks (monomers) for polycarbonates are cyclic carbonates,

which can be prepared in three ways: ring-closing, ring-expansion and backbit-

ing. The most common method is ring-closing of α,ω-diols with carbonylation

reagents such as phosgene and its derivatives[32,213,214]. Despite being high

yielding, the main reagent is highly toxic and laborious, as work-up needs to

be conducted at low temperatures with rigorous purification steps, making this

chemistry difficult to scale up. Some alternative strategies have been devel-

oped such as ring-expansion reaction of cyclic ethers (mainly epoxides and

oxetanes) with CO2, the latter gaining a lot of attention as a way to utilize a

renewable feedstock. In addition, the direct coupling of carbon dioxide with

different starting materials (1,3-diols or sugars[195,215,216]) allow to obtain func-

tionalized 6MCCs[201,217–219].

Despite the availability of different methods to obtain cyclic carbonates

with different substituents and ring sizes, their synthesis still remains challeng-

k1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

ing in certain aspects. Larger ring cyclic carbonates like 6MCCs and 7MCCs

have become popular monomers over time due to their propensity to be poly-

merized via ROP[220] using generally organocatalysts under mild conditions.

However, their preparation is still challenging because it often involves the use

of harmful and low-atom economy reagents such as phosgene and its deriva-

tives. Additionally, not all cyclic carbonates that are synthesised can easily un-

dergo a successful polymerization reaction because of steric and electronic lim-

itations.

6.1.1 Previous Studies reported in the literature

There exists experimental data in the literature that reports successful ROP

reactions for different monomers. Depending on the type of ROP reaction (an-

ionic, cationic, immortal...), each study uses different kinds of catalysts such as

metal-based complexes, enzymes and organocatalysts. This section gathers ex-

perimental data found in the literature for some monomers that will be further

studied in this chapter.

Taking into account that the conditions are different for each study, thus

making these results not directly comparable among them, they are still use-

ful to gather knowledge about the potential of each monomer to be polymer-

ized. The most studied monomer is the simplest six-membered cyclic carbon-

ate 6MCC, namely Trimethylene carbonate (TMC). This monomer has good

commercial availability and can be ring-open polymerized with high activity.

In the last decades, its polymerization has been investigated using different cat-

alysts, solvents and condition[30,31,35,36,38,195,202,207,208,212,213,221,222]. In general,

the use of metal-based catalysts leads to higher activities and regio-selectivity,

however, the use of organocatalysts have recently been shown to offer reason-

able alternatives to give access to polycarbonates devoid of any metal impuri-

ties. In this chapter we will focus on the TBD as a catalyst[12,13].

In Table 6.1 are gathered the data for the ROP reaction performed by vari-

ous Kleij group members[28,223], which are helpful because the polymerization

reactions were carried out under the same conditions used as a benchmark in
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

this chapter.

Figure 6.3: Monomers tested in Kleij laboratory: CF3-Ph[223], CF3-Naph[223], CF3-
Biphen[223], Bicyc-OH[28] and Bicyc-OTMS[28]

Table 6.1: Experimental conditions reported in literature[28,223] for monomers tested
by the Kleij group: CF3-Ph[223], CF3-Naph[223], CF3-Biphen[223], Bicyc-OH[28] and
Bicyc-OTMS[28]

Monomer Initiator Catalyst Solvent Temp. Mn Ð
CF3-Ph BnOH TBD Toluene r.t. 5.2 1.42

CF3-Naph BnOH TBD Toluene r.t. 5.0 1.23
CF3-Biphen BnOH TBD Toluene r.t. 2.6 1.41

Bicyc-OH BnOH TBD Toluene r.t. 1.7 1.47
Bicyc-OTMS BnOH TBD Toluene r.t. 8.6 1.27

Temperature in ◦C, Mn in kg·mol−1, Ð = Mw /Mn

Maquilón et al.[223] tested three monomers with a CF3 and aryl substituent

(phenyl, Naphthyl and biphenyl), which are abbreviated as CF3-Ph, CF3-Naph

and CF3-Biphen respectively, that undergo a ROP successfully. Specifically, the

monomers CF3-Ph and CF3-Naph were converted with moderate-to-high con-

version (78 and 83% respectively), and they have similar values for the poly-

mer molecular weight (Mn). For CF3-Biphen, the conversion (59%) and Mn are

lower even though the molecular weight distribution (Ð) is comparable with

the CF3-Ph.

For the six-membered cyclic carbonates having a fused cyclohexyl (Bicyc-

OH and Bicyc-OTMS)[28], Qiao et al. found that Bicyc-OH could be oligomer-

ized at incomplete conversion in 20h (Table 6.1, entry 4). Moreover, if the

reaction time was prolonged to 48h, the initial oligocarbonate suffered a partial
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

degradation. Therefore, the free alcohol from Bicyc-OH may interfere during

the ROP reaction. For that reason, the authors protected the free alcohol with

trimethylsilyl (TMS) to afford the Bicyc-OTMS monomer, which undergoes a

ROP reaction with full monomer conversion in 20 h and providing relatively

high molecular weight (Mn ∼ 8 kg/mol).

In the last decades, different six-membered cyclic carbonates have been

synthesized and polymerized using diverse catalysts and conditions. The most

common monomers include one or two ring substituents due to their easy syn-

thesis from substituted diols. In Figure 6.4 are presented six-membered cyclic

carbonates with one or two substituents reported in the literature that will be

considered in this chapter.

Figure 6.4: Six-membered cyclic carbonates with one or two substituents re-
ported in the literature: 6MCC[219], 6MCC-1a[209,224,225], 6MCC-Amine[41,226], 6MCC-
Fluorene[227], 6MCC-OMe[228], 6MCC-2c[219], 6MCC-Diethyl[219], 6MCC-MePh[219] and
6MCC-EtPh[219]

An AROP for different six-membered cyclic carbonates was performed by

Matsuo et al.[219], and they used only t-BuOK at low temperature to enable the

reaction. They tried different substituents in the same positions in order to

see their effect in the ROP reaction. Specifically, they tried the unsubstituted
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

6MCC and the disubstituted monomers 6MCC- 2c (two methyl groups), 6MCC-

Diethyl (two ethyl groups), 6MCC-MePh (a methyl and a phenyl group) and

6MCC-EtPh (an ethyl and a phenyl group). All of them are susceptible towards

ROP under the conditions reported in Table 6.2, with the monomer having

ethyl substituents 6MCC-Diethyl and 6MCC-EtPh providing under ROP con-

ditions smaller polymer chains than monomers equipped with methyl groups

(6MCC-2c and 6MCC-MePh, respectively).

Table 6.2: Experimental conditions for six-membered cyclic carbonates with two sub-
stituents and 6MCC reported in literature[219]: 6MCC-2c, 6MCC-Diethyl, 6MCC-MePh
and 6MCC-EtPh

Monomer Initiator Solvent Temp. Mn Ð
6MCC t-BuOK THF 0 32.6 1.5

6MCC-2c t-BuOK THF 0 54.0 1.4
6MCC-Diethyl t-BuOK THF 0 48.1 1.4
6MCC-MePh t-BuOK THF 0 51.9 1.4
6MCC-EtPh t-BuOK THF 0 12.7 1.5

Temperature in ◦C, Mn in kg·mol−1, Ð = Mw /Mn

Table 6.3: Experimental conditions reported in the literature for 6MCC-Amine[41],
6MCC-Fluorene[227] and 6MCC-1a[209]

Monomer Initiator Catalyst Solvent Temp. Mn Ð
6MCC-Amine - Novozym Toluene 60 4900 1.4

6MCC-Fluorene BnOH DBU CH2Cl2 r.t. ∼4.0* ∼1.17
6MCC-1a BnOH TBD Toluene 60 10.9 1.85

Novozym = Novozym-435 / *(Data in kDa)

Temperature in ◦C, Mn in kg·mol−1, Ð = Mw /Mn

The 6MCC-Amine can be synthesised from a diol with triphosgene[226], and

it can be polymerized by an enzymatic ROP using Novozym-435[41] as catalyst.

Zhang et al. also tried a metal-based catalyst (Sn(Oct)2), but they observed

an unsuccessful ROP attempt. Unfortunately, the study did not include any

organocatalyst.
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For the monomer 6MCC-Fluorene[227], the authors made a kinetic study for

its polymerization reaction with the conditions provided in Table 6.2 (entry 2).

Therefore, the data of Mn and Ð are approximate since they are derived from

a kinetic plot. The principal motivation in this study was the development of

amphiphiles containing fluorene units, they used as macro-initiatiors commer-

cially available mPEG-OH of different molecular weights (1.6 – 10.0 kDa). This

way, they developed diblock copolymers in a single step.

The monomer with a methyl group in α position, 6MCC-1a[209,224,225], was

polymerized successfully using different organocatalysts and metal-based (Zn,

Al) complexes. On the one hand, Hua[224] and Derosa[225] centred their focus

in the regioselectiviy of the polymerization to investigate which is the preferred

configuration of the intermediate resulting from the ring-opening, i.e., the way

the different repeat units (RUs) are spatially connected with another. These

RUs can be connected via head-to-head (HH), head-to-tail (HT), or tail-to-tail

(TT) arrangements. Hua et al.[224] tried DBU, TBD and P2-t-Bu to polymer-

ize rac-6MCC-1a at -40◦C, and they found that the slowest polymerization rate

is observed when using DBU, while the presence of TBD and P2-t-Bu allows

for faster polymerization rates in comparison. The best results were observed

for the phosphazene base under all conditions. If the reaction is performed

at room temperature, TBD increases the polymerization rate although it be-

ing lower than that of P2-t-Bu. Derosa et al.[225] performed an study using (R)-

and (S)- monomers with Zn- and Al-based catalysts to test their catalytic per-

formance. Complementary, Brignou et al.[209] performed a ROP reaction us-

ing various metallic and organic catalysts with BnOH as an initiator at 60 and

110◦C. The lewis acid Al(OTf)3 was not able to promote the ROP at the lower

temperature, while all other tested catalysts (([(BDIiPr )-Zn(N(SiMe3)2)]a, TBD,

BEMP and DMAP) were capable of polymerizing the respective monomer at

both temperatures. The best activities for this ROP reaction reported in this

latter study were noted when using either the zinc β-diiminate complex, TBD

(Table 6.2, entry 3) or BEMP.

a(BDIiPr ) = 2-((2,6-diisopropylphenyl)-amido)-4-((2,6-diisopropylphenyl)-imino)-2-
pentene
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Table 6.4: Experimental conditions for the ROP reaction of 6MCC and 6MCC-OMe re-
ported in literature[228]

Monomer Initiator Catalyst Solvent Temp. Mn Ð
6MCC BnOH TBD CH2Cl2 r.t. 42.85 1.31
6MCC* Glycerol BEMP - 60 9.1 1.57

6MCC-OMe* BnOH BEMP - 90 14 1.66

*(iROP)

Temperature in ◦C, Mn in kg·mol−1, Ð = Mw /Mn

Helou et al.[228] studied the catalytic activity for different organocatalysts

such as DMAP, TBD, BEMP, and some metal-based catalysts for bulk ROP under

immortal conditions. The “immortal” ROP (iROP) of carbonates is based on us-

ing a catalytic amount of metal complex and a large excess of an aprotic source

(typically alcohols), which act as a co-initiator and chain-transfer agent. The

6MCC was tested using TBD and BnOH at room temperature (Table 6.4, entry

1), and led to a high Mn value. Additionally, the same monomer was tested un-

der iROP also using TBD, and they found that the guanidine catalyst was clearly

much more active in the bulk “immortal” process. It mediates the polymeriza-

tion reaction faster and its use leads to larger values for Mn although the reac-

tion temperature in this latter regime was higher (60-110◦C). Both 6MCC and

6MCC-OMe were polymerized under immortal conditions, which take place at

a higher temperature and solvent-free conditions thereby offering simple ac-

cess to polycarbonate macromolecules.

The simplest five-membered cyclic carbonates 5MCC (ethylene carbonate)

and 5MCC-Me (propylene carbonate), have difficulties to undergo a Ring-

Opening Polymerization reaction. In the last decades, several studies have

been reported concerning their polymerizations using mainly metal-based

catalysts at high temperatures above 100◦C[203,204,214,220,222,229–234]. Specifi-

cally, for 5MCC the typical reaction temperature is around 170◦C, and 180◦C

for 5MCC-Me. The polymerization involves partial decarboxylation, hence, it

leads primarily to poly(ether-carbonate)s with a carbonate content of inferior

than 50%. This resultant polymer is more flexible than a simple polycarbonate,
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however, the carbonate/ether ratio depends on the catalytic system, and differ-

ent properties can be obtained depending on the ration of the different repeat

units.

Figure 6.5: Five-membered cyclic carbonates reported in the literature that have been
studied in this chapter: 5MCC[203,204,214,222,232], 5MCC-Me[233], 5MCC-Cyc[235,236] and
5MCC-Limonene[237]

For the five-membered cyclic carbonates[203,204,222] 5MCC and 5MCC-Me,

the polymer obtained is a poly(ethylene-carbonate) as reported by different au-

thors[214,232,233]. The ROP study for 5MCC performed by Kapiti et al.[203] uses

TBD catalyst and 3-phenyl-1-propanol (3PP) as an initiator at high tempera-

ture (heated with microwave reactor, see Table 6.5, entry 1). They obtained a

poly(ethylene-carbonate) with 70% ethylene oxide and 30% ethylene carbon-

ate repeating units. These results are comparable with the study made by Lee

et al.[204] who used sodium hydroxide as initiator and obtained a polymer with

a carbonate content below 30%. Yang et al.[214] performed a ROP reaction for

5MCC using a phosphazene catalyst (P4-t-Bu) at high temperature (Table 6.5,

entry 2) and obtained a larger poly(ethylene-carbonate).

Recent studies made by Abdul-Karim et al., demonstrated the ROP for

5MCC[232] (Table 6.5, entry 3) and 5MCC-Me[233] (Table 6.5, entry 4) using

sodium stannate trihydrate as catalyst (Na2SnO3·3H2O) and diethylene gly-

col (DEG) at high temperature (175 and 180◦C, respectively). The resultant

poly(ethylene oxide-co-ethylene carbonate)s were analyzed using different

spectroscopic techniques to evaluate the composition of the microstructure.

The five-membered cyclic carbonates fused with cycloalkyl, cycloalkene

and sugar groups[215,216], include mostly strained ring, which enhance the ROP

100

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 6. Ring Opening Polymerization 6.1. Introduction

Table 6.5: Experimental conditions reported in the literature for the five-membered
cyclic carbonates: 5MCC[203,214,232], 5MCC-Me[233], 5MCC-Cyc[236] and 5MCC-
Limonene[237]

Monomer Initiator Catalyst Solvent Temp. Mn Ð
5MCC[203] 3PP TBD - 180 3.1 1.7
5MCC[214] - P4-t-Bu THF 180 14.02 1.66
5MCC[232] DEG Na2SnO3* - 175 7.5 ∼1.7
5MCC-Me DEG Na2SnO3* - 210 4.8 1.5
5MCC-Cyc BnOH TBD Toluene 60 18.1 1.54

5MCC-Limonene BnOH TBD Toluene 80 7.29 1.60

3PP = 3-phenyl-1-propanol / DEG = diethylene glycol

Na2SnO3* = sodium stannate trihydrate (Na2SnO3·3H2O)

Temperature in ◦C, Mn in kg·mol−1, Ð = Mw /Mn

potential to form polycarbonates without decarboxylation. For 5MCC-Cyc[236],

Tezuka et al.[235], performed an anionic ROP using t-BuOK as catalysts and

trans-5MCC-Cyc and cis-5MCC-Cyc as monomers. They found that the poly-

merization of trans-5MCC-Cyc proceeds without the elimination of CO2, while

the ROP attempt of cis-5MCC-Cyc did not provide polymeric products. With

these results in mind, Guerin et al.[236] used various metal-based (M = Zn, Y)

catalysts and TBD as organocatalyst to mediate a successful polymerization

reaction. They studied the stereoselectivity performing the ROP of a racemic

mixture of trans-5MCC-Cyc, obtaining a polymer majorly formed (R,R)-5MCC-

Cyc in high yield, contrary to cis-5MCC-Cyc that was not able to undergo the

polymerization.

Another five-membered cyclic carbonate with a fused ring is the limonene

carbonate, 5MCC-Limonene[237], which is a versatile monomer that can be

polymerized and depolymerized (more details in Chapter 7 - Depolymeriza-

tion) using TBD as a catalyst and applying different temperatures for each of

these processes.

There are few studies reported in the literature about the polymerization

of seven-membered cyclic carbonates (7MCCs) due to their difficult synthesis.
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Chapter 6. Ring Opening Polymerization 6.1. Introduction

Moreover, in the past studies focused on the unsubstituted 7MCC using metal-

based catalysts. Table 6.6 contains the data from the literature related with the

monomers considered in this chapter. Another monomer reported in the liter-

ature is a 7MCC with a fused acetonide[38,44]. It is synthesised from L-tartaric

acid, and can be polymerized under enzymatic conditions using a Lipase as a

catalyst[43] (this monomer will not be further discussed in this chapter).

Figure 6.6: Seven-membered cyclic carbonates tested in the literature that are studied
in this chapter: 7MCC[36,40], 7MCC-Me[210], 7MCC-Cyc[238], 7MCC-C=C[90] and 7MCC-
Ocyc[239]

For the seven-membered cyclic carbonate 7MCC, Matsuo et al.[36] per-

formed a cationic Ring-Opening Polymerization using different initiators de-

rived from sulfonic acids (TfOMe and TfOEt) and tetrachlorostannane (SnCl4)

at 20◦C (Table 6.6, entry 1). They performed the same polymerization pro-

tocol as used for 6MCC, finding that 7MCC undergoes ROP about 100 times

faster[222]. The same group also performed an anionic ROP[40] using sec-BuLi

as initiator which results in the corresponding polycarbonate in a high yield

and short time (Table 6.6, entry 2).

Brignou et al.[210] and Matsuo et al.[37] reported a substituent effect in theα-

or β- positions of 7MCCs. Matsuo et al. performed a cationic ROP using triflic

acid (TfOH) and derivates (TfOMe or TfOEt), or tetrachlorostannane (SnCl4)

as initiators for α-substituted 7MCC monomers with methyl and phenyl sub-

stituents, and a β-substituted 7MCC with a phenyl group. In this chapter, the

mono-substituted 7MCC-Me corresponds to the seven-membered cyclic car-

bonate with a methyl group in the β-position, as studied by the Brignou group.

They reported a successful ROP for β-methyl-7MCC using organocatalysts
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Table 6.6: Experimental conditions for the ROP of seven-membered cyclic carbonates
reported in literature: 7MCC[36,40], 7MCC-Me[210], 7MCC-Cyc[238], 7MCC-C=C[90] and
7MCC-Ocyc[239]

Monomer Initiator Catalyst Solvent Temp. Mn Ð
7MCC[36] TfOEt - Toluene 20 57.6 1.5
7MCC[40] sec-BuLi - THF 20 22.8 1.61

7MCC-Me BnOH TBD Toluene 110 10.35 1.40
7MCC-Cyc BnOH (Y1) Toluene r.t. 22.4 1.28
7MCC-C=C 4-MeBnOH TBD CH2Cl2 r.t. 18.1 1.53
7MCC-Ocyc p-tolylMeOH TBD Toluene 100 75.2* 1.49

Temperature in ◦C, Mn in kg·mol−1, Ð = Mw /Mn / *(Data in kDa)

(TBD, BEMP and DMAP) and metal-based catalysts, namely, aluminium triflu-

oromethanesulfonate (Al(OTf)3), zinc and yttrium-based organometallic com-

plexes ([(BDIiPr )-Zn(N(SiMe3)2)]a and [(ONOOtBu)Y(N(SiHMe2)2)(THF)]b re-

spectively). Focusing on the organocatalyzed ROP, TBD stands out as a catalytic

system giving the highest values of Mn compared with the other organocata-

lysts under the same conditions (Table 6.6, entry 3).

The seven-membered cyclic carbonate fused to cyclohexane ring, 7MCC-

Cyc[238], was polymerized by Zhang et al. via coordination-insertion ROP using

an yttrium alkyl complex supported by a tetradentate amino-bisphenolate lig-

and catalyst (Y1). The monomers tested with the monomer/catalyst/initiator

ratio ([M]:[Y1]:[I]) of 100:1:1, proceeded really fast and approached full con-

version within 0.5 min. Notably, when the ratio [M]:[Y1]:[I] was increased to

20000:1:1 they obtained a polymer with Mn of 540 kg·mol−1 and Ð of 1.21 in

just 11 minutes. They also found interesting properties for this polymer, whose

degradation gave access to a cyclic dimer by means a depolymerization reac-

tion. The dimer could be re-polymerized with a base catalyst while increasing

the temperature to 150◦C.

For 7MCC-C=C[90], the study made by Buchard et al. showed that TBD is the

a(BDIiPr ) = 2-((2,6-diisopropylphenyl)-amido)-4-((2,6-diisopropylphenyl)-imino)-2-
pentene

b(ONOOtBu ) = amino-alkoxy-bis(phenolate)
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best catalyst to enable a ROP,and they obtained a total conversion and a 100:0

cis/trans, which thus gives a polymer with a throughout cis configuration in

the repeat units (Table 6.6, entry 5). They also exmined a metal-based catalyst

as Sn(Oct)2 at 60◦C, thereby obtaining a lower conversion and Mn . Finally, to

synthesise a predominantly trans-polycarbonate, they uses second-generation

Grubbs catalyst (GII), that allowed to obtain a full conversion and a polymer

having a 10:90 cis/trans ratio with higher Mn than that facilitated by TBD.

The study of the monomer 7MCC-Ocyc reported by Wu et al.[239], illus-

trates a ROP reaction using organo- and metal-based catalyst (TBD and zinc

β-diiminatecomplex) with p-tolylmethanol as an initiator, obtaining the de-

sired polycarbonates (Table 6.6, entry 6). Moreover, the latter can undergo a

ROMP (Ring-Opening Metathesis Polymerization) with first and third genera-

tion Grubbs catalysts (GI and GIII). Interestingly compared with the ROP re-

action, the ROMP enables the formation of polymers with hydrocarbon back-

bones, which may provide excellent thermal and hydrolytic stability to the re-

sulting polymers. In summary, Wu et al. prepared 7MCC-Ocyc and other 7MCC

monomers from bio-renewable materials, which are suitable for both ROP and

ROMP, thereby obtaining aliphatic polycarbonates with high molecular weight.

