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“A Chemist is a person who develops a general theory from a string of diverse formulae derived from 

micromatic precision from vague assumptions based on debatable tables of results extracted from 

inconclusive experiments carried out with inaccurate equipment of doubtful reliability and 

questionably mentality.” 

 

W. Brostow in Science of Materials 1979
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1 Introduction 

1.1 On the Importance of Chemistry to Society 

“Chemistry, pure and applied, is a science and an industry”.1 Chemistry is the only natural science 

that extends from fundamental and applied research to a whole industry worshipping the composition, 

structure, properties and change of matter.1 The most unique characteristic of chemistry as matter is its 

omnipresence in everyone’s life with regard to food, machines, electronic gadgets, and materials. 

Chemistry is in a humble view the only science being able to bridge between physics and the general laws 

of the universe on one hand and biology, understanding the origin of life, thought, and intelligence.1-2 By 

its expressions of matter, chemistry is also an art and enables human creativity on the small atomic 

dimension people will never be able to see at a glance.3 The combination of atoms and structures is infinite 

and does therefore match the endless creativity of human mind. 

This unique expression of chemistry does not accord to the general understanding of chemistry in 

society today. In fact, chemistry, as being present everywhere, is often neglected, tends to be forgotten, and 

chemical achievements often go unnoticed in the public view.4-5 Modern comforts are all linked with 

chemistry and those achievements we nowadays consider spectacular would not have seen the light of day 

without chemistry and scientific progress. As most influential people in history, societies remember 

powerful emperors, political leaders, or social activists. However, these rankings and criteria diminish if 

compared to breakthroughs of chemistry and chemists and to emphasize it even more, modern societies 

could not flourish without the “all-embracing and beneficial influence of chemistry”.4 In the following, a 

few selected examples will be presented illustrating the general essential role of chemistry in our lives. 

Without the discoveries of Louis Pasteur on the principles of vaccination, infectious diseases 

microbial fermentation, or pasteurization, modern day medicine and effective therapies would not exist or 

only to a lesser degree. Prior to Pasteur’s work, the possible immunization against smallpox by vaccination 

with cowpox was already studied and tested by the physician Edward Jenner. However, primarily by the 

activities of the chemist and microbiologist Pasteur, a modern scientific understanding of infectious 

diseases was developed and vaccinations became a general principle for the control or even extinction of 

infectious diseases. Without the original discoveries of Pasteur and a subsequently steadily improvement 

of scientific understanding in medicine, the high life expectancy of humans in modern societies would be 

significantly lowered. 

Whereas, aging societies are a problem in industrialized and emerging nations, overpopulation and a 

rampant population growth is one of the main factors for poverty in many developing countries. Methods 

for birth control existed since the early days of humanity, however, first the use of contraceptive pills gave 
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people a reliable tool for contraception and enabled families to control their family size. The origin of 

modern oral contraceptive pills dates back to the 1950s and the research on norethisterone conducted by 

Carl Djerassi and Luis E. Miramontes for Syntex (today Roche). The impact of this field of work upon 

society was described as “equal to or even surpassing that of the discovery of penicillin”.6 Still today, around 

220 million people do not have access to modern contraception methods due to economic or 

social/religious reasons and improvements in this field is considered as one of the most cost-effective ways 

to achieve development goals.7 Oral contraceptive pills act by the combination of synthetically produced 

hormones inhibiting fertility and are only one example for the tremendously important discoveries of 

pharmaceutical chemistry and synthetic organic chemistry to human society in the past decades.  

Justus von Liebig, a pioneer of organic and agricultural chemistry, already recognized in the 

19th century that traditional food production and a growing food consumption cannot match. Liebig’s work 

also included contributions to biological chemistry and modern chemistry teaching methods. He strongly 

advised the use of inorganic fertilizer instead of humus and first described the importance of nitrogen 

sources and other elements in mineral form as essential plant nutrients in his formulation of the “law of the 

minimum”.8 Justus von Liebig was furthermore a strong advocate of an effective use of resources and can 

therefore be seen as a first mentor of sustainability. It is almost an irony of history that a century later 

sustainability gained awareness in the general public and Liebig’s and general chemistry thoughts became 

readapted. However, in return, chemistry became a synonym for the environmental pollution caused by 

companies and an unregulated consumption of chemicals by consumers. This negative thinking about 

chemistry is unfortunately still present in society until today. Liebig’s research laid the foundation for the 

modern industrialized agriculture, matching production and human population increase in the 

19th century. Not only was Liebig a successful scientist, but also a successful business man; his insight on 

agricultural chemistry and nutrition also led to the establishment of the Liebig's Extract of Meat Company, 

producing meat extract overseas for the European market.8 

The limited sources for chemical fertilizers according to Liebig, naturally occurring nitrogen-

containing minerals, were foreseeable to deplete at the turn of the 20th century or almost completely relied 

on deposits in the Atacama Desert in Chile. Therefore, to ensure a steady food supply for the population 

of 1.5 billion people around 1900, an alternative access to nitrogen sources such as nitrates or ammonia 

was needed. The most obvious nitrogen source on earth is atmospheric nitrogen, however, the conversion 

of molecular nitrogen is challenging as it does not readily react with other chemicals.9 The chemists Fritz 

Haber and Carl Bosch invented and commercialized the first efficient artificial nitrogen fixation based on 

preliminary studies conducted by Wilhelm Ostwald. Consequently, the process was named after them as 

Haber-Bosch process and both chemists were awarded with Nobel prizes in chemistry in 1918 and 1931. 