The most common eight-membered cyclic carbonates (8MCCs) reported in

the literature are N-Substituted eight-membered cyclic carbonates[164,226,240–244],

which undergo a successful Ring-Opening Polymerization reaction using organocat-

alysts as DBU, TBD or thioureas.

6.2 Objective/Motivation

The aims of the work described in this chapter are:

• To understand the Ring-Opening Polymerization reaction for cyclic car-

bonates using TBD as a benchmark catalyst and BnOH as an initiator at

room temperature in toluene solution.

• To comprehend the effect of the ring size of the cyclic carbonates (5MCC,

6MCC and 7MCC) on its intrinsic reactivity and on the stability of the
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polymer

• To compare the reactivity for monomers with a different number, chem-

ical nature and size of substituents in the cyclic carbonate.

• To create a predictive model in order to anticipate which monomers will

be likely polymerized under ambient temperature conditions.

Understanding which monomers are prone to be polymerized before trying

them in the laboratory could be extremely helpful for experimental chemists.

In this way, the developed model would allow to identify the monomers with

the highest ROP-probability before their synthesis, thus optimizing time and

resources in the lab.

6.3 Computational Details

DFT calculations were performed using ωB97X-D functional[191] and the

6–311G** basis set[192,193]. All structures in this study were calculated with the

Gaussian 16 program, revision A.03[62] at room temperature with an implicit

solvent model SMD[65] with parameters for toluene. To determine the nature of

the structures involved in the mechanisms (intermediates or transition states),

an unconstrained optimization with a vibrational analysis were performed.

During the Ring-Opening polymerization reaction described in this chap-

ter, monomers are added along the pathway, hence, the entropy of the system

changes significantly in this steps. Consequently, standard state entropic cor-

rections were applied to the Gibbs free energies[66,67].

To find the initial structures for the transition states, a Potential Energy Sur-

face (PES) scan were performed using Gaussian16 program, revision A.03[62] at

same DFT level, temperature and solvation model than described above. For

some structures, the PES scan was initially calculated using GFN2-xTB, version

6.4.1 (program developed by Grimme)[83], at room temperature with implicit

solvent model GBSA2 with toluene parameters. The resulting geometry found
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from this calculations, is re-calculated at DFT level with Gaussian 16 with the

same conditions described above. The advantage to use GFN-xTB is the low-

est computational cost and time to scan more than one geometric parameter

(distance, angle or dihedral) simultaneously or sequentially. In that way, it is

possible to evaluate more extensively the possible conformations in a transi-

tion state without spending so much time.

To calculate these mechanistic pathways for monomers that have sub-

stituents in a non-symmetric positions, the most favourable scenario was con-

sidered. Specifically, the initiation, propagation and ring-opening parts are

performed for the side which is less sterically hindered, thus obtaining struc-

tures thermodynamically favoured and more realistic geometries under these

conditions.[39]

The alternative method used in Section 6.4.8 to determine a Gibbs free en-

ergy for the polymer, starts performing a molecular dynamics simulation of 50

ps long (4 fs time-step) using the GFN2-xTB, version 6.4.1[83], at room tem-

perature using an implicit solvent model GBSA2 with toluene parameters. To

find the most relevant conformations from the molecular dynamics trajectory,

above 1000 structures from the trajectory were divided into 5 clusters via K-

Means[245] clustering method. For each centre of cluster, the geometry was re-

optimized and a vibrational analysis was also performed at the same DFT level

outlined above with Gaussian 16 program, revision A.03[62]. The final averaged

Gibbs free energy is obtained by adding the energy of each conformer weighted

according to a Boltzmann distribution (Equation 6.1 - Section 6.4.8).

6.4 Results and Discussion

To accomplish the objectives described in the section above, an exten-

sive study of the Ring-Opening Polymerization reaction was developed. The

applied procedure consists of finding the most thermodynamically favoured

mechanistic pathway after considering all possibilities. Once the most reliable

reaction mechanism is defined, the effect of the ring size of the cyclic carbon-
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ates ring sizes was evaluated to understand the relative reactivity and compared

with the experimental studies reported in the literature[31,35,38,39,195,220,228,246].

Then, a set of cyclic carbonates polymerized under the same experimental

conditions[28,223], and their TBD-mediated ROP calculated to verify whether

the mechanistic pathway and computational model agree with real cases. This

theoretical study also considers the number of substituents present in the six-

membered cyclic carbonates, followed by a deeper investigation of the effect of

the nature and size of the substituents in this ROP reaction. The combined in-

formation helped to develop a predictive model that, is able to indicate which

monomers can be polymerized by ROP using TBD as a catalyst, BnOH as an

initiator, and performed at room temperature in toluene solution.

6.4.1 Mechanistic Pathway

The reaction under study is represented in Figure 6.7. The typical steps for

a standard polymerization reaction consist of an initiation, propagation and

termination. The number of propagation steps depends on the concentration

of the monomers, initiator, and catalyst. To limit the computational cost, the

polymer model system chosen is a trimer, and its preparation involves an ini-

tiation and two propagation steps. The tendency of the ROP reaction can be

determined with these steps, without requiring too many computational re-

sources.

Figure 6.7: Schematic representation for the ROP reaction studied

The mechanistic studies started considering the simplest route, namely a

stepwise pathway showed in Figure 6.8. This mechanism starts when the initia-

tor (BnOH) is deprotonated by the catalyst (TBD) obtaining an alkoxide (BnO−)

and the protonated form for the catalyst (HTBD+). The alkoxide attacks the

carbonate carbon of the cyclic carbonate making a bond, and creating a tetra-
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hedral intermediate. The ring-opening step occurs due to an electronic rear-

rangement, obtaining an oligomer-alkoxide. The termination step occurs when

the HTBD+ protonates the alkoxide end-group obtaining thus a released poly-

mer and the regenerated catalyst. Unfortunately, the transition states and some

intermediates calculated for this mechanism are remarkably energetically dis-

favoured, therefore, and thus this reaction has to occur in a different way.

While the initiation (TS 1) and termination (TS 4) based transition states

and intermediates are energetically feasible, the propagation (TS 2) and ring-

opening (TS 3) are extremely high in energy at room temperature. The struc-

tures from C1 till F1 include only the initiator (BnOH) and 6MCC, indicating

that the substrate might be able to react without the presence of the catalyst

albeit at relatively high reaction temperatures. All these structures have ex-

tremely high energy values (from 44.3 to 68.1 kcal·mol−1), which means that

the TBD presence during this process is essential to reduce the high kinetic

barrier. Also notice that other transition states include the catalyst, highlight-

ing the importance of its presence in the overall manifold.

Figure 6.8: Relative Gibbs Free energy profile and structures for the unsuccessful ROP
mechanistic pathway

(Note that some structures are missing in Figure 6.8. This is due to the high
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energy values for some structures, that corroborates with the view that this is

likely not the mechanistic pathway involved in this ROP reaction under these

conditions. Therefore, there was no need to calculate the entire mechanism nor

the synthesis of the trimer.)

Considering this results and the nature of the catalyst[12,13], another mech-

anistic pathway was calculated and depicted in Figure 6.9. In this case, the

catalyst role in all steps and transition states was considered, and these include

the initiator, catalyst and monomer interacting simultaneously.

The mechanism represented in Figure 6.9 can be divided in different parts,

the first one involves the initiation step and the first ring-opening. Followed

by a propagation part which consists of a propagation and a ring-opening step,

and all this is repated one time to end up with a trimer product.

The mechanism starts with the separated structures: the monomers, cata-

lyst and initiator (at 6.7 kcal·mol−1), and the first intermediate A is an adduct

that includes the catalyst (TBD), the initiator (BnOH) and the monomer (6MCC)

used as a reference (0.0 kcal·mol−1). Then, the initiation step occurs in TS 1.1

(at 14.9 kcal·mol−1), the nitrogen atom from the TBD deprotonates the pri-

mary alcohol from the initiator (BnOH) obtaining an alkoxide that attacks the

carbonate carbon from the monomer at the same time, through a concerted

transition state.

The structure B (at 12.2 kcal·mol−1) is the result of this interaction, where

TBD is protonated and the initiator is bound with the monomer obtaining an

intermediate with a tetrahedrally surrounded carbon. In the structure C (at

14.1 kcal·mol−1), the HTBD+ is located in a different place, having an hydro-

gen bond with the oxygen atom from the carbonate and the other hydrogen is

located near to the outer oxygen of this structure. The first ring-opening occurs

in TS 1.2 (at 19.0 kcal·mol−1) where the HTBD+ protonates the outer oxygen

followed by an electronic rearrangement that opens the ring. The structure D

(at 1.1 kcal·mol−1) is the adduct of the oligomer with the catalyst recovered.

The propagation part starts with structure E (at -1.9 kcal·mol−1) that in-

cludes the oligomer, the catalyst and another monomer. The propagation step
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is shown in the transition state TS 2.1 (at 14.7 kcal·mol−1), where the oligomer

is deprotonated by the TBD and the alkoxide attacks another monomer simul-

taneously. This transition state leads to structure F (at 11.5 kcal·mol−1), that is

an intermediate with a tetrahedral carbon. The structure G (at 13.1 kcal·mol−1)

is quite similar to structure C, that is, the protonated TBD is located nearby via

one hydrogen bond made to the outer oxygen of this structure and the other hy-

drogen is located near one of the C-O bonds. Due to the nature of the catalyst,

HTBD+ stablized the ensemble and allows the reaction to continue towards the

transition state TS 2.2 (at 17.9 kcal·mol−1). Here, the HTBD+ protonates the

outer oxygen of this structure, breaking the ring, obtaining a dimer and the re-

covered catalyst in structure H (at -2.5 kcal·mol−1).

As in a typical polymerization, the second propagation part (from struc-

ture I to L) proceeds in a similar way as discussed above. In order to not

being redundant, it will not be described in detail. It starts with the struc-

ture I (at -2.2 kcal·mol−1) that is the adduct of the dimer, catalyst and another

monomer to undergo the propagation step TS 3.1 (at 13.4 kcal·mol−1), ob-

taining the intermediate J (at 10.1 kcal·mol−1). The last ring-opening starts

with structure K (at 10.7 kcal·mol−1) that continues towards transition state

TS 3.2 (at 15.4 kcal·mol−1) where ring-opening happens producing structure

L (at -2.9 kcal·mol−1) as a product. Finally, the last structure corresponds to

the separated components including a trimer, and the recovered catalyst at 3.0

kcal·mol−1.

In summary, the initiation and propagation transition states for each part

are lower in energy than their corresponding ring-opening transition states.

Moreover, the overall tendency for this ROP reaction is to be energetically more

stable after each subsequent propagation, and longer oligomer/polymer chains

will thus be favoured.

Mechanistic Pathway Structures

To analyse in more detail the mechanism described in Figure 6.9, the ge-

ometries for key structures were scrutinized in more detail with respect to their
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bond distances, and (dihedral) angles.

The first transition state (labelled as TS 1.1) geometry is presented in Figure

6.10 and selected geometrical data are listed in Table 6.7. As mentioned above,

TS 1.1 is a concerted transition state where the BnOH is deprotonated by TBD,

and the newly-created alkoxide attacks the carbonate carbon from the 6MCC.

Following the imaginary frequency, the motion seen consists of the depro-

tonation of the initiator which is the breaking of the bond between oxygen O5

and hydrogen H6 (1.53 Å), followed by an approach of the oxygen O5 towards

carbon C2 making a new bond, and simultaneously another bond between hy-

drogen H6 and nitrogen N7 resulting in the protonated catalyst HTBD+ (1.02

Å). The similarities between the angles computed for O5-H6-N7 and O4-H9-

N8, which are close to 180◦, emphasize the role of TBD, which is enable a pro-

ton transfer in the first, and a hydrogen bond in the second case. The carbon

C2, once bound to oxygen O5 from the BnOH, changes its geometry into tetra-

hedral and during this transition state TS 1.1, the angle O1-C2-O3 is 115.4◦.

Table 6.7: Angles, dihedral angles and distances for the geometry for the TS 1.1 repre-
sented in Figure 6.10

Atom labels Angle (◦) Atom labels Distance (Å)
O1-C2-O3 115.4 C2-O5 1.95
O1-C2-O5 94.8 O5-H6 1.53
C2-O5-H6 100.5 H6-N7 1.02
O5-H6-N7 174.3 N8-H9 1.03
N8-H9-O4 172.2 H9-O4 1.75

C2-O5-H6-N7 -170.7 O1-C2 1.37
O4-H9-N8-N7 163.5 C2-O3 1.36
H6-N7-N8-H9 -9.7 C2-O4 1.23

The intermediate presented in Figure 6.11 corresponds to the structure C

in Figure 6.3. The latter structure is chosen to show in detail the tetrahedral

intermediate obtained as a product of the first transition state TS 1.1. Note that

the orientation of the HTBD+ is different than that in structure B, which is the

direct product for the first transition state, in contrast to structure C, which is

ready to evolve into the next transition state TS 1.2.
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Figure 6.10: Molecular structure for the TS 1.1 shown in Figure 6.9 including atom
labels

In this structure, the initiator is bound to the monomer at carbon C2, whose

geometry is tetrahedral. Some values are presented in Table 6.8, and they show

that the oxygen atoms O5, O1, O3 and O4 bound to the central carbon C2 pro-

duce angles around 110◦, which correspond well to a tetrahedral geometry.

Moreover, the single bond distances between these oxygens (O5, O1, O3) and

this carbon C2 are 1.44, 1.41 and 1.48 Å, respectively, which are close to the the-

oretical value for these C-O distances (1.43 Å). The hydrogen bonds that the

protonated catalyst (HTBD+) is making have linear angles between the oxy-

gen O3, hydrogen H6 and nitrogen N7 which are almost 180◦, and the dihe-

dral for O3-H6-H9-O4 is only 13.3◦. These angles enable a stable tetrahedral

geometry and allow the reaction to continue with the ROP by protonation of

the outer oxygen O3 by the hydrogen H6 of the catalyst. The N-H distances for

the HTBD+ (H6-N7 and N8-H9) are around 1.05 Å, while the H-O distances be-

tween the catalyst and the main chain (O4-H9 and O3-H6) are quite long at 1.50
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and 1.76 Å, respectively.

Figure 6.11: Molecular structure for the Intermediate C shown in Figure 6.9 including
atom labels

Table 6.8: Angles, dihedrals and distances for the geometry for the TS 1.2 presented in
Figure 6.11

Atom labels Angle (◦) Atom labels Distance (Å)
O1-C2-O3 108.0 C2-O5 1.44
O1-C2-O4 113.8 O3-H6 1.76
O3-H6-N7 173.6 H6-N7 1.03
O3-C2-O4 110.2 N8-H9 1.08
O5-C2-O4 115.6 H9-O4 1.50

C2-O3-H6-N7 -135.3 O1-C2 1.41
O3-H6-N7-N8 136.2 C2-O3 1.48
O3-H6-H9-O4 13.3 C2-O4 1.27

The transition state presented in Figure 6.12 corresponds to TS 1.2, which

is the ring-opening reaction shown in Figure 6.9. To clarify the transformation
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involved during this transition state, some geometrical data is included in Table

6.9.

This transition state consists of a ring-opening reaction by the separation of

the carbon C2 and the outer oxygen O3 and a simultaneous protonation of oxy-

gen atom O3 by the H6 from the HTBD+. The tetrahedral geometry illustrated

in Figure 6.11 is broken in this step.

The protonation of the outer oxygen O3 by the hydrogen H6 results in

shorter distances for the oxygen atoms O5 and O1 bound to the carbon C2

(1.37 and 1.35 Å, respectively), and a larger one for the O3-C2 distance at 1.97 Å

in comparison with the structure Figure 6.11, in which all these distances are

around 1.43 Å. As a consequence of the ring-opening reaction, the geometry

involved between the oxygens O1 and O4 and the carbon C2 becomes trigonal

planar with a value of 120.2◦.

The nature of the catalyst is its capacity to create hydrogen bonds and ac-

commodate proton transfer reactions, and in the structure of Figure 6.12 the

capacity of TBD is to make hydrogen bonds with the main chain and keeping it

near the catalyst. This is illustrated by the angle O4-H9-N8, and the reactivity

related with the protonation is presented through the angle O3-H6-N7, both of

which are linear with values close to 180◦.

Table 6.9: Angles, dihedrals, and distances for the geometry for the TS 1.2 represented
in Figure 6.12

Atom labels Angle (◦) Atom labels Distance (Å)
O1-C2-O3 99.2 C2-O5 1.37
O1-C2-O4 120.2 O3-H6 1.42
O3-H6-N7 177.8 H6-N7 1.11
O4-H9-N8 175.7 O1-O3 2.56
O3-C2-O4 102.9 H9-O4 1.73

C2-O3-H6-N7 -132.6 O1-C2 1.35
O3-H6-N7-N8 153.6 C2-O3 1.97
H6-N7-N8-H9 -4.6 C2-O4 1.22

As seen above, the mechanistic pathway includes analogous transition

states and intermediates depending on the number of propagations consid-
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Figure 6.12: Molecular structure for the TS 1.2 represented in Figure 6.9 including
atom labels

ered, which are directly related with the number of monomers added to the

polymer chain. Therefore, the geometry involved in the initial transition state

TS 1.1 is analogous to the propagation-based TS 2.1 and TS 3.1.

The main difference between the initiation and propagation steps is which

molecule is deprotonated during the transition state, which may be the initiator

BnOH (TS 1.1) or the terminal alcohol group from the n-polymer chain (TS 2.1

and TS 3.1). The same occurs with the intermediate C and intermediates G and

K, all of them have a tetrahedral carbonyl geometry around the carbon center,

and hydrogen bonds with the protonated catalyst.

6.4.2 Ring Size

As introduced above, not only the typical six-membered cyclic carbonate is

prone to undergo a ROP reaction[30,31,35,44,195,202,211,212,219,228,246], other cyclic

carbonates such as five[232,236,247–250], seven[38,43,90,210,221,238,239,251] and even
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eight-membered ones[226,240–244] are also prone to be polymerized under suit-

able conditions. As mentioned in the literature[220], larger rings (i.e., 6-, 7-

and 8-MCCs) should provide thermodynamically stable polymers, although

they are typically more difficult to synthesize. On the contrary, five-membered

cyclic carbonates produce shorter polymer chains and sometimes cannot even

undergo ROP[39,194]. (Note that "larger polymer" in this case means a macro-

molecule that is the result of subsequent propagations involved during the reac-

tion, and is not directly related to the ring size.)

Taking into account all this information and understanding how the reac-

tion works under the conditions shown in Figure 6.7, monomers with different

ring sizes (five-, six- and seven-membered cyclic carbonates) were compared

to see the differences among them (Figure 6.13). For all studied cases, a trimer

formation is considered as a model system for the ROP reaction.

In Figure 6.13, the overall tendency for each monomer is visible after two

propagation steps. Five- and seven-membered cyclic carbonates have more

visible differences in each propagation part with opposite thermodynamic sta-

bility. The polymer derived from the 7MCC is relatively quite stable, but the one

originating from the 5MCC relatively unstable, while the six-membered cyclic

carbonate provides after ROP a slightly energetically more favoured macro-

molecule after each subsequent propagation. In more detail, the conversion of

the five-membered cyclic carbonate (5MCC) is kinetically feasible with the low-

est initiation transition state TS 1.1 at 10.2 kcal·mol−1, whereas the conversion

of six- and seven-membered cyclic carbonates (6MCC and 7MCC) require 14.9

and 13.6 kcal·mol−1, respectively. The first ring-opening (TS 1.2) is energeti-

cally more disfavoured than TS 1.1 for both 5MCC and 6MCC with values 14.1

and 19.0 kcal·mol−1 in contrast to 7MCC, for which a value of 12.0 kcal·mol−1

was calculated.

The first propagation step, that includes the transition states TS 2.1 and TS

2.2 and their intermediates, have different tendencies for each monomer. The

use of 5MCC produces slightly more unstable energies, with values of 12.4 and

15.8 kcal·mol−1 for TS 2.1 and TS 2.2, respectively. These are close to the ones
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determined for the 6MCC, and these latter values are slightly more favoured at

14.7 and 17.9 kcal·mol−1. While five- and six-membered cyclic carbonates have

similar energetic values in this part, the seven-membered cyclic carbonate dis-

tances itself from structure F onwards. It starts with a value of 11.4 kcal·mol−1

for TS 2.1, akin to the energies for the 5MCC and 6MCC based pathway. Then,

the 7MCC-derived structures F and G are at 1.4 and 3.2 kcal·mol−1, respectively,

which are very different to the other two monomers: these values are 10.0 and

11.6 kcal·mol−1 for the 5MCC, and 11.5 and 13.1 kcal·mol−1 for the 6MCC.

The ring-opening transition state TS 2.2 for the 7MCC is kinetically favoured

at kcal·mol−1. The intermediate structure H shows already the tendency for the

next propagation step. The 5MCC-based pathway delivers the most unsta-

ble structure at 1.3 kcal·mol−1, followed by a relatively close energetic value

for the 6MCC at -2.5 kcal·mol−1 and a remarkably low energetic value of -

13.1 kcal·mol−1 for the 7MCC based route. The second and last computed

propagation step shows exactly the tendencies that have been reported in the

literature[220]. The 5MCC-pathway shows the most unstable structures at 15.6

kcal·mol−1 for TS 3.1 and 20.3 kcal·mol−1 for TS 3.2. In the middle are lo-

cated the 6MCC-based structures for TS 3.1 and TS 3.2 with energies at 13.4

and 15.4 kcal·mol−1, respectively. The 7MCC-pathway entails the most sta-

ble transition states with energetic values of 6.0 kcal·mol−1 for TS 3.1 and 0.6

kcal·mol−1 for TS 3.2. This observed tendency is identical for structure L and

the final oligomer (trimer): the 5MCC-pathway shows energies of 6.2 and 8.5

kcal·mol−1, the 6MCC-route at -2.9 and 3.0 kcal·mol−1 and the 7MCC-manifold

at -15.1 and -7.5 kcal·mol−1, respectively. In essence, the trimer formation is ex-

ergonic for the ROP of 6MCC and 7MCC, but endergonic for the ROP of 5MCC.

On the one hand, the ROP of the seven-membered cyclic carbonate is sig-

nificantly more thermodynamically favoured than the other monomers. This

is not only applicable for almost all intermediates and transition states, but

also for the overall tendency. The ROP of the six-membered cyclic carbonate

is slightly less favoured energetically for each propagation step. It starts with

relatively unstable structures at the initiation and the first propagation step,
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and then evolves to become more feasible. The pathways based on the six-

and seven-membered cyclic carbonate become, respectively, around 2 and 6

kcal·mol−1 thermodynamically more favoured with each consecutive propaga-

tion step. Contrary, the ROP of the five-membered cyclic carbonate starts with

similar energies as noted with the other monomers, but then this ROP pathway

becomes energetically more disfavoured with increasing values in each next

propagation step.

The five- and six-membered cyclic carbonates have a similar tendency

in each part, specifically, the transition states related to the ring-opening are

energetically more disfavoured than the transition states related to initiation

or propagation steps. In contrast, the seven-membered cyclic carbonate has

the opposite behaviour. The stability of the final polymer structures after two

propagations agrees with the expected behaviour and reported experimental

data[39,220]:

• The 5MCC-pathway corresponds to the formation of the most unstable

oligocarbonate chain and has an energetic value of kcal·mol−1.

• The 6MCC-pathway is located between the 5MCC- and 7MCC-based one

with an accessible oligomer at 3.0 kcal·mol−1.

• The 7MCC-route leads to the most stable oligomeric chain at -7.5 kcal·mol−1.

These results not only agree with the experimental behaviour of these

monomers but also explain the tendency of each monomer to undergo more

(7MCC, 6MCC) or less (5MCC) propagation steps.

Predictive correlation

As seen in the previous section, the trimer synthesis helps to see the ten-

dency of the overall polymerization reaction, but with the initiation and first

propagation parts is essentially enough to understand the reactivity and re-

duces the computational cost for each monomer. For this reason, the model

system employed to represent the reactivity of a larger set of monomers con-

sider only the formation of dimeric instead of trimeric structures.
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In order to see more clearly the results and compare monomers between

them, a correlation plot was designed (Figure 6.14). The y axis is representing

the energy span of the reaction in kcal·mol−1 and on the x axis the thermody-

namic stability of the dimer in relation to the respective monomers is given.

These values are collected in Table 6.10.

To estimate the kinetic aspects of the process, we computed the energy

span of the reaction as the difference between the most energetically dis-

favoured transition state and the thermodynamically most favoured minimum

occurring before this transition state, as introduced by Kozuch[67].

Note that the value that describes the dimer stability (Table 6.10) is not the

same that the value seen at the final structure of the mechanistic pathway. This

difference is due to the reference structure that is considered, in this plot the

stability of the polymer is referred to the initial monomers instead of the adduct

A. Combining the energy span and the dimer stability versus the monomer, a

predictable outcome for the ROP of the monomers can be gathered in a simple

and intuitive plot (Figure 6.14).

The ROP reaction occurs at room temperature, hence, the maximum ener-

getic span considered is below 25 kcal·mol−1. This chosen boundary of the final

dimer stability compared with the initial monomers is not an exact value, and

for that reason, experimental results are useful to obtain knowledge whether

the polymerization of a given monomer is truly feasible or not. The ideal ex-

pected monomer behaviour is localized in the lower left corner in Figure 6.14

with an attractive (energy span) - (polymer stability). Cross-sections in this spe-

cific area of the plot mean that these ROP reactions will be energetically more

favoured with a suitable and low enough thermodynamic stability for the, and

hence, the respective monomer studied should be able to undergo a ROP reac-

tion under these conditions.

Looking the Figure 6.14 and the energy values included at Table 6.10, it is

possible to see clearly the tendencies described above. The ROP of the 7MCC

is located in the most stable region, with an energetic span of 17.4 kcal·mol−1

and the dimer synthesised is thermodynamically stable at -10.1kcal·mol−1.

The 5MCC-pathway has a very close value for the energetic span being 17.6
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Figure 6.14: Correlation plot for five- (5MCC), six- (6MCC) and seven- (7MCC) mem-
bered cyclic carbonates represented as a purple pentagon, hexagon and heptagon re-
spectively. The dashed line divides the polymerization from the non-polymerizable
region. The blue arrow points at the most stable region in the plot

Table 6.10: Correlation plot values and legend for cyclic carbonates with different ring
sizes in kcal·mol−1

Monomer Energy Span Polymer stability
5MCC 17.6 4.4
6MCC 19.8 -3.8
7MCC 17.4 -10.1

kcal·mol−1, but the dimer stability is located significantly higher at 4.4 kcal·mol−1

showing the difference with the tendencies of the reactions reported in the

literature. The 6MCC-pathway has a higher energy span compared to both

pathways starting from either the 5MCC or 7MCC and needs to surmount 19.8

kcal·mol−1, and the dimer stability is located between the other two pathways

at -3.8 kcal·mol−1.
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6.4.3 Real Case Studies

In this section, the polymerization of monomers tested experimentally un-

der the same conditions as presented in Figure 6.7 are considered to com-

bine and validate the theoretical model against known experimental data. The

reference structures are shown in Figure 6.15: Bicyc-OH, Bicyc-OTMS, Bicyc-

Cyclohex[28], and CF3-Ph, CF3-Biphen and CF3-Naph[223] which were tested in

laboratory using TBD as a catalyst, toluene as a solvent at room temperature.

Figure 6.15: Monomers calculated from experimental results under the exact condi-
tions

All of these monomers are accessible through reported syntheses and

nearly all of them may undergo a successful ring-opening Polymerization reac-

tion. Recent published results[28,223] show that by using the monomers CF3-Ph,

CF3-Biphen, CF3-Naph and Bicyc-OTMS it is possible to obtain large and sta-

ble polymer chains. The monomers Bicyc-DMS[252] and Bicyc-Cyclohex were

tested in the laboratory by Kleij’s group members (Dr. David Lamparelli and

Alba Villar-Yanez (myself), respectively) obtaining unsuccessful results. It must

be highlighted that also unsuccessful results bear importance since they can

further shape the predictive computational model.
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Figure 6.16: Relative Gibbs free energy profiles in kcal·mol−1 for bicyclic compounds:
Bicyc-Cyclohex, Bicyc-OH, Bicyc-OTMS and Bicyc-DMS

In Figure 6.16 a comparison of relative Gibbs energy profiles for the ROP of

the bicyclic compounds is represented. The overall tendency of Bicyc-Cyclohex

is producing a dimeric carbonate with lower thermodynamical stability as com-

pared to the other compounds. The difference is not so large in the initiation

part where the TS 1.1 have values of 13.8, 14.1 and 15.1 kcal·mol−1 for the Bicyc-

OH, Bicyc-OTMS and Bicyc-DMS, respectively, while for Bicyc-Cyclohex this

amounts to 16.8 kcal·mol−1. Hereafter, this is followed by the ring-opening

transition state TS 1.2, that have similar energetic values of 11.2, 11.4, 12.4 and

14.7 kcal·mol−1 for Bicyc-OH, Bicyc-OTMS, Bicyc-DMS and Bicyc-Cyclohex.

During the propagation part, which includes TS 2.1 (propagation step) and

TS 2.2 (ring-opening), the energies for the Bicyc-Cyclohex pathway are signif-

icantly higher with values of 27.9 and 28.4 kcal·mol−1, respectively. This is in

contrast with the other monomers, for which the propagation transition states

TS 2.1 in the case of Bicyc-OH and Bicyc-OTMS have lower values of 15.7 (for

both) and 11.5 kcal·mol−1 for Bicyc-DMS. Then during the next and second

ring-opening transition state TS 2.2, the pathways for Bicyc-OH, Bicyc-DMS

and Bicyc-OTMS show values of 12.8, 15.9 and 17.8 kcal·mol−1, respectively,

being more energetically favoured than Bicyc-Cyclohex comparatively.

The reaction ends with the dimer and the catalyst gathered in structure

H followed by their corresponding separated structures. In this last stage,
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each monomer follows the same tendency as noted before, the Bicyc-Cyclohex

pathway included the most disfavoured energies at 11.3 and 16.2 kcal·mol−1

followed by Bicyc-DMS with energies of 1.8 and 11.8 kcal·mol−1. The Bicyc-

OTMS manifold is the most favoured one displaying values of -2.2 and 2.7

kcal·mol−1. Similar energetic values are observed for the Bicyc-OH route (-1.8

and 3.0 kcal·mol−1). These combined computational observations agree with

the experimental results, as the Bicyc-OTMS undergoes a successful ROP and

the Bicyc-Cyclohex and Bicyc-DMS do not react. In the case of Bicyc-OH, the

calculations predict that this mechanism should be feasible, but experimen-

tally the reaction is limited (low molecular weight) because the alcohol group

intervenes likely via chain-transfer events.

The reactivity of alcohols and alkoxides have an important role during the

ROP reaction, hence, this property has to be considered for future calculations.

Specifically, any alcohol or carboxyl group bound to the cyclic carbonate ring

could interact during the ROP reaction and induce the formation of different

polymeric structures (shorter or cross-linked/3D, instead of linear) or even not

allow any reaction. Therefore, substituents with pendant alcohols connected

to the cyclic carbonate will not be considered in this chapter.

Figure 6.17: Relative Gibbs free energy profiles in kcal·mol−1 for the comparison be-
tween mechanistic Pathways for monomers that have CF3 and aromatic group as a
substituent: CF3-Ph, CF3-Biphen and CF3-Naph

In the Figure 6.17, the Gibbs free energy profiles for the monomers CF3-

Ph, CF3-Naph and CF3-Biphen[223] are presented. These monomers have a CF3
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group and aromatic groups (phenyl, naphthalene or biphenyl) located at adja-

cent positions in the carbonate ring.

All three monomers have similar reactivity behaviour with similar energetic

values and in particular for the transition states that are in the range from 8.9

to 13.7 kcal·mol−1, and for the separated polymer and catalyst with values of

9.0-11.7 kcal·mol−1. In general, the initiation and propagation steps are slightly

disfavoured compared to the corresponding ring-opening steps. In more de-

tail, the initiation (TS 1.1) corresponds to the highest transition state for CF3-

Biphen and CF3-Ph (12.9 and 13.7 kcal·mol−1) with an exception noted for the

CF3-Naph pathway which involves the most favoured transition state at 8.9

kcal·mol−1.

The first ring-opening step (TS 1.2) shows very similar energies for used

monomers at 10.4 kcal·mol−1 (for CF3-Ph), 10.5 kcal·mol−1 (for CF3-Biphen)

and 11.4 kcal·mol−1 (for CF3-Naph). Along the mechanistic pathway, the most

stable structures are D with calculated energies of -4.2, -4.0 and -2.4 kcal·mol−1

and E with values of -1.0, 1.4 and -3.1 kcal·mol−1 for the pathway based on CF3-

Ph, CF3-Biphen and CF3-Naph, respectively. The ROP processes continue with

the propagation and second ring-opening transition states (TS 2.1 and TS 2.2)

that are slightly more favoured than the previous ones having energetic values

of 10.5 and 10.4 kcal·mol−1 for CF3-Ph, 10.9 and 9.3 kcal·mol−1 for CF3-Biphen,

and 12.0 and 11.1 kcal·mol−1 for CF3-Naph, respectively.

The final products H have values of 4.8 kcal·mol−1 for both CF3-Biphen

and CF3-Naph, and 5.5 kcal·mol−1 for CF3-Ph, whose structure is slightly less

stable than computed for the intermediates D and E, thus helping the reaction

to continue towards higher levels of propagation. The final dimeric structures

are slightly less stable than the initial monomers meaning that these reactions

are a bit endergonic.

In Figure 6.18, three additional monomers are given to extend the compu-

tational dataset, and these monomers are synthetically accessible following the

same procedure as illustrated for cyclic carbonates presented in Figure 6.16[28].

They were chosen to evaluate the effect of adding different substituents, includ-
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ing a methyl, a phenyl or two methyl groups in order to predict the reactivity

based on the previous calculations and results. The monomer Bicyc-Ph differs

from Bicyc-DMS only by the presence of a different alcohol protecting group,

to examine the influence on the ROP reactivity without considering possible

cross-linking reactions.

Figure 6.18: Monomers calculated inspired by the results attained for Bicyc-OH, Bicyc-
OTMS[28], Bicyc-Cyclohex and Bicyc-DMS[252]

In Figure 6.19 the mechanistic pathways are provided for the ROP of these

latter monomers shown in Figure 6.18. It can be noted that Bicyc-DiMe will

not be able to accommodate a successful ROP reaction. The main differences

are shown at the propagation stage, where the propagation TS 2.1 and ring-

opening TS 2.2 transition states are kinetically (much) disfavoured at 28.1 and

22.8 kcal·mol−1. Moreover, the intermediates F and G are also energetically

quite high with values of 23.9 and 17.2 kcal·mol−1, respectively. The final dimer

Figure 6.19: Relative Gibbs free energy profiles in kcal·mol−1 for the pathways involv-
ing Bicyc-Me, Bicyc-DiMe and Bicyc-Ph as monomers
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structure is also 8.7 kcal·mol−1 more unstable than the initial monomer. In

general, this reaction is not only endergonic, but also represents a high energy

span, meaning that the ROP will be unlikely to occur.

Conversely, Bicyc-Me and Bicyc-Ph do not have a clear tendency to allow to

predict their ROP ability. On one hand, the intermediates and transition states

are accessible and energetically close for both monomers, with have a maxi-

mum value of 17.0 kcal·mol−1 for Bicyc-Me and 16.5 kcal·mol−1 for Bicyc-Ph.

The initiation and ring-opening transition states TS 1.1 and TS 1.2 are located

at 14.6 and 14.0 kcal·mol−1 for Bicyc-Me and at 14.8 and 14.1 kcal·mol−1 for

Bicyc-Ph. Their computed ROP continues with the propagation (TS 2.1) and

the second ring-opening step (TS 2.2) transition states amounting to 16.6 and

17.0 kcal·mol−1 for Bicyc-Me and 12.1 and 16.5 kcal·mol−1 for Bicyc-Ph. There-

fore, the energy span for these polymerizations seem feasible under these con-

ditions.

On the other hand, the final dimer free energies are similar to Bicyc-DiMe,

having energetic values of 12.6, 13.2 kcal·mol−1 for Bicyc-Me and Bicyc-Ph,

compared with the value of 14.9 kcal·mol−1 for Bicyc-DiMe. Thereby, these

polymers are far more unstable than the initial monomers, making these ROP

reaction endergonic and unlikely.

To analyse the results more deeply, a correlation plot depicted in Figure

6.20 and its corresponding values written in Table 6.11 are represented. At first

sight, it is easy to see that the ROP of both Bicyc-Cyclohex and Bicyc-DiMe are

clearly out of the desired range to yield isolable dimeric (or polymeric) prod-

ucts. Not only the transition states involved during the overall manifold are en-

ergetically disfavoured but also the final polymers are relatively unstable. That

means that from a free energy perspective, resultant polymers will be too unsta-

ble with a strong tendency to depolymerize towards the initial cyclic monomer.

The pathway for Bicyc-DMS has an acceptable energy span, however the

polymer stability is at 5.5 kcal·mol−1 and thus close to the (arbitrary) bound-

ary of around 4 kcal·mol−1 and thus it seems unlikely that a successful ROP of

this monomer can be executed. This hypothesis concurs with the experimental
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Figure 6.20: Correlation plot of the polymer stability vs. Energy span (both in
kcal·mol−1) for six-membered monomers tested in the Kleij laboratory and similar
monomers computed [represented as squares]. Reference values for 5MCC, 6MCC and
7MCC from Figure 6.14 are also included [represented as purple pentagon, hexagon
and heptagon respectively]

results showing that the ROP is indeed not possible under ambient tempera-

ture conditions. The results for monomers Bicyc- Me and Bicyc-Ph are also

placed outside the boundary region, and in these cases, the energetic span is

reasonable but the final dimer stabilities are not low enough for a feasible ROP

process.

The result collected for Bicyc-OH, Bicyc-OTMS, CF3-Ph, CF3-Naph and

CF3-Biphen show cross-points located in a stable range combining a low en-

ergy span and also an stable enough dimer. Due to the nature and position of

the substituents, the CF3-based monomers are located in a similar region with

a value around of 15 kcal·mol−1 for the energy span, while the use of Bicyc-

OH and Bicyc-OTMS present slightly higher energy span values of around 18.5

kcal·mol−1.
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Table 6.11: Correlation plot values and legend for six-membered monomers tested in
Kleij’s laboratory (and similar structures) in kcal·mol−1

Monomer Energy Span Polymer stability ROP Successful?
6MCC 19.8 -3.8 Yes

Bicyc-OH 17.3 3.0 Yes
Bicyc-OTMS 20.7 2.7 Yes

Bicyc-Cyclohex 28.4 16.2 No
Bicyc-DMS 15.9 5.5 No

CF3-Ph 14.7 1.8 Yes
CF3-Naph 15.1 2.9 Yes

CF3-Biphen 14.9 3.3 Yes
Bicyc-Me 18.6 7.2 No

Bicyc-DiMe 28.1 8.7 No
Bicyc-Ph 19.5 6.9 No

An overall observation based on the combination of all results a seeming

relation between a feasible ROP and how many positions in the ring are oc-

cupied. When the ring has two positions with substituents as present in Bicyc-

OH, Bicyc-OTMS, CF3-Ph, CF3-Naph and CF3-Biphen, the energetic span is not

too high and the polymer stability is also acceptable, thus should enable a suc-

cessful ROP reaction. When the ring has three positions occupied such as in

Bicyc-Me and Bicyc-Ph, the ROP process looks possible from a kinetic point of

view, but the dimer stability may be stable enough to allow to isolate a poly-

meric version. Finally, if the carbonate ring has four locations occupied as in

Bicyc-Cyclohex and Bicyc-DiMe, it will not undergo a ROP reaction.

With these results in this section, it is possible to confirm that the computa-

tional model developed aligns well with the experimentally observed ROP reac-

tivity under the conditions shown inFigure 6.7 via a correlation of energy span

and dimer stability to predict the reactivity for various known and unknown

monomers.
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6.4.4 Number of substituents

As seen in the section above, the number of substituents may have a key

role for allowing a successful ROP. With this in mind, this section will study how

many substituents can be introduced onto the cyclic carbonate towards a suc-

cessful ROP reaction. To simplify this study, up to six “methyl” substituents

were added to different positions in the 6MCC ring. All evaluated structures are

presented in Figure 6.21.

Figure 6.21: The calculated ROP monomers with a different number of methyl-
substituents

In Figure 6.22 the Gibbs free energy profiles for the ROP of the most substi-

tuted monomers 6MCC-6, 6MCC-5 and 6MCC-4 are presented. From the figure
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it can be easily deduced that all these processes are energetically disfavoured

having high values for the transition states and some of the intermediates. The

initiation step TS 1.1 is the lowest-energy transition state for each monomer at

16.9 kcal·mol−1 for 6MCC-6, 15.6 kcal·mol−1 for 6MCC-5 and 15.1 kcal·mol−1

for 6MCC-4. These processes continue with the first ring-opening step TS 1.2

that is more energetically disfavoured than the previous one, but the values

are still within an acceptable range to enable the ROP reaction. Specifically,

the TS 1.2 have values of 23.3, 19.5 and 17.7 kcal·mol−1 for 6MCC-6, 6MCC-4

and 6MCC-5, respectively. The intermediates D have very close energetic val-

ues for all structures being 7.8 kcal·mol−1 for both 6MCC-5 and 6MCC-4, and

7.9 kcal·mol−1 for 6MCC-6), while intermediates E have similar energetic val-

ues for 6MCC-6 and 6MCC-5 (7.7 and 7.3 kcal·mol−1, respectively), and with

a more stable structure for 6MCC-4 at 3.0 kcal·mol−1. The propagation part,

in contrast, follows a tendency more directly influenced by the number of sub-

stituents. The ROP of the most substituted monomer 6MCC-6 is at this stage the

most disfavoured, followed by the ROP of 6MCC-5 and with the ROP of 6MCC-4

the most favoured comparatively. All of them have energetic values out of range

at room temperature, namely, more than 25 kcal·mol−1 not only for the transi-

tion states TS 2.1 and TS 2.2, but also for some intermediate structures. Due

to this high energetic span, none of these monomers will be able to undergo a

ROP reaction successfully.

In detail, the 6MCC-6 monomer has a propagation transition state TS 2.1

located at 36.5 kcal·mol−1, and this is followed by the intermediate structures F

and G at 28.1 and 32.9 kcal·mol−1. The second ring-opening transition state TS

2.2 has an energetic value of 37.7 kcal·mol−1 being the highest transition state

shown in Figure 6.22. The structure H is also relatively disfavoured with an

energy value of 28.3 kcal·mol−1 and the final polymer stability is computed at

over 25.5 kcal·mol−1. As mentioned above, all of these transition states and in-

termediates are located over 25 kcal·mol−1, and hence it is very likely that these

structures are barely populated in the reaction mixture at room temperature.

Moreover, the final dimer product is so much disfavoured that it is unlikely

to exist. Monomers 6MCC-5 and 6MCC-4 have energy-wise intermediates that
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Figure 6.22: Relative Gibbs free energies in kcal·mol−1 for structures that have from 6
to 4 substituents: 6MCC-6, 6MCC-5 and 6MCC-4

are more reasonable as noted for F (17.5 and 17.4 kcal·mol−1, respectively), G

(19.8 and 19.2 kcal·mol−1) and H (24.5 and 16.5 kcal·mol−1). These values are

in contrast to those related to the transition states TS 2.1 and TS 2.2, which are

much more disfavoured. Specifically, the propagation step TS 2.1 has an ener-

getic value of 31.8 kcal·mol−1 for 6MCC-5 and 26.7 kcal·mol−1 for 6MCC-4, and

the second ring-opening-step TS 2.2, has energetic values quite close to the lat-

ter at 26.8 and 26.6 kcal·mol−1 for 6MCC-5 and 6MCC-4, respectively. The final

dimer product in the manifold based on 6MCC-5 has a similar energy value

as that of the 6MCC-6, (24.5 kcal·mol−1 in comparison with 25.5 kcal·mol−1),

while the 6MCC-4 a value of 15.0 kcal·mol−1 was determined, which is notably

lower compared to the other monomers.

The Figure 6.23 presents the Gibbs free energy profiles for the monomers

with three substituents: 6MCC-3a, 6MCC-3b, 6MCC-3c, 6MCC-3d and 6MCC-

3e. In contrast with the overall tendency shown in Figure 6.22, there is not a

straightforward correlation noted for these monomers with the three methyl

groups located in various positions on the carbonate ring.

The monomers 6MCC-3a and 6MCC-3e in general give the energetically

most disfavoured profiles in this scheme. Their initiation step TS 1.1 has a rea-

sonable energy at 14.9 kcal·mol−1 for 6MCC-3a and a higher value for 6MCC-3e
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Figure 6.23: Relative Gibbs free energies in kcal·mol−1 for structures with three sub-
stituents: 6MCC-3a, 6MCC-3b, 6MCC-3c, 6MCC-3d and 6MCC-3e

at 17.8 kcal·mol−1. The first ring-opening transition state TS 1.2 are more dis-

favoured with values of 19.9 and 22.9 kcal·mol−1 for 6MCC-3a and 6MCC-3e,

respectively. Their reaction then continues with even more disfavoured en-

ergy values for the propagation TS 2.1 at 25.2 kcal·mol−1 (for 6MCC-3a) and

20.1 kcal·mol−1 (for 6MCC-3c). The second ring-opening transition states TS

2.2 have also quite disfavoured energies with 25.7 kcal·mol−1 for 6MCC-3a,

and 28.4 kcal·mol−1 for 6MCC-3e. The mechanistic description ends with the

product H and the polymer, with slightly lower relative values of 23.1 and 21.6

kcal·mol−1 for 6MCC-3a and with more favoured energetic values for 6MCC-

3e being 18.2 and 15.8 kcal·mol−1, respectively. For both these monomers,

their dimeric products are thermodynamically more unstable than the ini-

tial monomers. Additionally, most of the transition states involved during the

ROP reaction are kinetically inaccessible, hence, the monomers 6MCC-3a and

6MCC-3e will not be easily polymerized under these conditions.

The monomers 6MCC-3b and 6MCC-3c have very different dispositions of

the substituents, but nonetheless, have similar behaviour in the propagation

and second ring-opening steps. In detail, the reaction starts with the initia-

tion step TS 1.1 which has for the 6MCC-3b pathway a value of 16.1 kcal·mol−1

and for the path involving 6MCC-3c being 12.0 kcal·mol−1. The following ring-

opening transition state TS 1.2 has values of 19.2 and 17.7 kcal·mol−1 for the
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pathways based on 6MCC-3b and 6MCC-3c, respectively. Structures D (at 6.4

kcal·mol−1 for the 6MCC-3b and at 3.5 kcal·mol−1 for the 6MCC-3c manifolds)

are a bit more unstable than structures E in both pathways (1.2 kcal·mol−1 and

0.7 kcal·mol−1). The propagation step TS 2.1 is a bit high in energy with values

of 19.1 and 19.5 kcal·mol−1 in the computed processes for 6MCC-3b and 6MCC-

3c. Structures F and G are more similar in energy with energetic differences

between these monomers around or below 1.5 kcal·mol−1, and proceed with

the second ring-opening transition state TS 2.2 that has high values for both

monomer cases being 25.0 kcal·mol−1 for 6MCC-3b and 26.2 kcal·mol−1 for

6MCC-3c. The energetic similarity ends at the final stage (H) and final dimeric

products, which have energetic values of 9.7 and 5.5 kcal·mol−1, and 19.4 and

15.6 kcal·mol−1, respectively.

On one hand, for 6MCC-3c the dimer stability compared with the initial

monomer has a value of 11.9 kcal·mol−1, and together with the estimated en-

ergetic span of this reaction (25.5 kcal·mol−1) predicts that this monomer will

not be suitable to be polymerized under the standard conditions. On the other

hand, is not easy to predict the reactivity for the 6MCC-3b monomer because

the activation energy is around 25 kcal·mol−1, which is close to the boundary

value considered for ROP at room temperature. To help the prediction, the final

polymer stability also has an important role. For the ROP 6MCC-3b monomer

the dimer stability is 0.9 kcal·mol−1 and the energy span is 25.0 kcal·mol−1.

Therefore, this monomer could be potentially polymerized though likely only

at elevated temperature. This case exemplifies the interest of retrieving addi-

tional experimental data to refine and shape the model thereby enhancing its

predictive power.

After noting that 6MCC-3c cannot undergo a ROP, a question came up: Why

are Bicyc-Me, Bicyc-Ph and Bicyc-DMS not so far from the ROP boundary area

while having a more complex geometry than 6MCC-3c? Does the disposition

of the substituents play an important role?

Note that monomers Bicyc-Me, Bicyc-Ph and Bicyc-DMS can be polymer-
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ized according to the determined energy spans, but their dimer stability values

are too high placing them outside the ROP region (see Table 6.11 and Figure

6.20).

Simplification of the Bicyc-Me, Bicyc-Ph and Bicyc-DMS monomers by con-

verting all their substituents into methyl groups and using the same stereo-

chemistry, the result is the monomer 6MCC-3d. Although 6MCC-3c and 6MCC-

3d are very similar, the change of stereochemistry makes a difference in the re-

activity. In general, the ROP of monomer 6MCC-3d shows lower barriers com-

pared to 6MCC-3a, 6MCC-3b, 6MCC-3c and 6MCC-3e. The initiation step TS

1.1 has a similar value as observed for the other monomers (15.8 kcal·mol−1),

and I followed by structures B and C that also have similar values (12.2 and

10.9 kcal·mol−1). The transition states related to the ring-opening steps (TS 1.2

and TS 2.2) have more significant differences comparatively, with energetic val-

ues of 14.1 kcal·mol−1 for TS 1.2 and 15.1 kcal·mol−1 for the TS 2.2. Therefore,

these steps are energetically more feasible. The propagation step TS 2.1, lo-

cated amidst the two ring-opening steps, has a value of 20.2 kcal·mol−1, which

is closer to the values related to the use of 6MCC-3b and 6MCC-3c. There is

a remarkable energetic difference for intermediate H compared with those de-

termined for 6MCC-3a, 6MCC-3c and 6MCC-3e, with 6MCC-3d being the most

thermodynamically favoured one at 3.5 kcal·mol−1, whereas the final dimer is

located at 12.1 kcal·mol−1, close to the value determined for 6MCC-3c. Overall,

initiation and propagation as computed for the ROP of 6MCC-3d are higher in

energy than the ring-opening steps in case of 6MCC-3c. This means that once

the main structure is interacting with the monomer, the ring-opening reaction

helps to create a stable product. Moreover, the stereochemistry has an impor-

tant role, and results into a more stable dimer derived from 6MCC-3d located

close to the boundary values while this is not the case for 6MCC-3c.

Considering the numbering of the substituents defined in Figure 6.7, the

ROP reaction implies opening the ring at two possible side of the monomer

being either where R1 and R2 are located or at the side that contains R5 and

R6. The monomer 6MCC-3a is more sterically hindered in comparison with

the other three-substituted monomers because it has substituents in R5, R6
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and R1. In other words, when the ring is opened in TS 1.2 or TS 2.2 the ge-

ometrically most favoured position is at the side that has one methyl group

(R1), contrary to the other side (R5 and R6) that includes two substituents. The

6MCC-3e is similar to 6MCC-3a, and in that case it has the side defined by R1

and R2 completely free, with all three substituents (R5, R6 and R4) gathered in

two contiguous positions. This nonsymmetrical positioning of the substituents

reduces the number of possible reactive conformations. While the 6MCC-3c

and 6MCC-3d have one substituent on each side, their molecular configuration

is different. Finally, the 6MCC-3b has just one side occupied (at R5) enhanc-

ing the number of configurations to react. Despite of these configurational

differences, the energetic values are quite close during the initiation part, but

become more distinct in the propagation part, and ends with dimeric products

that have distinct energies and stabilities. As a consequence, the final poly-

mer stability is directly related with the number of configurations related to

the position of the substituents, with 6MCC-3a being the most disfavoured,

6MCC-3b most favoured, and 6MCC-3c and 6MCC-3d located between these

two extremes with an energetic preference for 6MCC-3d among the last two

examples. In summary, there is not a clear reactivity tendency for the triple-

substituted monomers (Figure 6.26). Some of them have an energetic span

and/or dimer stability located near the boundary values considered to create

a feasible ROP under these conditions, while the others are outside this region

and have relatively low ROP ability.

The Figure 6.24 shows the Gibbs free energy profiles for those monomers

having two substituents: 6MCC-2a, 6MCC-2b, 6MCC-2c, 6MCC-2d and 6MCC-

2e. All of them presents similar overall behaviour and the TSs and interme-

diates are not overly high in energy allowing to predict that these monomers

should undergo a ROP reaction under ambient temperature conditions. By

analysing the results in more detail, is possible to appreciate the different ten-

dencies related to the location of the substituents in this series of monomers.

In general, the most thermodynamically favoured profiles are for 6MCC-2c

and 6MCC-2d due to the position of the two methyl groups. For 6MCC-2c, the
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Figure 6.24: Relative Gibbs free energies in kcal·mol−1 for monomers with two sub-
stituents: 6MCC-2a, 6MCC-2b, 6MCC-2c, 6MCC-2d and 6MCC-2e

substituents (R3 and R4 in Figure 6.7)are present in a completely symmetrical

way around the carbonate carbon, thus enhancing the reactivity due to a lack of

orientational restriction with respect to the initiator and/or catalyst. For 6MCC-

2d, the location of the substituents also enhances the ROP reaction due to a lack

of steric hindrance with the methyl groups located far enough from to the reac-

tive centre. Conversely, the ROP of 6MCC-2b represents the most energetically

disfavoured profile. Although the ring-opening may be carried out near the side

that remains unoccupied , the steric hindrance from the methyl groups located

on both sides of the carbonate ring (R5 and R6 in Figure 6.7) results in ener-

getically higher transition states than noted for the other monomers in Figure

6.24. The monomers 6MCC-2a and 6MCC-2e have similar substitutions but

their stereochemistry is different, whereas the methyl positions for 6MCC-2a is

the same as present in 6MCC-3d, and those in 6MCC-2e are similar to 6MCC-

3c.

In detail, in Figure 6.24, the initiation transition step TS 1.1 demonstrates

similar energies for all monomers at this stage being 14.9 kcal·mol−1 for 6MCC-

2a, 16.6 kcal·mol−1 for 6MCC-2b, 14.0 kcal·mol−1 for 6MCC-2c, 15.8 kcal·mol−1

for 6MCC-2d and 13.6 kcal·mol−1 for 6MCC-2e. The first ring-opening tran-

sition state TS 1.2 show high values for the paths based on 6MCC-2b (21.6

kcal·mol−1), 6MCC-2a (20.6 kcal·mol−1) and 6MCC-2e (18.9 kcal·mol−1), while
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the computed values for 6MCC-3c and 6MCC-3d are lower and similar (13.7

and 13.8 kcal·mol−1). During the propagation, the route based on 6MCC-2b

has the most disfavoured transition states and intermediates with energetic

values of 19.5 and 24.1 kcal·mol−1 for TS 2.1 and TS 2.2, respectively. Notice

that the ring-opening transition state (TS 2.2) value is near to the boundary of

the ROP region but still within its outer limits to predict a ROP of this monomer

at room temperature. The use of monomers 6MCC-3c and 6MCC-3d lead to

close and favoured energies for the transition states and intermediates. The

propagation TS 2.1 has values of 15.0 and 16.4 kcal·mol−1 for 6MCC-2c and

6MCC-2d, respectively, which corresponds to their highest energetic value in

their profile. The second-ring-opening transition state TS 2.2 has almost equal

values to their corresponding first ring-opening transition state (TS 1.2), being

located at 13.7 and 12.4 kcal·mol−1 for 6MCC-2d and 6MCC-3c, respectively.

Despite the structural similarity between 6MCC-2a and 6MCC-2e, the ener-

getic profiles are not. Surprisingly, the ROP of 6MCC-2e is more favoured than

that of 6MCC-2c and 6MCC-2d during the propagation part, with value of 12.7

and 12.2 kcal·mol−1 for TS 2.1 and TS 2.2, respectively, and with the lowest

energetic values for the intermediates F and G. However, the ROP of 6MCC-2a

does not follow any tendency, and the propagation transition state TS 2.1 has

a value of 15.8 kcal·mol−1, close to those computed for 6MCC-2c and 6MCC-

2d. The following intermediates F and G have higher values close to that of

6MCC-2b, which is energetically the most disfavoured profile. Furthermore,

the second ring-opening transition state TS 2.2 has a high energy value of 20.1

kcal·mol−1, which corresponds to the second most disfavoured profile after

6MCC-2b. Finally, the final product adduct H and the separated dimer struc-

tures show different tendencies for each monomer. The 6MCC-2b displays the

most disfavoured energies with values amounting to 12.1 and 12.8 kcal·mol−1,

followed by the pathways that involve 6MCC-2c and 6MCC-2d with energetic

values located somewhere in the middle of the entire series with opposite be-

haviour. While the structure of intermediate H derived from 6MCC-2c has a

higher energetic value than the resultant dimer (11.0 vs. 7.1 kcal·mol−1, re-

spectively), the manifold based on 6MCC-2d illustrates a reversed behaviour
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with energy values of 2.6 and 9.4 kcal·mol−1. The most stable products are

those from the utilization of 6MCC-2a and 6MCC-2e, and in these cases, both

of these structures have similar values of 1.0 kcal·mol−1 (6MCC-2a) and 2.4

kcal·mol−1 (6MCC-2e) for structure H. The related dimer structures are located

at 6.7 kcal·mol−1 (6MCC-2a) and 6.1 kcal·mol−1 (6MCC-2e).

Figure 6.25: Relative Gibbs free energies in kcal·mol−1 for structures with zero or one
substituents: 6MCC, 6MCC-1a and 6MCC-1b

Less substituted monomers with one or no substituents on the carbonate

ring are shown in Figure 6.25. It is rather easy to observe that all monomers

in this series (Figure 6.25) give acces to TSs and intermediates with very

similar energetic values, and consequently, similar reactivity. The separated

monomers in comparison with the adducts A, have energetic values around to

6.8 kcal·mol−1. At the initial transition state TS 1.1, the energetic values are near

15 kcal·mol−1 and is followed by the first ring-opening TS 1.2 that has values

around 19 kcal·mol−1. During the propagation part, the energetic profile for

6MCC is slightly more favoured than that of the monomer with one substituent

(6MCC-1a and 6MCC-1b), but the difference is not really significant because it

corresponds to a maximum of 2 kcal·mol−1. The propagation transition state

TS 2.1 have values around 15.5 kcal·mol−1, similar to the initial transition state

TS 1.1, while the second ring-opening transition state TS 2.2 is a bit lower

compared to the first one (TS 1.2), with values of 18 kcal·mol−1 approximately.

The final structure H is thermodynamically favoured for all monomer-based

routes being -2.5 kcal·mol−1 for 6MCC, -0.4 kcal·mol−1 for 6MCC-1a and -2.4
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kcal·mol−1 for 6MCC-1b. Finally, the separated dimer energy values are similar

for the monomers with one substituent (4.7 kcal·mol−1 for 6MCC-1a and 4.1

kcal·mol−1 for 6MCC-1b), with the product of the ROP of 6MCC being slightly

more favoured at 2.9 kcal·mol−1.

In summary, it can be seen than all Gibbs free energy profiles presented

in Figure 6.25 follow the same tendency as that of 6MCC, hence, it is possible

to predict that these monomers will emulate the same reactivity, with acces-

sible transition states in every propagation step, obtaining a stable polymer.

The energetic similarity could be explained by the lack of steric hindrance in

these monomers, which enhances their reactivity towards ROP not being re-

stricted to interact in just one possible and accessible orientation. The ideal

ring-opening for 6MCC-1a occurs at the side that does not have any close by

substituent. However, it is also possible to carry out the reaction by the side that

has the methyl group closer to the reactive center. In the case of 6MCC-1b, the

methyl is located in a symmetrical position, which means that it should inter-

act with the catalyst/initiator in a similar way as 6MCC. Experimental data for

6MCC[31,35,38,39,195,220,228,246] and 6MCC-1a[224] reported in the literature con-

firm that these two monomers successfully undergo a ROP reaction using TBD

as a catalyst at r.t. Therefore, these calculations agree with these experimental

results and concur with the computational model described in this chapter.

The kinetic and thermodynamic ROP descriptors for the monomers pre-

sented in Figure 6.21 are illustrated in Figure 6.26 and gathered in Table 6.12.

There is a clear tendency directly related with the number of substituents, with

the ROP of 6MCC-6, 6MCC-5 and 6MCC-4 being not only out of the polymeriza-

tion range at room temperature, but also their polymer (dimers) synthesised in

all cases are thermodynamically disfavoured. Hence, none of these monomers

are likely to undergo a ROP reaction under these conditions.

As noted above, the ROP of monomers with three substituents are more dif-

ficult to predict due to the variety of configurations and behaviours they may

have. Some monomers such as 6MCC-3a, 6MCC-3c and 6MCC-3e are clearly

out of the probable polymerization range, while 6MCC-3b and 6MCC-3d are
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Figure 6.26: Correlation plot for dimer stability vs. their computed energy span (both
in kcal·mol−1) of monomers with different number of substituents [represented as
hexagons]. Reference values for 5MCC, 6MCC and 7MCC are also included [repre-
sented as purple pentagon, hexagon and heptagon respectively]

placed close to its boundaries. On one hand, for 6MCC-3b the energetic span is

near the limit of 25 kcal·mol−1, thus making the dimer/polymer stability to play

a key role. On the other hand, for 6MCC-3d a feasible energetic span was deter-

mined but its polymer stability is close to the boundary value at 4.8 kcal·mol−1

outside the feasible region. For monomers with two or less substituents the

ROP is feasible, and the monomers shown in Figure 6.26 perfectly fit in the

acceptable ROP range. Nevertheless, for 6MCC-2b the computed energetic val-

ues are close to both boundaries (energy span of 24.1 kcal·mol−1 and a dimer

stability of 4.5 kcal·mol−1), but could still be feasible. The nonsymmetric po-

sitioning of the substituents in 6MCC-2b, 6MCC-3a and 6MCC-3e reduce their

ROP potential causing higher energetic spans and dimer energies in compari-

son with other monomers having the same number of substituents. Finally, for

monomers with one or no substituents (6MCC-1a, 6MCC-1b and 6MCC), the
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Table 6.12: Correlation plot values and legend for monomers with different number of
substituents in kcal·mol−1

Monomer Energy Span Polymer stability ROP Successful?
6MCC 19.8 -3.8 Yes

6MCC-1a 20.1 -2.2 Yes
6MCC-1b 19.8 -2.7 Yes
6MCC-2a 20.1 -0.7 Yes
6MCC-2b 24.1 4.5 Boundary
6MCC-2c 16.4 2.1 Yes
6MCC-2d 16.9 1.5 Yes
6MCC-2e 18.9 -0.4 Yes
6MCC-3a 25.7 15.1 No
6MCC-3b 25.0 0.9 Boundary
6MCC-3c 26.2 11.9 No
6MCC-3d 20.2 4.8 Boundary
6MCC-3e 28.4 7.7 No
6MCC-4 26.7 10.2 No
6MCC-5 31.8 21.5 No
6MCC-6 37.7 19.0 No

energetic span is relative small, and the final dimers are thermodynamically

more stable than their initial monomers providing exergonic reactions. This

feature helps the ROP reaction to advance thereby potentially leading to larger

and stable polymer molecules.

6.4.5 Size and chemical nature of the substituents

In the previous section, the importance of the number of substituents was

described, concluding that having one or two substituents bound to the ring

of the carbonate monomer provides good ROP potential. Additionally, the

position of these substituents enhances the reactivity if they are located in a

symmetrical position. Considering this information, in this section we will

evaluate substituents with a different size and nature located in the “favoured

region”, specifically, the positions chosen are R3, R4 (Figure 6.7) in the 6MCC

ring.
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Figure 6.27: Monomers with one or two substituents in “favoured” positions in the
monomer with a different nature and size

In the Figure 6.27 all monomers considered in this study part of the study

are depicted. There are six monomers with one substituent and six more with

two substituents. For most monomers as 6MCC-Amine[38,41,44,226], 6MCC-

OMe[38,219,228], 6MCC-Diethyl[38,218,219,247], 6MCC-MePh[219], 6MCC-EtPh[219]

and 6MCC-Fluorene[227], there is experimental data in the literature related

with their synthesis and/or polymerization. Nonetheless, the conditions re-

ported are not always exactly to those studied in this chapter (Figure 6.7).

The Gibbs free energy profiles for six mono-substituted cyclic carbonates

are given in Figure 6.28. All of them can undergo ROP and have similar en-

ergetic profiles although their substituents properties are different. In detail,

the ROP of the monomers with electron-withdrawing groups (6MCC-CN and

6MCC-Cl) produce the most stable profiles, followed by the more electron-rich

based monomer (6MCC-Amine) and the most sterically hindered monomer
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Figure 6.28: Relative Gibbs free energies in kcal·mol−1 for monomers with one sub-
stituent with a different nature and size: 6MCC-Ts, 6MCC-Amine, 6MCC-CN, 6MCC-
Vinyl, 6MCC-Allyl and 6MCC-Cl

(6MCC-Ts). Based on the different nature and size of the functional groups in-

volved, the most disfavoured computed profiles are those related to the 6MCC-

Vinyl and 6MCC-Allyl.

The profiles for both 6MCC-CN and 6MCC-Cl have an initiation transi-

tion state TS 1.1 with similar energies at 11.5 and 11.9 kcal·mol−1, followed

by structures B and C at 8.4 and 10.0 kcal·mol−1 for 6MCC-Cl, and 7.5 and 9.4

kcal·mol−1 for 6MCC-CN, respectively. The first ring-opening TS 1.2 are slightly

more disfavoured than the corresponding initiation transition state TS 1.1 lo-

cated at 15.3 kcal·mol−1 for 6MCC-Cl and at 13.4 kcal·mol−1 for 6MCC-CN.

The structures D and E are thermodynamically more stable than the respective

monomers, with values of -2.0 and -4.4 kcal·mol−1 (6MCC-Cl), and -2.4 and

-6.3 kcal·mol−1 (6MCC-CN). The propagation part is more favoured than the

previous stage, with transition states TS 2.1 and TS 2.2 having energetic values

of 6.9 and 12.9 kcal·mol−1 for 6MCC-Cl, and 4.7 and 11.4 kcal·mol−1 for 6MCC-

CN. The intermediates F, G and the product H, are the most stable structures in

comparison to the other monomers, with values of 4.2, 7.7 and -6.5 kcal·mol−1

for 6MCC-Cl, and 2.4, 6.1 and -7.3 kcal·mol−1 for 6MCC-CN, respectively. The

last structure (dimer) is energetically favoured for both monomers and have

calculated energies equal to 1.9 kcal·mol−1 for 6MCC-CN, and 1.2 kcal·mol−1
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for 6MCC-Cl.

The other ROP profiles for monomers (6MCC-Ts, 6MCC-Amine, 6MCC-

Vinyl and 6MCCAllyl) are a little more disfavoured than those of 6MCC-Cl

and 6MCC-CN. As mentioned above, in general, the most disfavoured ener-

getic profiles are for the monomers with the alkene groups, i.e., 6MCC-Vinyl

and 6MCC-Allyl, while for 6MCC-Ts and 6MCC-Amine, the computed val-

ues are between the most stable profiles related to the monomers with an

electron-withdrawing groups, and those that are most disfavoured related to

the monomers bearing alkene groups.

For the initiation transition state TS 1.1, all monomers display very close

values: 14.2 and 14.3 kcal·mol−1 for 6MCC-Amine and 6MCC-Ts, and 14.7 and

15.2 kcal·mol−1 for 6MCC-Vinyl and 6MCC-Allyl, respectively. The first ring-

opening TS 1.2 is a tiny bit more unstable than the initiation transition state,

and also very similar energies are noted among the monomer series being 17.9,

18.1 and 18.6 kcal·mol−1 for 6MCC-Amine, 6MCC-Allyl and 6MCC-Vinyl, re-

spectively. However, at this stage of the ROP for 6MCC-Ts, the energetic value

the most favoured with a value of 10.9 kcal·mol−1. The propagation transition

state TS 2.1 exhibit larger energetic differences among these monomers, but

they are still rather close with the most favoured one calculated for 6MCC-Ts

at 10.5 kcal·mol−1, followed by 6MCC-Amine at 11.2 kcal·mol−1. As mentioned

above, during this step 6MCC-Allyl and 6MCC-Vinyl have intermediate struc-

tures that are relatively more unstable at 13.0 and 15.7 kcal·mol−1, respectively.

The same tendency continues at the ring-opening transition state TS 2.2, where

the profile for 6MCC-Vinyl has an energetic value of 20.4 kcal·mol−1, being

more unstable compared to the other monomers with values of 16.7, 16.3 and

12.5 kcal·mol−1 for 6MCC-Allyl, 6MCC-Amine and 6MCC-Ts, respectively. The

structure H and the dimer are thermodynamically favoured for all monomers,

located at 5.9 and -0.3 kcal·mol−1 for 6MCC-Amine, at -3.3 and 2.4 kcal·mol−1

for 6MCC-Ts, at -1.0 and 7.6 kcal·mol−1 for 6MCC-Vinyl and at -3.6 and 3.3

kcal·mol−1 for 6MCC-Allyl.

Contrary to the monomers considered in Figure 6.28, 6MCC-Vinyl and

6MCC-Allyl offer the possibility to post-functionalize polycarbonates by virtue
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of vinyl or allyl groups present in the backbone. Their presence creates poly-

mers with interesting synthetic potential by using the olefins to make new

bonds and structures useful to rigidify via crosslinking or further functional-

ize the macromolecule. The pendent alkene groups have successfully been

used to post-functionalize the side-chains thereby creating different polymer

properties[205,243]. Additionally, the vinyl and allyl groups have been used to

synthesise bifunctional cyclic carbonates[253], which can be utilized to create

cross-linked polycarbonates[254].

Considering that the substituent does not have any function during the pro-

cess, and taking some considerations one step further, the ROP potential of

6MCC-Vinyl is comparable to the 5MCC discussed before in Section 6.4.2. The

ROP of 6MCC-Vinyl is slightly energetically more disfavoured in each propa-

gation step, obtaining thus a short and more unstable polymer product after

each consecutive propagation. However, the ROP of 6MCC-Allyl seems to fol-

low the same tendency as the profiles determined for the other monomers in

Figure 6.28, being slightly more favoured after each propagation step. Despite

these observations, both of these double-bond based monomers should easily

undergo ROP due to their favourable energetic span and dimer stability (Figure

6.30).

In general, the ring-opening transition states (TS 1.2 and TS 2.2) are en-

ergetically more disfavoured than their corresponding initiation (TS 1.1) or

propagation (TS 2.1) transition states. Nevertheless, all of them are feasible

at room temperature. The energetic values for the structures of the propaga-

tion part, are barely more accessible than the structures for the initiation part

with the exception of 6MCC-Vinyl. The tendency for monomers with electron-

withdrawing groups (6MCC-CN, 6MCC-Cl and 6MCC-Ts) is that their ROP is

energetically more favourable than the monomers equipped with electron-

donor groups (6MCC-Amine, 6MCC-Vinyl and 6MCC-Allyl). However, the

energetic differences are not highly significant. The size of the substituents

does neither has an important role, the pathway for most sterically hindered

monomer 6MCC-Ts shows similar energetic values compared to the other

monomers with smaller substituents. In conclusion, the position in the ring in
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mono-substituted monomers is more important than the nature or size of the

substituent, and all monomers examined (Figure 6.28) should be prone to be

polymerized.

Figure 6.29: Relative Gibbs free energies in kcal·mol−1 for di-substituted structures
with a different nature and size: 6MCC-Cyclohex, 6MCC-Diethyl, 6MCC-OMe, 6MCC-
MePh, 6MCC-EtPh and 6MCC-Fluorene

The relative Gibbs energy profiles for disubstituted monomers are pre-

sented in Figure 6.29. On the one hand, for 6MCC-Cyclohex, 6MCC-Diethyl,

6MCC-OMe and 6MCC-Fluorene, not only the substituents are located in a

favourable position (R3, R4 Figure 6.7), but are equal/symmetric as well. On

the other hand, 6MCC-MePh and 6MCC-EtPh have different substituents in-

cluding a phenyl and alkyl (methyl or ethyl) groups. The monomer tendencies

shown in Figure 6.29 are reasonably similar except for the profile related to the

ROP of 6MCC-Fluorene, which has the most favoured energy values in almost

all structures along the reaction pathway. Nevertheless, the energies compared

with the other ROP profiles are not much different. As noted in Figure 6.28,

the energetic tendencies for mono-substituted monomers are similar to those

of di-substituted monomers (Figure 6.29). These tendencies embrace similar

type of energetic values for the ROP pathways during the initiation part (from

structure A to D), but they differ during the propagation part (from structure

E to H). Specifically, the initiation transition state TS 1.1 for the ROP of 6MCC-

Diethyl, 6MCC-MePh and 6MCC-EtPh (13.4 kcal·mol−1) have similar values, is
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a little bit higher for 6MCC-Cyclohex (13.7 kcal·mol−1), and more favourable

for 6MCC-OMe and 6MCC-Fluorene (12.7 and 10.3 kcal·mol−1, respectively).

These values are close to those computed for the first ring-opening step TS 1.2

that are at 13.0, 12.7 and 12.5 kcal·mol−1 for 6MCC-Cyclohex, 6MCC-Diethyl

and 6MCC-Fluorene, respectively. In the middle of this range are the val-

ues calculated for 6MCC-MePh and 6MCC-EtPh amounting to 10.4 and 10.6

kcal·mol−1. The most favoured energetic value is for the path for 6MCC-OMe at

8.0 kcal·mol−1 The main energetic differences are found within the structures

D and E, which are more stable than their previous and subsequent structures.

Intermediates D have similar values with 1.6, 1.8, 2.0, 2.1, 2.4 and 4.7 kcal·mol−1

for 6MCC-Cyclohex, 6MCC-Fluorene, 6MCC-Diethyl, 6MCC-OMe, 6MCC-EtPh

and 6MCC-MePh, respectively. Structure E show more energetic diversity,

and the most stable structures are those derived from 6MCC-Fluorene and

6MCC-EtPh at -7.4 and -7.2 kcal·mol−1, followed by 6MCC-MePh and 6MCC-

Diethyl being at -4.5 and -1.9 kcal·mol−1, and with the values determined

for 6MCC-Cyclohex and 6MCC-OMe the highest in the series at 0.4 and 3.2

kcal·mol−1. The propagation transition state TS 2.1 is the most unstable one

in the ROP pathway for 6MCC-Diethyl and 6MCC-OMe located at 17.1 and

16.2 kcal·mol−1, respectively, and is the most feasible for 6MCC-Fluorene at 4.4

kcal·mol−1.

For the rest of the monomers, their energetic values are similar as their

preceding transition states being 13.0 kcal·mol−1 for 6MCC-Cyclohex, and

10.7 kcal·mol−1 for both 6MCC-MePh and 6MCC-EtPh. The last ring-opening

step TS 2.2 is energetically comparable with TS 1.2, with 6MCC-Cyclohex and

6MCC-Diethyl again representing the most unstable structures with values of

13.8 and 12.0 kcal·mol−1, respectively, and the most stable value observed for

6MCC-OMe at 7.1 kcal·mol−1. In between these latter values are those from

the profiles based on 6MCC-Fluorene (at 10.0 kcal·mol−1), 6MCC-MePh (11.2

kcal·mol−1) and 6MCC-EtPh (8.1 kcal·mol−1).

Note that the computed manifolds for 6MCC-MePh and 6MCC-EtPh coin-

cide or have (very) close values in each of their respective preceding transition

states. However, in TS 2.2 the energetic difference is larger about 3 kcal·mol−1
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approximately. For 6MCC-Fluorene, the initiation (TS 1.1) and propagation (TS

2.1) transition states are more stable than the respective ring-opening transi-

tion states (TS 1.2 and TS 2.2), contrary to what is observed for 6MCC-OMe,

whose profile shows the opposite behaviour having the most favoured tran-

sition states at the ring-opening stages. The final structures H and the dimers

have quite similar energy values with the exception of 6MCC-Diethyl, for which

H is located at 11.5 kcal·mol−1 (the most unstable structure among all of them)

and 5.1 kcal·mol−1, respectively. In the profiles of 6MCC-MePh and 6MCC-

EtPh, the values are 3.9 and 4.6 kcal·mol−1 for structure H, and 7.2 and 6.7

kcal·mol−1 for the dimer, respectively. In the manifold calculated for 6MCC-

OMe, the energies are 5.3 kcal·mol−1 (H) and 5.1 kcal·mol−1 (dimer). The re-

lated structures for 6MCC-Cyclohex and 6MCC-Fluorene have the most feasi-

ble energetic values being 2.7 and 0.2 kcal·mol−1 (structure H), and 4.9 and 5.5

kcal·mol−1 (dimer), respectively. In summary, all transition states are feasible

at room temperature and almost all monomers presented in Figure 6.29 have

their final dimer energies lower than their corresponding initial monomers.

Therefore, all of them should be prone to ROP delivering stable polymers.

Table 6.13: Correlation plot values and legend for monomers with different size and
chemical nature of the substituents located in favoured positions in kcal·mol−1

Monomer Energy Span Polymer stability ROP Successful?
6MCC 19.8 -3.8 Yes

6MCC-Ts 21.3 -7.7 Yes
6MCC-Amine 19.1 -7.2 Yes

6MCC-CN 17.7 -6.4 Yes
6MCC-Vinyl 21.2 0.9 Yes
6MCC-Allyl 19.4 -3.6 Yes

6MCC-Cl 17.3 -6.5 Yes
6MCC-OMe 16.2 1.5 Yes

6MCC-Diethyl 19.0 -0.3 Yes
6MCC-MePh 15.7 2.5 Yes
6MCC-EtPh 17.8 2.0 Yes

6MCC-Cyclohex 13.8 -0.4 Yes
6MCC-Fluorene 17.3 -3.2 Yes
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Figure 6.30: Correlation plot for polymer stability vs. Energy span (both in kcal·mol−1)
of monomers with different size and chemical nature for the substituents [represented
as circles]. Reference values for 5MCC, 6MCC and 7MCC are also included [represented
as purple pentagon, hexagon and heptagon respectively]

The energetic spans and dimer stabilities for the monomers represented in

Figure 6.27 are shown in Figure 6.30 and their corresponding values are pro-

vided in Table 6.13. The mono-substituted monomers are in general located

in the lower-left region, which means that they should be polymerizable (ki-

netically) and giving stable polymers (thermodynamics), while di-substituted

monomers are located closer to the boundary of the ROP feasibility region. The

mono-substituted monomers with electron-donating groups are placed in a

more favourable region than the monomers with electron-withdrawing groups.

Nevertheless, the energy spans and dimer stabilities for the most opposite-like

monomers (6MCC-Amine and 6MCC-CN) are considerably close to one an-

other. Therefore, based on our calculations there is no clear tendency related

to the electronic nature of the monomer substituents.

For 6MCC-Allyl, 6MCC-Vinyl and 6MCC-Ts, the energetic span is higher
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compared to the other monomers (Figure 6.27), with those for 6MCC-Vinyl

and 6MCC-Ts being the highest with values close to 21 kcal·mol−1. In gen-

eral, the di-substituted monomers have lower energetic spans than the mono-

substituted ones, however, their computed dimer stabilities are lower (i.e.,

higher energy values were calculated for these species). The most favoured

di-substituted monomers in terms of ROP potential are the ones with a sym-

metrical substitution patterns with 6MCC-Fluorene and 6MCC-Cyclohex the

most feasible ones. In the case of 6MCC-Fluorene, the energetic span is close

to that of the mono-substituted monomers 6MCC-Cl, 6MCC-CN and 6MCC-

Amine, while the energetic span value computed for 6MCC-Cyclohex is the

lowest among the entire monomer series visualized in Figure 6.27. The 6MCC-

MePh and 6MCC-EtPh have similar dimer stabilities and similar energy span

values, with the monomer substituted by an ethyl group being slightly more

disfavoured. The monomer 6MCC-OMe is located inside the feasible ROP

region and thus the plot predicts that it may ring-open polymerized with a

reasonable energy span. In conclusion, all of the calculated and visualized ROP

data for this latter series of monomers seem to suggest that they can be poly-

merized under the standard ambient temperature conditions due to relatively

low energetic spans and acceptable and low energies of the final dimers. Alto-

gether, the combined data indicated that the location of the substituent in the

ring is far more important than the chemical nature or size of the substituent.

6.4.6 Five-Membered Cyclic Carbonates

As mentioned above, several synthetic routes exists to obtain successfully

five-membered cyclic carbonates (5MCC)[255–258]. Unfortunately, in general

these molecules do not possess good potential for ROP, and in the sparse cases

reported short and/or unstable polymers are observed in comparison to the

ROP of the larger ring carbonates (6MCCs, 7MCCs and 8MCCs)[39,220]. Impor-

tantly, the 5MCC and 5MCC-Me can only can be ring-open polymerized at high

temperatures, conditions that typically lead to decarboxylation thereby giving

poly(ethylene-carbonate)s and not the target poly(carbonate)s. In Figure 6.31
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some monomers are shown that have been previously prepared and reported

in the literature: 5MCC[246,247,259,260], 5MCC-KetoPh[261], 5MCC-Cyc[91,235],

5MCC-Limonene[237], 5MCC-C=C[262,263] and 5MCC-Me[21,246,247,256,257,260,264,265].

Except for the trans-fused 5MCC-Cyc and 5MCC-Limonene, all other 5MCCs

have not been reported as suitable monomers for ROP.

Figure 6.31: Five-membered cyclic carbonates monomers

In Figure 6.32, the relative Gibbs free energy profiles are presented for the

monomers depicted in Figure 6.31. As already noted in Section 6.4.2 - Ring

Size, the ROP tendency for 5MCCs consists of various stages, with an initial

stage (ring-opening by the initiator molecule, BnOH) that is kinetically feasible.

However, at each subsequent step (alternating propagation and ring-opening

of the next monomer), the process becomes energetically less favoured from a

free energy point of view (i.e., an increasing ∆G is observed above the value

of the respective monomer). The first part of the ROP shows similar values

for all monomers, but the main differences occur in the second stage lead-

ing to the dimer. The most disfavoured profiles are those calculated for the

monomers 5MCC-KetoPh, 5MCC-Me and 5MCC-C=C. As anticipated, the pro-

file for 5MCC-Limonene is the most favoured one (negative ∆G), followed by

the ones computed for 5MCC-Cyc and the non-substituted cyclic carbonate

5MCC.

In more detail, the separated, starting monomers 5MCC-Cyc and 5MCC

have energies of 2.9 and 4.1 kcal·mol−1, respectively, values that are followed by

those computed for 5MCC-C=C (at 6.2 kcal·mol−1) and the more disfavoured

ones of 5MCC-Me, 5MCC-Limonene and 5MCC-KetoPh located at 7.2, 7.8

and 8.8 kcal·mol−1. The 5MCC-Limonene has the lower energetic values for
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Figure 6.32: Relative Gibbs free energies in kcal·mol−1 for five-membered cyclic
carbonates with different substituents: 5MCC, 5MCC-KetoPh, 5MCC-Cyc, 5MCC-
Limonene, 5MCC-C=C and 5MCC-Me

almost all intermediates and transition states, with the exception of TS 1.1,

which is relatively high at 20.0 kcal·mol−1 in comparison to those values of the

other monomers (15.7 kcal·mol−1 for 5MCC-Cyc, 15.0 kcal·mol−1 for 5MCC-

Me, 12.6 kcal·mol−1 for 5MCC-KetoPh, 10.6 kcal·mol−1 for 5MCC-C=C and 10.2

kcal·mol−1 for 5MCC).

In the first ring-opening transition state TS 1.2, the highest values are com-

puted for the profiles of 5MCC-Me, 5MCC and 5MCC-KetoPh (15.9, 14.1 and

13.3 kcal·mol−1, respectively), followed by that calculated for 5MCC-C=C (11.7

kcal·mol−1) with the energies for the TS 1.2 in the manifolds of 5MCC-Cyc and

5MCC-Limonene being most favored at 9.1 and 6.7 kcal·mol−1. From this stage

onwards, the profile for 5MCC-Limonene consistently shows the lowest ener-

gies, followed by the pathways determined for 5MCC-Cyc and 5MCC that are

clearly above the profile of 5MCC-Limonene. The overall profiles computed

for 5MCC-Me, 5MCC-C=C and 5MCC-KetoPh are energetically the most dis-

favoured ones. Moreover, in all energy profiles, with the exception of the ones

determined for 5MCC-Cyc and 5MCC-Limonene, the propagation transition

state TS 2.1 has a lower energy value than the second ring-opening transition
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state TS 2.2. Specifically, the least probable energetic paths are the ones re-

lated to the ROP of 5MCC-KetoPh, 5MCC-Me and 5MCC-C=C that display en-

ergy values of 20.4, 18.4, and 16.4 kcal·mol−1 for TS 2.1, and 24.3, 19.3 and

18.8 kcal·mol−1, respectively, for TS 2.2. The use of monomers 5MCC-Cyc and

5MCC is energetically more feasible with values of 13.5 and 12.4 kcal·mol−1

for the propagation (TS 2.1), and 8.1 and 15.8 kcal·mol−1 for the second ring-

opening (TS 2.2). Finally, the pathway based on the ROP of 5MCC-Limonene

shows very low energetic values for the transition states TS 2.1 and TS 2.2 at 9.6

and 1.4 kcal·mol−1, respectively. In between these transition states, the ener-

gies for intermediates F and G follow the same tendencies. The ones calculated

for 5MCC-KetoPh are the highest with values around 18 kcal·mol−1, followed by

those calculated for 5MCC-Me and 5MCC-C=C with values near 15 kcal·mol−1.

Just below these latter ones are the data attained for monomers 5MCC and

5MCC-Cyc with similar values around 10.5 kcal·mol−1 for the aforementioned

intermediates. The same intermediates that are derived 5MCC-Limonene have

in this respect very low energies.

The reaction terminates (dimer stage) in a similar way as noted in the sec-

ond ring-opening transition state, with structures H having computed values

of 22.0, 13.5 and 10.5 kcal·mol−1 for 5MCC-KetoPh, 5MCC-C=C and 5MCC-Me,

1.3 and -3.5 kcal·mol−1 for 5MCC and 5MCC-Cyc, and finally, -12.0 kcal·mol−1

for 5MCC-Limonene. On the one hand, the final separate dimers are quite un-

stable for 5MCC-KetoPh, 5MCC-C=C and 5MCC-Me, which are at 26.9, 20.6 and

12.9 kcal·mol−1. These energies are clearly too high to consider them as a stable

product, hence, these monomers, even if they are kinetically feasible for ROP,

are not able to provide stable and isolable polymers. On the other hand, the

separate dimers for 5MCC, 5MCC-Cyc and 5MCC-Limonene have significant

lower energetic values amounting to 8.5, 4.1 and -3.7 kcal·mol−1, respectively.

If we keep in mind that the corresponding energetic spans demonstrate kinetic

feasibility for their ROP, we can safely assume that these monomers have po-

tential to be ring-open polymerized towards isolable polymer species provided

that depolymerization pathways are not equally operative.

To see more clearly which 5MCC monomers are predicted to be prone to
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Figure 6.33: Correlation plot for polymer stability vs. Energy span (both in kcal·mol−1)
of five-membered cyclic carbonates (5MCC)s [represented as pentagons]. Reference
values for 6MCC and 7MCC are also included [represented as purple hexagon and hep-
tagon respectively]

Table 6.14: Correlation plot values and legend for five-membered cyclic carbonate
monomers with different substituents located in favoured positions in kcal·mol−1

Monomer Energy Span Polymer stability ROP Successful?
5MCC 17.6 4.4 Boundary-No

5MCC-KetoPh 24.3 18.0 No
5MCC-Cyc 21.3 1.1 Yes

5MCC-Limonene 20.0 -11.5 Yes
5MCC-C=C 18.8 14.4 No
5MCC-Me 19.3 5.7 Boundary-No

ROP, a correlation plot is presented in Figure 6.33 and selected energy val-

ues are listed in Table 6.14. At first sight, it is easy to recognize a relation-

ship between the dimer stability and the tendencies seen in the propagation
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part (Figure 6.32). Specifically, the profiles for 5MCC-KetoPh and 5MCC-C=C

are the most disfavoured ones with a high energetic span and relative unsta-

ble dimer product. Close to the boundary of the ROP region are the values

determined for both 5MCC-Me and 5MCC, which have reasonable energetic

spans but their dimer stabilities are around +5 kcal·mol−1. Finally, the values for

5MCC-Cyc and 5MCC-Limonene are the most prolific ones with both accept-

able energy spans while based on relatively stable dimer species hence credible

towards polymer formation.

In more detail, the relatively high energetic span for 5MCC-KetoPh at 24.3

kcal·mol−1 combined with a rather unstable dimer (18.0 kcal·mol−1) makes

this monomer unsuitable for ROP promoted by TBD/BnOH. For the monomer

5MCC-C=C, the energetic span is 18.8 kcal·mol−1 (thus feasible at room tem-

perature), however, the corresponding dimer is quite unstable (14.4 kcal·mol−1)

and ROP of this 5MCC also looks unrealistic. These computed data for both

these monomers is clearly out of the range considered to give successful ROP.

The 5MCC and 5MCC-Me monomer cases are more complicated to predict

due to reasonable energetic spans (17.6 and 19.3 kcal·mol−1, respectively) but

with their dimer stabilities close but clearly outside the boundary region (5.7

kcal·mol−1). The experimental data reported in the literature actually shows

that these kind of monomers can be polymerized at high temperature using

metal-based catalyst[231,233]. Additionally, in some of these polymerization pro-

cedures, decarboxylation of the monomer takes place under these conditions

thus obtaining a polymer containing both carbonate and ether connections

in the main polymer chain[229]. Therefore, we here conclude that 5MCC and

5MCC-Me are not sufficiently prone to undergo a successful ROP under the

conditions reported in Figure 6.7, and this prediction coincides with the posi-

tion of their computed date out of the boundary in the correlation plot (Figure

6.33).

The profile for 5MCC-Cyc shows a quite high energetic span of 21.3 kcal·mol−1,

but a very stable dimer at 1.1 kcal·mol−1. Hence, this monomer should be prone

towards ROP. The experimental data reported in the literature concurs with this

prediction[235,236]. Finally, the most stable monomer is 5MCC-Limonene, being
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structurally more complex in comparison with the other monomers reported

in this section. However, several studies show that not only this monomer

can be ring-open polymerized, but also stable polymers can be produced[237].

These data concur with the energetic values obtained (energy span of 20.0

kcal·mol−1, and with a dimer stability of -11.5 kcal·mol−1) and the favourable

location within the ROP region of Figure 6.33.

In summary, in general the 5MCC monomers are more difficult to be poly-

merized than the larger-ring carbonates as there is a general tendency to pro-

duce intermediates and transition states that are increasingly more unstable

after each consecutive propagation. Simple monomers with one or two sub-

stituents do not enhance the reactivity, while a cyclohexyl fused to the five-

membered carbonate ring in a trans- conformation (5MCC-Cyc and 5MCC-

Limonene) help to advance the ROP both from a kinetic and thermodynamic

point of view.

6.4.7 Seven-Membered Cyclic Carbonates

As mentioned before, seven-membered cyclic carbonates (7MCCs) are

more difficult monomers to be prepared, although they have better ROP po-

tential as evidenced by several recent reports[39]. Due to their more challenging

synthesis, only monomers that have been reported in the literature are here

selected for computational studies (Figure 6.34). With this approach, it can be

certified that these investigated 7MCCs are not only synthetically feasible, but

also have ROP potential as supported by computation[38,90,91,210,220,238,239]. In

addition, the monomer 7MCC-KetoMe has recently been demonstrated to un-

dergo a successful ROP reaction using the same conditions that are considered

in this study (cf., work done by Wangyu Shi from the Kleij group), helping to

further validate the computational model.

The relative Gibbs free energies plotted in Figure 6.35 are referred to the

monomers shown in Figure 6.34. Overall, the computed energies indicate

that the ROP of these monomers is thermodynamically more feasible as com-

pared to the five- and six-membered monomers examined in the sections
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Figure 6.34: Seven-membered cyclic carbonates monomers

above. The ROP tendency for 7MCCs can be observed in Figure 6.13, showing

that their initiation is more disfavoured than the following propagation steps,

with declining energies in each subsequent cycle. The intermediates obtained

as a product after the ring-opening transition states also illustrate the same

tendency, as they are much more stable thermodynamically, and become en-

ergetically more feasible at the end of each propagation part. Since all these

7MCC monomers are prone to undergo a ROP reaction more easily than any

other monomer described before (with the exception for 5MCC-Limonene), all

comparative terms used in this section will be among the monomers presented

in Figure 6.34.

As seen in the previous sections, the initiation part exhibits slightly different

behaviour than the propagation part. In the latter, the stability tendencies for

the intermediates and transition states derived from each monomer are clearer

to follow. In Figure 6.35, the most favoured profile is the one computed for

7MCC-C=C, while the most disfavoured one corresponds to 7MCC-Cyc. Be-

tween these two extremes are located the pathways calculated for 7MCC and

7MCC-Me with rather similar values, followed by the data gathered for 7MCC-

KetoMe and 7MCC-Ocyc. For all monomers, except for 7MCC-Cyc, the ring-

opening transition states are energetically more favoured than their preceding

initiation or propagation transition states.

In detail, the Gibbs free energy profiles presented in Figure 6.35 start with

the separate monomers, catalyst and initiator. The lowest energies for these

types of ensembles are calculated for 7MCC-KetoMe and 7MCC with values of

2.0 and 2.7 kcal·mol−1, followed by the profiles of 7MCC-Me and 7MCC-Cyc
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Figure 6.35: Relative Gibbs free energies in kcal·mol−1 for seven-membered cyclic
carbonates having different substituents: 7MCC, 7MCC-Me, 7MCC-Cyc, 7MCC-C=C,
7MCC-KetoMe and 7MCC-Ocyc

with energies at 3.7 and 4.4 kcal·mol−1. The ensembles computed for 7MCC-

Ocyc and 7MCC-C=C are the most unstable ones at 7.2 and 10.7 kcal·mol−1,

respectively. The initiation transition state TS 1.1 for the monomers have a

fused cyclohexyl (7MCC-Cyc and 7MCC-Ocyc) have the highest energy values

at 15.2 and 14.6 kcal·mol−1, followed by the ones computed for 7MCC-Me and

7MCC with values amounting to 13.8 and 13.6 kcal·mol−1. The manifolds for

7MCC-C=C and 7MCC-KetoMe show the lowest TS 1.1 located at 11.5 and 7.5

kcal·mol−1. The first ring-opening transition states TS 1.2 has a similar be-

haviour as the ones observed for TS 1.1, with the TS calculated for 7MCC-Cyc

being most disfavoured (18.9 kcal·mol−1) and the TS for 7MCC-C=C being most

favoured (10.5 kcal·mol−1). The other monomers display TS 1.2 that are re-

ally close in energy being at 12.0 kcal·mol−1 (7MCC), 12.3 kcal·mol−1 (7MCC-

KetoMe), 12.4 kcal·mol−1 (7MCC-Me) and 12.5 kcal·mol−1 (7MCC-Ocyc).

As described in Section 6.4.2 - Ring Size, the tendency for the propagation

part of the mechanism is that it is energetically more favoured than the initi-

ation part. During the propagation transition state TS 2.1, the 7MCC-Cyc de-

rived structure is the most unstable at 15.4 kcal·mol−1, contrary to the species

derived from monomer 6MCC-C=C that shows at this stage the most favoured
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energetic value (1.8 kcal·mol−1). The TS 2.1 computed for 7MCC and 7MCC-Me

have rather similar values of 11.4 and 12.8 kcal·mol−1, respectively, which are

slightly higher than that of 7MCC-Ocyc and 7MCC-KetoMe which are 9.3 and

10.7 kcal·mol−1. The second ring-opening TS 2.2 has lower values than the pre-

ceding transition states, except for the profile of 7MCC-Cyc that demonstrates

a different behaviour. The overall stability tendency is the same as noted for

TS 2.1 showing for 7MCC-Cyc the highest value (15.7 kcal·mol−1), and for the

7MCC-C=C the lowest one at (0.8 kcal·mol−1). The second more stable profile

is noted for 7MCC-Ocyc with a value for TS 2.1 of 3.4 kcal·mol−1, followed by

the one calculated for 7MCC at 6.6 kcal·mol−1. The profiles for 7MCC-KetoMe

and 7MCC-Me at this stage have values of 7.9 and 8.0 kcal·mol−1, respectively.

The ROP reaction ends with rather stable products H. The most stable ones

are those derived from 7MCC-C=C and 7MCC (at -14.4 and -13.1 kcal·mol−1),

followed by products H based on 7MCC-Me, 7MCC-KetoMe and 7MCC-Ocyc

with energies of -11.3, -9.7 and -8.9 kcal·mol−1 and finally the product of 7MCC-

Cyc at -1.0 kcal·mol−1. The separate structures for the dimer and the recovered

catalyst follow a similar tendency as seen with structure H. As observed be-

fore, the profiles of 7MCC and 7MCC-C=C show the most stable species with

similar values of -7.5 and -7.0 kcal·mol−1, followed by the pathway related to

7MCC-Me that has an energetic value of -5.5 kcal·mol−1. The 7MCC-KetoMe

and 7MCC-Ocyc related manifolds have here also similar values of -3.6 and -3.0

kcal·mol−1, respectively, and the most unstable dimer species corresponds to

the one resulting from 7MCC-Cyc at 0.7 kcal·mol−1.

(Note that the polymer obtained from the 7MCC-C=C, corresponds to the cis-

structure as reported in the literature[90])

The correlation plot presented in Figure 6.36 and selected energy values are

provided in Table 6.15 confirm that all seven membered monomers are prone

to ROP by TBD/BnOH. These data agrees with previous attained experimen-

tal results given in the literature[39,90,210,238,239]. The data obtained for 7MCC-

C=C is located in the most favored ROP region, and the ROP of this monomer

does not only display the lowest energy span compared to the other calculated

161

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 6. Ring Opening Polymerization 6.4. Results and Discussion

O O

O

O O

O

O O

O

O O

O

O O

O

O

O O

O

O

150 105 20-5-10-15 25

Polymer Stability (kcal·mol-1)

-20

15

10

20

25

30

35

E
n
e
rg

y
 S

p
a
n
 (

k
c
a
l·
m

o
l-

1
)

40

Figure 6.36: Correlation plot for polymer stability vs. Energy span (both in kcal·mol−1)
of seven-membered cyclic carbonates (7MCC)s [represented as heptagons]. Reference
values for 5MCC and 6MCC are also included [represented as purple pentagon and
hexagon respectively]

Table 6.15: Correlation plot values and legend for seven-membered cyclic carbonates
in kcal·mol−1

Monomer Energy Span Polymer stability ROP Successful?
7MCC 17.4 -10.1 Yes

7MCC-Me 17.5 -9.2 Yes
7MCC-Cyc 18.9 -3.7 Yes
7MCC-C=C 13.2 -17.7 Yes

7MCC-KetoMe 14.2 -5.5 Yes
7MCC-Ocyc 15.4 -10.2 Yes

monomers (13.2 kcal·mol−1), but also involves the most stable dimer at -17.7

kcal·mol−1.

Located also in a favoured region of the plot, but contrary to 7MCC-C=C, the
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calculated profile for the monomer 7MCC-Cyc displays a higher energy span

and lower dimer stability with values of 18.9 and -3.7 kcal·mol−1, respectively.

The computed pathways for 7MCC and 7MCC-Me have quite close energy span

values (17.4 and 17.5 kcal·mol−1) and also dimer stabilities (at -10.1 and - 9.2

kcal·mol−1). Despite 7MCC-Ocyc and 7MCC-KetoMe being structurally quite

different, their energy spans are really similar (15.4 and 14.2 kcal·mol−1, respec-

tively), however, their related dimer stabilities illustrate that the one derived

from 7MCC-Ocyc (-10.2 kcal·mol−1) is more stable than the one obtained by

ROP of 7MCC-KetoMe (-5.5 kcal·mol−1).

In summary, the energy data (span and dimer stability) for all seven-

membered cyclic carbonates are located well within the favoured ROP region

in the correlation plot (Figure 6.36), which concurs with the behaviour ob-

served in the ROP processes communicated in the literature. For all monomers

(Figure 6.34), the energy span values clearly show their ROP potential from a

kinetic point of view, and the dimer stabilities are significantly low, thus pro-

viding a thermodynamic driving force for the ROP of these monomers towards

higher molecular weight polycarbonates.

6.4.8 Polymer stability

The polymer Gibbs free energy used in the predictive plot corresponds to

the relative energy from the trimer or dimer as a single structure with its corre-

sponding reactants. However, the oligomer/polymer chain may adopt several

stable conformations depending on the nature of its substituents and the flex-

ibility of the carbonate chain. After gathering all the data reported in the sec-

tions above, our aim was to examine whether the energies depicted in the pre-

dictive plot describe well enough these features in the oligomeric/polymeric

structure. To further validate our data, some dimer/oligomer structures from

each section above were re-calculated using a distinct procedure, and their cor-

responding Gibbs free energies were compared. Specifically, the cases chosen

are related to the unsubstituted five-, six- and seven-membered cyclic carbon-

ates (5MCC, 6MCC and 7MCC), the monomers tested under the same con-
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ditions (Bicyc-OTMS and CF3-Ph), the most energetically disfavoured struc-

tures originating from five- and six-membered cyclic carbonates (6MCC-6 and

5MCC-KetoPh), a 6MCC with a different substituent (6MCC-Amine and 6MCC-

Cl), and a monomer with computed values close to the boundary ones (5MCC-

Me).

The method used in this section starts with a GFN-xTB Molecular Dynam-

ics simulation that explores the conformational space of the polymer at room

temperature (see computational details in Section 6.3). Above a thousand struc-

tures were sampled from the MD trajectory, which were divided into 5 clusters

using a K-Means[245] clustering method. For each centre of cluster obtained,

the geometry was re-optimized with Gaussian 16[62] at the same level outlined

above (Section 6.3), and a vibrational analysis was also performed. Addition-

ally, a standard state entropic corrections were applied[66]. In this way, the

Gibbs free energies would be comparable.

The final averaged Gibbs free energy for the dimer(oligomer) was obtained

by adding the energy of each conformer weighed according to a Boltzmann dis-

tribution (Equation 6.1) from the relative Gibbs free energies.

Ni

N
= exp(−Ei /kT )∑

j exp(−Ei /kT )
(6.1)

Table 6.16 contains the energies computed with these two methods, and

Figure 6.37 corresponds to a predictive plot for ROP potential of the respective

monomer based on both methods. In Figure 6.37, the data obtained in this

section are represented as filled symbols and a darker boundary line, while the

data from the sections above are represented as non-filled symbols, and the

boundary line has a lighter colour.

Note that the colour that corresponds to each monomer does not always

coincide with the coloured representations seen in the sections above. We im-

plemented this change here to enhance the visualization of each structure in

the plot.

The polymers derived from monomers without substituents and different

carbonate ring sizes (5MCC, 6MCC and 7MCC) were first evaluated. Their aver-
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(kcal·mol−1). The filled symbols and the darker boundary line correspond to the
Boltzmann-weighted energetic values, the non-filled symbols and the lighter bound-
ary line are the reference values calculated in the sections above

aged Gibbs free energies are around 2 kcal·mol−1 more stable than the energies

calculated above. The difference between these energies is not very large, and

reinforces our hypothesis that the structures calculated initially describe well

enough the studied mechanism at the given conditions.

For real case polymers experimentally shown to react, specifically Bicyc-

OTMS[28] and CF3-Ph[223], the average Gibbs free energy is also lower, therefore

shifting their calculated ROP potential towards a more exergonic region (left

side of the plot).

Profiles that are placed in an unfavourable region (high energy span and

low dimer stability), such as determined for the highly-substituted 6MCC-6,

and the 5MCC-KetoPh, were also examined by the alternative computational

method. For both monomers more stable energetic values are found, however,

these latter values are still are located in an unfavoured region (right side of
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Table 6.16: Polymer relative Gibbs free energies compared with the relative weighted
Boltzmann Gibbs free energies, both in kcal·mol−1. The legend for the correlation plot
(Figure 6.37) is also included

Monomer ∆Gibbsr el Boltzmann
5MCC 4.4 2.2
6MCC -3.8 -6.2
7MCC -10.1 -11.7

Bicyc-OTMS 2.7 -3.9
CF3-Ph 1.8 -1.5
6MCC-6 19.0 18.6

5MCC-KetoPh 18.0 14.6
6MCC-Amine -7.2 -9.2

6MCC-Cl -6.6 -8.7
5MCC-Me 5.7 3.9

the plot). Specifically, for the 6MCC-6, the difference is less than kcal·mol−1

while for the 5MCC-KetoPh the difference is around kcal·mol−1 when compar-

ing both methods.

As representative examples of polymers whose ROP was calculated to eval-

uate the chemical nature of the substituents, both 6MCC-Amine and 6MCC-Cl

were selected. In both cases, the averaged energy method provides values that

are more stable by about 2 kcal·mol−1, placing them in a very similar region

in the predictive plot. Finally, 5MCC-Me was evaluated because its ROP values

were close to the boundary line. The averaged energetic value approach coin-

cides in terms of ∆E and dimer stability similar to the trend observed for the

other dimers computed in this section, and being more feasible by around 2

kcal·mol−1.

In summary, it is possible to observe a clear trend regarding the relative

Gibbs free energies obtained along this chapter with the averaged ones. De-

spite the energetic difference not always being the same, the Boltzmann av-

eraged energetic values tend to be in a narrow range of kcal·mol−1 more sta-

ble. Consequently, if we would have computed all the averaged energies for all

monomers discussed in this chapter, we would expect to obtain a very similar
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predictive plot slightly shifted to a more stable ROP region and the boundary

line would be shifted as well. Therefore, the polymer Gibbs free energies with

the standard state entropic corrections computed throughout this chapter, de-

scribes sufficiently well the formation of the dimer structures, avoiding thus a

higher computational cost resulting from the computational efforts needed to

calculate the averaged Gibbs free energies.

6.5 Conclusions

An extensive study of the ROP of cyclic carbonates allowed unravelling the

mechanistic pathway for a wide range of monomers and the creation of a reac-

tivity predictive plot using TBD as a generic catalyst, BnOH as initiator under

ambient temperature conditions. Therefore, all objectives outlined at the be-

ginning of this chapter were achieved. Given the wide scope of this study, the

conclusions below are segmented sections to give a detailed overview.

6.5.1 Mechanistic Pathway

The mechanistic pathway for ROP of cyclic carbonates using TBD as a cat-

alyst and BnOH as an initiator in toluene solution at room temperature was

unravelled. The nature of the TBD determines its reactivity due to the capac-

ity to act/behave as a base and make hydrogen bonds with the carbonate oxy-

gens and intermediate C-O bonds, hence, its presence is key in every transition

state/intermediate. The mechanistic pathway consists of an initiation step fol-

lowed by n propagation steps. Each step consists of two stages that include

an initiation or propagation with a ring-opening step, involving thus two tran-

sition states and four intermediates. The reaction starts with an initiation step

where the BnOH is deprotonated by the TBD and as a result, an alkoxide attacks

the carbonate carbon from the cyclic carbonate, thus leading to an intermedi-

ate with a tetrahedral carbon. The second step is a ring-opening triggered by

the protonated catalyst HTBD+, it protonates the outer oxygen of the tetrahe-

dral carbon intermediate, opening thereby the ring of the cyclic carbonate and
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obtaining an oligomeric carbonate chain. The latter will then serve as the ini-

tiating species for the subsequent propagation towards a larger oligomers by

deprotonation into an alkoxide, following the next ring-opening step. As many

propagation steps may occur (propagation and ring-opening steps), the poly-

mer chain will be growing until chain transfer occurs.

6.5.2 Ring Size

The ROP reaction was studied for cyclic carbonates with different ring sizes

(5MCC, 6MCC, 7MCC) to evaluate the ring strain effect. A trimer formation

was considered as a model system to compare the ROP reactivity trend. For the

bigger ring systems 7MCC and 6MCC, each propagation step is thermodynam-

ically more stable than the previous one (exergonic), while for the 5MCC the

tendency is the opposite (endergonic). The 7MCC profile has in general sig-

nificantly thermodynamically more stable intermediates and transition states

along the reaction pathway. For the 6MCC and 5MCC, their ROP and involved

energetic values start similarly, but at each propagation step, the 6MCC path

is more favoured, contrary to profile computed for 5MCC that becomes more

unstable.

6.5.3 Correlation plot

A useful predictive reactivity plot was designed where the data from the

energy span of the ROP reaction (y axis) was plotted against the polymer sta-

bility (x axis). The monomers that are more favourable to undergo the ROP

reaction are located as much diagonally left-down as possible in the plot. That

region means represents reactions that are energetically feasible (kinetics),

and the dimer obtained is also thermodynamically favoured. To separate the

monomers that may undergo a successful ROP reaction from the others, a

boundary line is represented near 25 kcal·mol−1 for the energy span with the

chosen ROP process being computed at room temperature), and around 4

kcal·mol−1 for the polymer stability. This representation improves the visual-

ization of the results, and allows the prediction of ROP propensity.
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6.5.4 Real case studies

Monomers experimentally tested under the same conditions by Kleij group

members were considered to validate the theoretical model by experimental

data. The monomers CF3-Ph, CF3-Naph, CF3-Biphen, Bicyc-OH and Bicyc-

OTMS successfully undergo ROP as reported in the literature, while Bicyc-DMS

and Bicyc-Cyclohex are not polymerizable having high values for the energy

span and dimer stability. Other monomers analogous to Bicyc-OTMS were cal-

culated, and Bicyc-DiMe was found to be likely unreactive, while Bicyc-Me and

Bicyc-Ph were observed to be near the boundary of the ROP region with a rea-

sonable energy span, though they do show moderate to high energetic values

for dimer.

6.5.5 Number of substituents

The number of substituents plays a key role in the ROP reaction, and with

this consideration, the optimal number of substituents was examined that

can be present in the cyclic carbonate and allowing for an effective ROP re-

action. To evaluate this effect, up to six methyl substituents were added to

different positions in the 6MCC ring. The highly substituted monomers 6MCC-

6, 6MCC-5, 6MCC-4 are energetically highly unlikely to undergo ROP, hence,

they cannot be polymerized under these mild temperature conditions. The

monomers with three substituents are generally not reactive enough in this

ROP, but the disposition and stereochemistry of the substituents place some

monomers (6MCC-3b and 6MCC-3d) close to the boundary of the ROP region.

Almost all monomers with two substituents are placed in a favoured segment

of the ROP region, except for 6MCC-2b, whose energy values are located near

to polymerizable area. The mono-substituted monomers and 6MCC are all

placed within a more favoured part of the ROP region, with similar energies for

both the energy span and dimer stability. In summary, the maximum number

of substituents present in a 6MCC monomer while ensuring potential ROP un-

der these conditions is two. In general, monomers with three substituents will

not (easily) undergo a successful polymerization. For di- and tri- substituted
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monomers, the disposition of the substituents does also have an important

role. In the most nonsymmetric dispositions, with two methyl groups on one

side of the carbonate ring and attached to the same carbon center (6MCC-2b,

6MCC-3a, 6MCC-3e) correspond to rather disfavoured monomers.

6.5.6 Size and chemical nature of the substituents

To evaluate the effect of the chemical nature and size of the substituents in

the ROP reaction, mono- and di-substituted six-membered cyclic carbonates

with the substituents located in the same position in the ring were studied. Ad-

ditionally, most of them are able to be synthesised or polymerized (preparative

studies reported in the literature). All of them are able to undergo ROP, with the

mono-substituted monomers placed in a more favoured ROP region compared

to the di-substituted ones. The number of substituents and their positional

symmetry in the ring have a more important role than their chemical nature or

their size.

6.5.7 Five-membered cyclic carbonates (5MCCs)

The polymers from the simplest five-membered cyclic carbonates 5MCC

and 5MCC-Me are located close to the boundary of the ROP region. These

monomers are known to be ring-open polymerized, but only at high reaction

temperature (with substantial loss of CO2), and the ROP of 5MCC-KetoPh and

5MCC-C=C are both located in a very disfavoured region. In contrast, 5MCCs

with a fused cyclohexyl group are prone to ROP due to their higher ring strain.

The stereochemistry of these monomers has to be trans, because several stud-

ies report that the cis-isomer does not undergo the reaction. The trans-5MCC-

Limonene monomer provides a highly stable dimer product upon ROP. This

monomer is very versatile and it can be polymerized and depolymerized us-

ing the same catalyst (TBD) while changing the reaction temperature. The de-

polymerization reaction will be explained in detail in the next chapter of this

Thesis).
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6.5.8 Seven-membered cyclic carbonates (7MCCs)

The dimers (and likely their polymeric forms) from the seven-membered

cyclic carbonates are extremely stable, all of them are placed in the most

favoured region in the predictive plot, which concurs with the behaviour re-

ported in the literature. The most stable monomer is the 7MCC-C=C, whose

ROP results into a dimer with a low energy span and being thermodynamically

stable.

6.5.9 Polymer stability

Some polymers were re-calculated using a distinct procedure to validate

the data used along the chapter. The average Gibbs Free energy for the poly-

mers tend to give more stable values within a narrow range of a few kcal·mol−1.

Therefore, the more simple and standard use of polymer Gibbs free energies

with the standard state entropic corrections considered along this chapter ad-

equately describes the dimer formation without the high computational cost

associated when focusing on averaged Gibbs free energies.
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Chapter 7. Depolymerization

7.1 Introduction

During the last decades, the inefficiency of plastic recycling processes has

resulted in the accumulation of microplastics within various eco-systems, thus

leading to focus in chemical recycling strategies of polymers to mitigate these

adverse effects[266–269]. In an ideal scenario, recycling methods would produce

the original monomers under suitable catalytic conditions, allowing for their

re-polymerization into the same polymers and enabling the creation of circu-

lar loop opportunities[270–272]. Some recent advances in this area have been re-

ported in the literature for polyesters[273], poly(dioxolanes)/ethers[274,275], and

polyurethanes[276].

As explained in the previous chapter, aliphatic polycarbonates (APCs)

have received attention due to their biocompatibility and potential degrad-

ability[277–280]. There are different synthetic routes to obtain them such as

via polycondensation, Ring-Opening Polymerization (ROP) and Ring-Opening

Copolymerization (ROCOP). The latter approach involves the use of epoxides

and carbon dioxide (CO2) to obtain polycarbonates[281–283]. The advantages

of catalytic copolymerization is the simple access to the reactants involved

CO2 is considered green (non-toxic) and cheap, and epoxides having differ-

ent structures and functional groups can alter some properties of the target

polycarbonate such as thermal behaviour, crystallinity, hydrophilicity, etc.

Specifically, when cyclohexene oxide (CHO)[284–286] and limonene oxide

(LO) monomers undergo ROCOP with CO2, they produce polycarbonates with

high glass transition temperatures (>100◦C), which are useful towards ther-

moset plastics when they are in their amorphous state. The copolymerization

of limonene oxide (LO) and CO2 is challenging due to limited catalyst op-

tions[287–291]; however, the use of LO as a biobased monomer is increasing be-

cause of its functionality it creates in the resultant polymer (PLC)[292–300]. These

advancements highlight how bulky monomers like LO are becoming more im-

portant in the development of more sustainable polycarbonates, and other

polymers derived from (biobased) epoxides that are sterically constrained[301].

A relevant study was reported by de Koning and Sablong[302] who per-
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Chapter 7. Depolymerization 7.1. Introduction

formed a full depolymerization of poly(limonene carbonate) (PLC) into limonene

oxide (LO) and CO2, using the bicyclic guanidine TBD (1,5,7-triazabicyclo[4.4.0]dec-

5-ene) as a catalyst at 110◦C. However, the exact mechanism of this process

remains unclear, and repolymerizing LO and CO2 requires high pressures,

thus impacting the overall energy profile and practicality of PLC recycling.

Other studies regarding the depolymerization of similar polycarbonates such

as poly(cyclohexene carbonate) (PCHC) have been reported[303–307], but only

few of them lead to high yield of a cyclic carbonate with potential as a monomer

in subsequent ROP.

Figure 7.1: Circular recycling of biobased poly(limonene carbonate) through divergent
degradation mechanisms and repolymerization (ROP) of trans-(limonene carbonate)

A more feasible approach for PLC recycling (not depending on higher-

pressure copolymerization of LO and CO2) is first obtaining trans-limonene

carbonate as a major degradation product, followed by a Ring-Opening poly-

merization (ROP) reaction to deliver overall a circular process (Figure 7.1). As

seen in the previous chapter, the ROP of five-membered cyclic carbonates is

rare[308,309], but 5MCCs with a trans-configured fused ring such as limonene

carbonate (LC) and cyclohexene carbonate (CHC) are amenable to be poly-

merized[198,235,236].

As seen along this thesis, TBD is a very versatile organocatalyst that be-

haves both as a base and/or as a proton-relay catalyst. In previous works from
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the Kleij group, the formation of linear carbamates through a hydrogen-bond

guided mechanism[310,311] was facilitated by TBD functioning as a proton-relay

catalyst. In Chapter 6 - Ring-Opening Polymerization, TBD’s double function

was crucial to facilitate the polymerization reaction. Therefore, we hypothe-

sized that this hydrogen-bond activation mechanism could also play a key role

in the depolymerization of polycarbonates.

In this chapter, we present evidence that TBD can serve as a versatile cat-

alyst for the controlled degradation of poly(limonenecarbonate) (PLC) into

trans-limonene carbonate (trans-LC) as the major reaction component and

can subsequently undergo a ROP to regenerate PLC[237]. Moreover, mechanis-

tic investigations including computational analysis and control experiments

show that a mechanistically divergent depolymerization of PLC takes place

combining complementary base-mediated end-group activation and a newly

discovered, hydrogen-bond-promoted main-chain scission.

7.2 Objective/Motivation

The main objective outlines in this chapter is to understand the mechanis-

tic pathways involved in the depolymerization process of poly(limonene car-

bonate) (PLC) using TBD as a catalyst and acetonitrile as a solvent at 80◦C. De-

pending on where the depolymerization starts, two possible mechanisms are

considered:

• End-group depolymerization: The reaction initiates at the terminal al-

cohol of the polymer chain, and the polymer depolymerizes by consecu-

tive backbiting reactions.

• Main-chain Scission: The reaction begins somewhere in the main chain

of PLC, where an initiator molecule activates a carbonyl group within the

chain, resulting in the splitting of the polymer into two smaller chains.

To accomplish the main objective, both mechanisms will be studied and

evaluated by means of DFT calculations supported by experimental results ob-

tained by various Kleij group members.
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Chapter 7. Depolymerization 7.3. Computational Details

7.3 Computational Details

Geometries and energies of all intermediates and transition states po-

tentially involved in the reaction mechanism were computed at a DFT level

using Gaussian16 rev. A.03[62] program with the ωB97X-D[191] functional, 6-

311G**[192,193] basis set and SMD[65] implicit solvent model with acetonitrile

parameters were employed in all the cases. Unconstrained geometry optimiza-

tions were complemented with vibrational analysis. Standard state entropic

corrections were applied to the values of the Gibbs Free energies computed at

353.15K[66].

Full access to the dataset collection of computational calculations is avail-

able on the ioChem-BD repository[135] through:

https://doi.org/10.19061/iochem-bd-1-292

To obtain the initial structures for the transition states, a Potential Energy

Surface (PES) scan was performed using the Gaussian16 program, revision

A.03[62], at the same DFT level, temperature, and solvation model as described

above. For certain structures, the PES scan was initially calculated using GFN2-

xTB, version 6.4.1[83] (a program developed by Grimme), at 353.15K with the im-

plicit solvent model GBSA2 with acetonitrile parameters. The resulting optimal

molecular structures obtained from these calculations was then re-optimized

with a vibrational analysis at the DFT level using Gaussian16 with the same

conditions as described earlier.

7.4 Results and Discussion

The depolymerization reaction presented in Figure 7.2 starts with the poly-

carbonate synthesised from trans-(limonene carbonate) (trans-LC), namely

poly(limonene carbonate) (PLC), with TBD as a catalyst at 80◦C in acetonitrile

solution. The experimental results described in this chapter were performed

by various Kleij group members (see: Dr. Lamparelli et al.)[237]. This depoly-

merization reaction achieves nearly complete conversion of PLC (with only 4%
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remaining), yielding as a products trans-limonene carbonates (LC1 and LC2,

60%), along with a 36% yield of cis- and trans-limonene oxides (trans-LO and

cis-LO)[237].

Figure 7.2: Scheme for the depolymerization of Poly(limonene carbonate) (PLC) and
the reaction conditions

By using trans-LC, a repolymerization via ROP to regenerate PLC was tested

using TBD as a catalyst, BnOH as an initiator in toluene solution at 80◦C (Mn

= 7.29 kg·mol−1, Ð= 1.60). The mechanistic pathway of the ROP of trans-LC

(5MCC-Limonene) is presented in Chapter 6, Figure 6.32. The energy span for

the ROP reaction of 5MCC-Limonene at room temperature is 20.0 kcal·mol−1,

a barrier that is more than feasible at 80◦C.

Several catalysts were tested in the laboratory to see whether they can ac-

commodate the depolymerization of PLC, but among the N-heterocyclic bases

studied, only TBD and DBUa achieved a high enough depolymerization conver-

sion. While the use of TBD produced both LC and LO at high PLC conversion,

the presence of DBU only resulted into LO formation at low PLC conversion

(25%). As seen along this thesis, the role of TBD as a catalyst holds great po-

tential due to its versatility. Not only it can behave as a base, but it is also able

to make hydrogen bonds, and especially with the oxygen atoms of the cyclic

carbonates and analogous heterocycles. The control experiment presented in

Figure 7.3 (a) focuses on performing the reaction in the same conditions out-

lined above with another bicyclic guanidine catalyst. In this case, the use of

aDiazabicyclo[5.4.0]undec-7-ene
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MTBDb, with a similar chemical structure as TBD should not be able to make

hydrogen bonds and induce proton relay steps in the overall manifold due to

the N-bound methyl protecting group. As a consequence, the depolymeriza-

tion does not occur. This result concurs with the idea that the reactivity related

with the free -NH group of the TBD is crucial for depolymerization activity.

Figure 7.3: Control experiments for the depolymerization of poly(limonene carbonate)

The first depolymerization mechanism that comes to mind starts by acti-

vating one of the chain ends of the polymer induced by the catalyst TBD, re-

sulting in consecutive reactions that depolymerize the entire polymer chain via

consecutive backbiting steps. However, for very high molecular weight PLC,

the catalyst likely encounters difficulties in locating a reactive end-group of the

polymer, as each polymer chain possesses only two possible reactive sites. The

reaction temperature aids in molecular mobility, thereby increasing the proba-

bility of finding a reactive centre. The control experiment presented in Figure

7.3 (b), shows that by introducing chain-end protecting groups, inhibition of

the end-group depolymerization mechanism occurs. Consequently, a slower

but still feasible depolymerization takes place. This implies that another de-

polymerization mechanism occurs simultaneously, that could be randomly ini-

tiated within one of the repeat units of the polymer chain with the catalyst likely

activating one of the carbonate group thereby starting a “main-chain scission”

b7-Methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene
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based depolymerization. As a result of this reaction, shorter polymer chains are

obtained, enhancing the catalyst’s ability to also initiate depolymerization via

end-group activation.

Both mechanistically related reactions will be explained in detail and com-

pared in the sections below. The model employed to study the mechanistic

pathway is a trimer (an oligomer chain made up from 3 monomer units) as has

been demonstrated to describe adequately the system in Chapter 6. Utilizing

larger polymer chains for calculations would significantly increase the compu-

tational cost due to the increased number of atoms involved without obtaining

significant improvements in the results, and hence we believe this approxima-

tion is reasonable.

7.4.1 End-group depolymerization

The end-group depolymerization mechanism cleaves polymer chains at

their terminal units, which are typically more accessible than the internal units.

In this case, the catalyst TBD makes the activation of the end-groups (OH) to

initiate the depolymerization process. The mechanistic pathway involved can

be understood as a series of consecutive reactions, in each of which a trans-

limonene carbonate (trans-LC) is released from the main chain. Each part

includes two transition states and four respective intermediates. The model

compound used in this study is a trimeric oligocarbonate, hence, two trans-LC

will be released during the mechanism described in this section.

The mechanistic pathway represented in the Figure 7.4 starts with the

separated structures of the trimer and the catalyst TBD with a relative Gibbs

free energy of 5.5 kcal·mol−1, while their adduct A-e is used as a reference

(0.0 kcal·mol−1). The first transition state TS-1e has an energetic value of 4.7

kcal·mol−1, and consists of a deprotonation of the terminal alcohol group of

the trimer by the catalyst (TBD). Simultaneously, this newly-created alkoxide

approaches to the electrophilic carbon centre of the adjacent carbonate. The

product of this interaction is the structure B-e at 5.6 kcal·mol−1, which has a

tetrahedral carbon centre with four O-substituents forming an ion pair with
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the protonated catalyst (HTBD+), which maintains this geometry with hydro-

gen bonds between the anionic oxygens (outer and carbonyl) and the -NH

group from the HTBD+. The next intermediate C-e has an energetic value of

8.1 kcal·mol−1 and is highly similar to the previous one (B-e), the only differ-

ence is the orientation of the HTBD+ hydrogen bonds, which in this case are

made with the inner and carbonyl oxygens. Due to the catalyst orientation,

the reaction leads to the next transition state TS-2e (12.0 kcal·mol−1), in which

the HTBD+ protonates the nearest oxygen located in the main chain making

an alcohol and a trans-limonene carbonate, both of which are represented in

structure D-e (-4.8 kcal·mol−1).

At this point, the second part of the end-group depolymerization starts,

now the main chain is a dimeric unit with the catalyst. The dimer and the

TBD are assembled in structure E-e (-1.1 kcal·mol−1). The latter is followed

by the transition state TS-3e (12.0 kcal·mol−1) that describes a deprotonation

of the outer oxygen while simultaneously approaching the carbonyl carbon.

Intermediate F-e (8.4 kcal·mol−1) has a tetrahedral centre, and the catalyst

makes hydrogen bonds with two oxygen atoms producing structure G-e (10.5

kcal·mol−1), which has the HTBD+ located near the inner oxygen of the chain

making a hydrogen bond. The last transition state, TS-4e, is the most ener-

getically disfavoured one in this mechanism (18.5 kcal·mol−1) and involves

an oxygen protonation by HTBD+ and the release of a second trans-limonene

carbonate. The last intermediate H-e contains the adduct of the trans-LC,

limonene glycol and the catalyst TBD with a relative Gibbs free energy of 2.8

kcal·mol−1. The final products are the separated structures of the resultant

two molecules of trans-LC, limonene glycol and the catalyst TBD, with a total

energetic value of 2.4 kcal·mol−1.

The energetic span[67] of this reaction is 23.3 kcal·mol−1, which is totally fea-

sible at 80◦C. In summary, the end-group depolymerization of a trimeric model

for PLC using TBD as a catalyst at 80◦C in acetonitrile solution results into the

release of one molecule of limonene glycol, n trans-limonene carbonates (de-

pending of the original length of the polymer chain) and the recovered catalyst

TBD.
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Mechanistic Pathway Structures

For a more detailed analysis of the mechanism depicted in Figure 7.4, geo-

metric parameters were illustrated with atom labels to describe their distances

or angles related to their reactivity. As described earlier, the end-group de-

polymerization reaction involves a series of consecutive steps, each set of steps

comprise two transition states and four respective intermediates thereby con-

verting one monomer from the polymer chain. In Figure 7.4 the first set of

steps goes from A-e to D-e, and the second series from E-e to H-e. Therefore,

this section will discuss the first two transition states to comprehend the overall

reactivity, as the latter ones are analogous.

Figure 7.5: Molecular structure for the TS-1e shown in Figure 7.4 including atom labels

The first transition state for the end-group activation mechanism TS-1e is

presented in Figure 7.5 and its key bond leghts and angles are detailed in Ta-
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Table 7.1: Angles and distances for the geometry of TS-1e presented in Figure 7.5

Atom labels Angle (◦) Atom labels Distance (Å)
O3-C1-O4 76.0 C1-O4 2.80
O4-H9-N8 166.4 O4-H9 1.36
O3-C1-O2 121.3 H9-N8 1.15

ble 7.1. This transition state describes the deprotonation of the terminal alco-

hol (O4-H9) for the trimer as enabled by the nitrogen N8 from the TBD, while

simultaneously the already created alkoxide species (O4) approaches the elec-

trophilic carbonate carbon C1. The deprotonation involving the atoms O4, H9

and N8 shows a near linear arrangement (166.4◦). However, this angle is not

larger (cf., 180◦) as a reaction needs to occur between the alkoxide (O4) and the

carbonyl carbon C1, which are at a considerable distance of 2.8 Å (C1-O4). This

distance is expected to decrease in the next intermediate when a tetrahedral

centre is formed in structure B-e.

Table 7.2: Angles and distances for the geometry for the TS-2e presented in Figure 7.6

Atom labels Angle (◦) Atom labels Distance (Å)
O3-C1-O4 108.9 C1-O4 1.38
O3-C1-O5 100.6 C1-O5 1.92
O5-H9-N8 175.9 O5-H9 1.56
O3-C1-O2 121.6 H9-N8 1.06

The second transition state TS-2e from Figure 7.4 is depicted in Figure 7.6

and selected geometrical values are given in Table 7.2. In this transition state,

the nearest oxygen located in the main chain (O5) is protonated by the HTBD+

(H9), releasing a molecule of trans-LC and creating a terminal alcohol group

in the remaining main chain (O5-H9). The protonation for the alkoxide O5 by

H9 from the TBD again tends to form a linear arrangement between O5, H9

and N8 with a value of 175.9◦. The other hydrogen H6 from the TBD makes

an hydrogen bond with the carbonyl oxygen O2, enhancing its reactivity along

this transition state. The angle for O4-C1-O3 (future carbonate in the trans-LC)

amounts to 108.9◦, and then evolves to the last structure C-e that includes a
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Figure 7.6: Molecular structure for the TS-2e shown in Figure 7.4 including atom labels

tetrahedral carbon centre. However, the angle O3-C1-O5 now measures 100◦

due to the separation from the main chain, and the bond C1-O5 is 1.92 Å that

is significantly longer than the distance between C1-O4 (1.38 Å) just released

trans-LC.

7.4.2 Main-Chain Scission

The main-chain scission mechanism begins by activating a carbonate car-

bon of the polymer chain, leading to the rupture of the polymer chain into

smaller segments. These segments can, from this moment onwards, undergo

either fragmentation through end-group or main-chain scission pathways.

The combination of both mechanisms accelerates the depolymerization of the

polycarbonate, resulting in the formation of smaller polymer fragments that
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will be divided into monomers (trans-LC) or limonene oxides (LOs).

The mechanism presented in Figure 7.7 utilizes H2O as a simple pronucle-

ophile, which can be activated by TBD through hydrogen bonding. As occa-

sional water is commonly present during these reactions, its low concentration

has been shown not to be detrimental for TBD-based depolymerization[237].

The individual structures of the trimer, TBD and H2O have an energetic

value of 8.4 kcal·mol−1 over the reference, which is the adduct of these molecu-

les in structure A-m. The first transition state, TS-1m, is the most energetically

disfavoured one in this mechanism with an energetic value of 21.9 kcal·mol−1.

The water molecule is deprotonated by TBD, and as a result the hydroxide OH−

(a more productive nucleophile) attacks the carbonate carbon located in the

middle of the chain. This reaction results into the intermediate structure B-

m (16.0 kcal·mol−1) which has a tetrahedral carbon centre due to its previous

engagement with the hydroxide. In this latter structure the HTBD+ remains

close to the reactive centre due to hydrogen bonds present and involving dif-

ferent oxygen atoms of the carbonate. In the next structure, C-m located at 12.4

kcal·mol−1, the HTBD+ is located in a different orientation, thus enabling the

geometry towards the following transition state TS-2m (15.2 kcal·mol−1). Dur-

ing the second transition state TS-2m, the HTBD+ protonates an inner oxygen

of the polymer chain, producing a scission in the middle of the trimer, while

the other part of the chain separates. The result is structure D-m, which is a

formal dimer, and the catalyst recovered (TBD) combined with the just created

hemi-ester of a carbonic acid derivative. This adduct is more thermodynam-

ically stable than the structures determined before with an energetic value of

-7.3 kcal·mol−1. From this point onwards, the studied structures correspond

to the monomer with the carbonate acid group, and the further reacting dimer

will be considered in all the structures in order to be energetically comparable.

Note that in Figure 7.7, the following intermediates and transition states

(from structure D-m onwards) are energetically more favoured than the ones

described before. This variation may be due to the size of the main chain, which

in this case is a monomer, hence, the energy values will likely depend on the size

of the polycarbonate and exert some degree of entropic influence.
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The structure E-m (1.7 kcal·mol−1) includes the carbonic acid-based molecule

and the TBD, that spontaneously evolve into the structure F-m, which is their

adduct that contains a carbonate group and the protonated catalyst HTBD+

located at -16.5 kcal·mol−1, and has a very similar geometry as G-m (-19.7

kcal·mol−1). In the latter, the HTBD+ has changed its orientation, which in turn

allows it to create new hydrogen bonds to enhance the reactivity of importance

for the next transition state TS-3m (-8.8 kcal·mol−1). During this last transition

state, the HTBD+ protonates the inner oxygen of the carbonate group, which

changing its original angle from ∼120◦ (carbonate) to approximately 180◦ re-

leasing thereby CO2. This reaction ends with structure H-m (-18.5 kcal·mol−1),

which is the adduct of the recovered catalyst TBD, the limonene glycol and the

CO2 molecule. When separated, the addition of these molecules (including the

dimer), has an energetic value of -13.7 kcal·mol−1.

The energetic span[67] of this reaction is 21.9 kcal·mol−1, which is com-

pletely feasible at 80◦C. The mechanistic pathway for the depolymerization

via main-chain scission requires a water molecule that behaves as a pronucle-

ophile once its deprotonated by the catalyst to begin the reaction. Once the

depolymerization starts, a cascade of reactions occurs to obtain a limonene

glycol, a dimer from the cleaved chain, and a CO2 molecule as products.

Mechanistic Pathway structures

For a more detailed analysis of the main-chain scission reaction, some

structures from the overall mechanistic pathway presented in Figure 7.7 will

be discussed in this section to evaluate in more detail their structural parame-

ters.

The first transition state TS-1m is presented in Figure 7.8, and its selected

geometrical parameters are given in Table 7.3. This transition state shows a si-

multaneous reaction that involves a water molecule (H2-O1-H3), which is de-

protonated by the N9 atom of TBD while the newly-created hydroxide O1-H2

attacks the carbonate carbon C4 from the trimer. In this structure, the angle in

188

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 7. Depolymerization 7.4. Results and Discussion

Figure 7.8: Molecular structure for the TS-1m presented in Figure 7.4 including atom
labels

Table 7.3: Angles and distances for the geometry for the TS-1m presented in Figure 7.8

Atom labels Angle (◦) Atom labels Distance (Å)
H2-O1-H3 111.1 O1-C4 1.97
O6-C4-O1 99.2 O1-H3 1.50
O1-H3-N9 177.0 O1-H2 0.96
C4-O1-H3 117.3 H3-N9 1.09

O5-H11-N10 164.6 O5-H11 1.79

the interacting water molecule is larger than the theoretical one with a value for

H2-O1-H3 being 111.1◦ as a result of its partial deprotonated character medi-

ated by H-bonding to TBD.

Moreover, the bond distance of O1-H3 is 1.50 Å due to the deprotonation

made possible by the N9 atom of TBD with an almost linear arrangement for
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O1-H3-N9 (177.0◦), while O1-H2 keeps a typical bond length around 0.96 Å,

while the O1-H3 bond distance is 1.50 Å due to the (partial) deprotonation en-

abled by the N9 atom of TBD with an almost linear arrangement for O1-H3-N9

(177.0◦). As a consequence, the O1 atom from the alkoxide species comes closer

to the carbonate carbon C4 with a distance of 1.97 Å. This interaction will gen-

erate a tetrahedral surrounded carbon C4 bound to the oxygens atoms O1, O5,

O6 and O7. The angle related with oxygen atom O6 from the carbonate group

and the oxygen from the hydroxide (O1) are set up to provide a tetrahedral ar-

rangement around C4 in the next structure B-m (with O6-C4-O1 being 99.2◦).

Thus, these three molecules are able to react due to the hydrogen bonds made

by the hydrogen H11 from the TBD with the oxygen O5 from the carbonate,

with an angle O5-H11-N10 amounting to 164.6◦ and with a distance O5-H11

being 1.79 Å.

Figure 7.9: Molecular structure for the TS-2m presented in Figure 7.7 including atom
labels

The second transition state TS-2m presented in Figure 7.9 and some of its

geometrical values are listed in Table 7.4. This transition state consists of a
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Table 7.4: Angles and distances for the geometry for the TS-2m presented in Figure 7.9

Atom labels Angle (◦) Atom labels Distance (Å)
O1-C4-O7 103.3 O1-C4 1.36
O6-C4-O1 108.0 O7-H3 1.62
O7-H3-N9 178.5 C4-O7 1.84

O5-H11-N10 166.5 H3-N9 1.05

middle-chain scission providing a dimeric carbonate and a hemi-ester of a car-

bonic acid derivative. The reaction starts with intermediate C-m, which con-

tains a tetrahedral carbon C4 bound to their neighbouring oxygen atoms from

the polymer chain (i.e., O6 and O7), and the oxygen O1 from the hydroxide

group in TS-1m. The scission is clearly observed by following the distance be-

tween the C4 carbon and the O7 whose value is 1.84 Å, and the related angles

O1-C4-O7 (103.3◦) and O6-C4-O1 (108.0◦) close to tetrahedral ones. To com-

plete the polymer chain scission, a proton transfer is made by the hydrogen H3

from the HTBD+ and the oxygen atom from one part of the main chain (O7),

and the relevant angle (O7-H3-N9) is almost perfectly linear at 178.5◦. Addi-

tionally, the other hydrogen atom from the HTBD+ (H11) makes a hydrogen

bond with the oxygen atom O5 from the original carbonate unit, with an angle

O5-H11-N10 being rather linear (166.5◦). This hydrogen bond keeps the geom-

etry together as to assist the chain scission.

Table 7.5: Angles and distances for the geometry for the TS-3m presented in Figure
7.10

Atom labels Angle (◦) Atom labels Distance (Å)
O1-C4-O5 160.8 O6-C4 2.18
O6-C4-O1 104.1 C4-O5 1.17

O6-H11-N10 157.6 O6-H11 1.61

The last transition state TS-3m geometry is presented in Figure7.10 and

some of its angles and bonds are added to Table 7.5. The outcome is CO2

release (O1-C4-O5) from O6 in the anionic form of the carbonic acid-based

molecule, while simultaneously, the H11 from the HTBD+ protonates the just-
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Figure 7.10: Molecular structure for the TS-3m presented in Figure 7.7 including atom
labels

created alkoxide O6. The angle from CO2 O1-C4-O5 is 160.8◦, which is some-

what in the middle of a typical trigonal geometry of the carbonate anion form

(about 120◦), and the final linear configuration of a carbon dioxide molecule,

which is around 180◦. The angle (O1-C4-O5) shows a geometry closer to that

of CO2 release, with distances for O6-C4 of 2.18 Å, and C4-O5 being 1.17 Å. Ad-

ditionally, the proton transfer angle between the HTBD+ and the alkoxide (O6-

H11-N10) is less linear than compared with the previous angles, with a value of

157.6◦. Note that TS-3m undergoes a significant geometrical transformation

as it represents the transition state between G-m, which includes a carbon-

ate anion, and H-m that corresponds to limonene glycol and a released CO2

molecule. As a result, some angles and bonds in the Figure7.10 lie within the

range of these two geometries.
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7.4.3 Depolymerization Mechanisms Evaluation

As seen in the sections above, both mechanisms (end-group depolymer-

ization and main-chain scission) are feasible under the conditions reported in

Figure 7.2, both experimentally and theoretically[237]. Therefore, we expect a

combination of both mechanisms during the degradation of the poly(limonene

carbonate) chains. In this section, we will briefly discuss the combination of

both mechanisms by comparing them.

Figure 7.11: Schematic example of the depolymerization of a decamer

The pendent alcohol end-groups of the terminal groups tend to be more re-

active, however, at the beginning of the reaction when the polymer chains are

long, only two possible reactive sites are available for the end-group depoly-

merization mechanism. Therefore, the main-chain scission tends to be more

easy to initiate the depolymerization, although a water molecule is needed to

start the mechanism. To exemplify these concepts, a scheme of the depoly-

merization of a larger model (a decamer) is presented in Figure 7.11. In this

schematic representation of the decamer, the violet bubbles represent where

the "end-group depolymerization" would take place, the dark-purple bubbles

represent where "main-chain scission" can occur, and the light blue bubbles

represent the monomers obtained as final products of the depolymerization.
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In the initial stage (when n = 10), the oligomeric chain has a higher number

of carbonate groups that can participate in main-chain scission, increasing the

probability to start cleaving the chain through this mechanism. In the example

of Figure 7.11, we consider the scission of the decamer into large and unequal

chains: a tetramer (n = 4) and a hexamer (n = 6). For the tetramer, it has an

equal probability to undergo either mechanism. The end-group depolymer-

ization mechanism (Figure 7.11, left side) decomposes this oligomer chain first

into a trimer (n = 3) and releases a monomer, and subsequently the depolymer-

ization results into a dimer (n = 2) and another respective monomer. For the

hexamer, it has more carbonate groups of use for main-chain scission. Thus,

we consider an nonsymmetric scission into a dimer (n = 2) and a tetramer (n

= 4) (Figure 7.11, right side). In this case, the tetramer, is cleaved through the

main-chain scission mechanism into two dimers, which will be depolymerized

into their respective monomers. Taken into account this more complex start-

ing point, there are thus many more combinations possible to break down the

polymer chain of PLC.

Figure 7.12: Energetic comparison between mechanistic pathways for PLC depolymer-
ization

Energetically, both mechanisms are completely compatible, and in Figure

7.12, are presented the energetic profiles for both mechanisms. Note that the

reference value for A-m includes the adduct of the trimer, the catalyst and a wa-

ter molecule,while the A-e just includes the trimer and the catalyst. Despite the
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fact that these mechanistic pathways are different, the energy spans for both re-

actions are very similar, 23.3 kcal·mol−1 for end-group based depolymerization

and 21.9 kcal·mol−1 for main-chain scission based mechanism.

These energy span values demonstrate the feasibility of both processes

according to experimental results. Moreover, a combination of both path-

ways is plausible, as the intermediate alcohol-terminated species produced

through the main-chain scission mechanism can subsequently participate in

end-group activation by TBD to further promoted polymer backbiting.

7.5 Conclusions

This chapter aims to understand the mechanistic pathways involved in the

depolymerization process of polycarbonate derived from trans-(Limonene car-

bonate) (PLC) using TBD as a catalyst at 80◦C in acetonitrile solution, exploring

two different mechanisms: end-group depolymerization and main-chain scis-

sion. Both mechanisms were investigated through DFT calculations supported

by experimental results obtained by various Kleij group members.

On one hand, the end-group depolymerization starts at the terminal alco-

hol of the polymer chain, initiating the decomposition of the PLC via a known

backbiting reaction. On the other hand, the main-chain scission mechanism

commences at a random position in the middle of the polymer chain, needs a

(protic) water molecule as a pronucleophile, and splits the polymer chain into

smaller segments. Both mechanisms are feasible under the conditions reported

above, with energetic spans of 23.3 kcal·mol−1 for end-group depolymerization,

and 21.9 kcal·mol−1 for main-chain scission mechanism. Therefore, this mech-

anistic study has unveiled new potential for polycarboante depolymerization

through the combination of both end-group activation and main chain scis-

sion pathways.

Additionally, experimental studies evaluated the suitability of regenerating

PLC from trans-LC via ROP using TBD, BnOH as an initiator in toluene solution

at 80◦C. The results demonstrate that PLC can be reformed and a combination

of NMR and GPC analysis suggests that original polymer characteristics can be

195

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 7. Depolymerization 7.5. Conclusions

preserved.

In conclusion, an efficient catalytic process for depolymerizing PLC using

TBD as a versatile organocatalyst has been discovered. Mechanistic studies

based on DFT calculations reveal that degradation of PLC can occur through

the combination of end-group activation and/or a main chain scission path-

way. Moreover, from the resultant trans-LC, repolymerization was successfully

demonstrated using the same organocatalyst. All of these results represent a

significant advancement in the recycling of PLC and more generally of polycar-

bonates, and a step closer to a circular use for these types of macromolecules.
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Summary and general

conclusions
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Chapter 8. Conclusions

The work described in this thesis focuses on the recycling and circular use

of CO2 at by means of DFT calculations and reactivity prediction models. Car-

bon dioxide can be used as a renewable agent to synthesise cyclic carbonates

that can be potentially polymerized into polycarbonates, which themselves

may be depolymerized into its precursors. Each chapter in this thesis stud-

ies a step of this circular process, starting with the conversion of CO2 into

five-membered cyclic carbonates (5MCCs) from alkyne-1,2-diols using a Ag-

based catalyst (Chapter 4). Then, the creation of larger carbonate rings such

as six-membered cyclic carbonates (6MCC) from smaller ones (5MCC) with a

unique organocatalytic strategy empowered by TBD (Chapter 5) was investi-

gated. An extensive study of the Ring-Opening Polymerization (ROP) reaction

for cyclic carbonates was performed exploring the mechanistic pathways of a

wide range of monomers to generate a predictive reactivity plot to determine

which monomers are prone to be polymerized and which are not (Chapter 6).

Finally, a polycarbonate depolymerization mechanism catalyzed by TBD that

selectively breaks down the polymer chain into a trans-cyclic carbonate, or an

epoxide and CO2, was studied (Chapter 7)).

In Chapter 4: Using CO2 to obtain Five-Membered Cyclic Carbonates

with a Silver-based Catalyst the mechanistic pathway involved in the synthe-

sis of keto-substituted five-membered cyclic carbonates using alkyne-1,2-diol

and CO2 as a reactants, and promoted by a Ag-based catalyst was investi-

gated. The catalyst is composed by a Buchwald phosphine-ligand (DavePhos

or BrettPhos) coordinated to a silver(I) salt (AgOAc), and the substrate has a

chiral centre, therefore, all possibilities were considered in the computational

study, and were possible, supported by experimental data provided by Xuetong

Li, offering a complete understanding of this reaction. For all mechanisms,

the R-configured substrate is energetically more favoured than its S-isomer.

The determining transition state for both the R- and S-pathway corresponds

to a cyclic carbonate ring closure with an E-configuration which is energet-

ically more favoured than the Z one. The mechanistic pathways catalysed

by Ag(BrettPhos)OAc are energetically more accessible and follow very similar
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manifolds compared to those promoted by Ag(DavePhos)OAc. Previous studies

reported in the literature describe the formation of an α-alkylidene carbonate

as the final product when using the same catalyst with a simple propargylic

alcohol substrate. However, when using the alkyne-1,2-diol, the α–alkylidene

carbonate is an intermediate. DFT studies reveal that this occurs due to the

higher thermodynamic stability of the keto-carbonate (i.e., the final product),

which aligns well with the experimental data.

In Chapter 5: From Five- to Six-Membered Cyclic Carbonates a unique

organocatalytic manifold is described for the formation of six-membered cyclic

carbonates (6MCCs) starting from five-membered cyclic carbonates (5MCCs)

with a tertiary alcohol group, acetyl imidazole (AcIm) as an acylating agent

and catalysed by 1,5,7-triazabicyclodec-5-ene (TBD) under mild conditions.

DFT calculations were performed to study the mechanistic pathway involved

in this reaction reinforced by experimental data provided by Chang Qiao. The

overall mechanistic pathway can be described as an isomerization followed by

O-acylation, and all intermediates and transition states are in a dynamic equi-

librium until the 6MCC is acylated resulting in a thermodynamically highly

stable product. The rate-determining transition state corresponds to the iso-

merization step, where the intermediate that has a tetrahedral carbon centre,

is transformed from a 5MCC into a 6MCC. Alternative routes such as the "acy-

lation of 5MCC" and the "isomerization of the initial 5MCC into a7MCC" were

also investigated, but not being energetically feasible, concurring with control

experiments.

In Chapter 6: Ring-Opening Polymerization, an extensive study of the

Ring-Opening Polymerization (ROP) of cyclic carbonates has unravelled an

overall mechanistic pathways for a wide range of monomers, and allowed to

create a predictive reactivity plot.

• The ROP reaction of cyclic carbonates uses TBD as a catalyst, and benzyl

alcohol (BnOH) as an initiator under mild conditions (r.t.). The mecha-

199

UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL INSIGHTS OF CATALYTIC CARBON DIOXIDE VALORIZATION AND CIRCULAR RECYCLING PROCESSES 
Alba Villar Yanez 



Chapter 8. Conclusions

nistic pathway consists of an initiation step followed by multiple propa-

gation steps. Each step involves two phases, an initiation or propagation,

accompanied by ring-opening. The catalyst (TBD) is bifunctional, which

is crucial throughout the reaction manifold since it can act both as a base

and a proton-relay species with multiple H-bonding being important. To

evaluate the ring strain effect, the ROP reaction for structurally related

5MCC, 6MCC and 7MCC were calculated and compared. The results co-

incide with the experimental behaviour reported in the literature: larger

rings tend to provide energetically more favoured ROP potential in each

consecutive propagation and tend to be exergonic, while the ROP for the

5MCC tends to be opposite (i.e., endergonic).

• A useful predictive reactivity plot was designed by plotting the energy

span of the ROP reaction on the y-axis against the polymer stability on the

x-axis. Monomers that are more favourable for the ROP reaction are posi-

tioned more diagonally left-down on the plot. Monomers experimentally

tested under the same conditions by various Kleij group members were

utilized to validate the theoretical model by experimental data.

• The number of substituents plays a key role in the ROP reaction. There-

fore, the optimal number of substituents in the cyclic carbonate allowed

for an effective ROP reaction was examined, by adding up to six methyl

substituents to various positions on the 6MCC ring. The monomers that

are most substituted (with 4 to 6 substituents) do not show ROP potential

under the ambient temperature conditions, and their data points are all

located in an unfavourable region in the predictive plot. Tri-substituted

monomers are shown to be typically not reactive enough for ROP, though

some of these provide data points that are placed close to the boundary.

Monomers with two substituents are located in a favourable region ex-

cept for one example placed close to the boundary of the ROP region. The

disposition of the substituents for di- and tri- substituted monomers has

an important role, and in general the symmetrical disposition of groups
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is more favoured. The mono- and unsubstituted monomers are placed in

a highly favourable segment of the ROP region in the predictive plot.

• To evaluate the effect of the chemical nature and size of the substituents

in the ROP reaction, mono- and di-substituted six-membered cyclic car-

bonates with their substituents located in the same position on the ring

were studied. These calculations show that the number of substituents

and their positional symmetry in the ring have a more important role

than their chemical nature or their size.

• Some 5MCCs and 7MCCs were further considered. As expected, the

smaller ring 5MCCs are located in a region of the plot that does not sup-

port ROP ability. The exception to this are 5MCCs with a fused ring, which

are clearly prone to ROP due to their higher ring strain. The 7MCCs are

all located in an energetically favoured location in the predictive plot,

which concurs with their experimentally observed behaviour reported in

the literature.

• Certain polymers were recalculated using a different procedure to ver-

ify the data related with the polymer stability. This alternative method

has as an output the average Gibbs Free energy, which tends to yield

(slightly) more stable values within a narrow range of a few kcal·mol−1.

Therefore, the Gibbs free energies, along with the standard state entropic

corrections, describes adequately enough the preselected dimer forma-

tion without the high computational cost associated with focusing on

averaged Gibbs free energies.

In Chapter 7: Depolymerization, the mechanistic pathways involved in the

depolymerization of poly(limonene carbonate), abbreviated as PLC, using TBD

as a catalyst is presented by exploring two different mechanisms: (1) end-group

based depolymerization, and (2) main-chain scission. Both mechanisms were

investigated through DFT calculations supported by experimental data ob-

tained from David Lamparelli. The combination of these mechanisms offers a
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successful and efficient depolymerization that results into an appreciable yield

of trans-limonene-carbonates (i.e., ROP monomers), and limonene-oxides and

CO2 as alternative/side products. The trans-configured cyclic carbonate ob-

tained can be re-polymerized into PLC via ROP using the same organocatalyst,

and this depolymerization/repolymerization sequence is a nice example of a

potential circular use of polycarbonates.

Overall, the General Conclusion from the thesis work is that computational

analysis of CO2 valorization and recycling processes is of high value to offer not

only a way to rationalize details of the operating manifolds that are not easily

accessible via experimental techniques, but also help to establish new discov-

eries of mechanistic divergences and estimating the value of the mechanistic

information in a wider context. For instance, the depolymerization of polycar-

bonates is gaining momentum, and the information gathered in Chapter 7 of

this thesis has unfolded new potential of catalysis as a key enabling tool in poly-

mer/material recycling. This thesis also stresses the complementarity between

both experimental and computational methods, and is clearly a powerful com-

bination to address the future problems we have ahead of us.
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