Even almost a century later, since Haber successfully fixed atmospheric nitrogen on laboratory scale, a 
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Nobel Prize in chemistry was awarded to Gerhard Ertl in 2007 for his contributions in catalysis and 

elucidating the mechanism of the Haber-Bosch ammonia synthesis.10-11 

 The Haber-Bosch process converts one molecule of nitrogen with three equivalents of hydrogen to 

ammonia using a catalyst under high temperatures and pressures. It was Bosch who led Haber’s early 

laboratory discovery from expensive osmium catalysts to a world scale ammonia synthesis using feasible 

iron catalysts and to the presumably most important industrial chemical reaction since then. Bosch not 

only developed a new catalyst, he also had to find new ways to overcome process limitations, and setbacks 

due to an occurring decarbonization of the used steel reactors and bursting at high pressures. Roughly 1.4% 

of the overall worldwide energy consumption is used for the production of ammonia.12 The ammonia 

production is directly related to the economic growth and financial crises can be seen in a reduced 

ammonia output.12 Modest estimations attribute the food supply of around half of the human world 

population to the production of fertilizers to the direct synthesis of ammonia from its elements;13 for 2016 

this accounts worldwide for more than three billion people whose food supply directly relies on this single 

chemical reaction. Which other invention in the field of medicine, physics or biology can claim such an 

impact on society? Despite all this benefit for humanity, the life of Haber is also fulfilled with tragedy. 

Haber, being a contemporary scientist of early 20th century Europe and Germany, planned the chemical 

warfare during the First World War in Belgium and lost his wife, the chemist Clara Immerwahr, to suicide 

over a dispute on his military commitment. Furthermore, he was later being forced to repatriate his mother 

country Germany due to his Jewish origin and died on his way to exile in Basel in 1934. 

Today’s trends demanding “green”, “organic”, or “environmental” friendly foods that are grown 

without the use of artificial fertilizers or pesticides should not be condemned and “green” or conventionally 

produced food should not be seen in a simple black and white way. Artificial fertilizers and pesticides are 

readily available and unfortunately often overused in modern industrial societies and their application can 

be improved. Yet, we need to keep in mind that the production of non-conventional food is a luxury for a 

few middle and upper income households in developed nations. If the nutrition of low income households, 

being the majority of the world population, would solely rely on crops produced without artificial fertilizers 

or pesticides, their food supply would significantly decrease or even cause famine.  

People see materials as granted since we use paper or advanced electronical gadgets in our daily lives. 

Yet, the process of developing and improving materials especially for the preservation of knowledge and 

information had been one of the most cost intensive and laborious task for mankind throughout the 

history. For example, the simple material paper, as we know it today, is a result of numerous modifications, 

different process steps, and added compounds to enhance stability, printability, or durability. The materials 

transformed significantly from ancient Egypt’s papyrus, parchment, and early paper to the modern material 
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used today and by technological progress printed matter became a commodity product in the 20th century. 

In the 21st century, digitalization will further replace common materials and the production of memory 

chips, processors, or displays itself include chemical understanding in most processing steps such as 

Müller-Rochow Process, liquid crystals, or chemical-mechanical planarization (CMP) for the wet-etching 

of copper circuits. The improvement of materials for the information technology and data storage is still 

ongoing today and remains a challenge for future generations. To date, new materials can only be provided 

and improved by a molecular understanding of its structure and the development of materials translates to 

materials that help in our daily life.  

In three centuries, chemistry improved the lives of humans, gave new materials, fed billions by 

promoting the acquisition of scientific knowledge in agriculture, led to significant improvement of 

medicine by the development of pharmaceuticals, and enabled mankind to overcome drastic challenges in 

the past. It is therefore not surprising that chemistry is permanently called upon to face important 

socioeconomic questions often connected to geopolitical phenomena. At the beginning of the 21st century, 

humanity is facing a series of problems attributed to overpopulation, urban living, aging societies, 

environmental pollution, unsustainable processes, malnutrition, climate change, and an unstopped 

consumption of limited resources.14-16 As chemists, we often have to face a lack of knowledge encountering 

people being non-chemists. Considering all the benefits and positive changes initiated by chemistry 

chemists should proudly answer similar questions to: “What do Chemists do?” in a way according to 

Whitesides: “We change how people live and die”, as chemists have continuously contributed to the 

development and progress of society and changed this planet and human life unmatched by any other 

profession in the modern era of humanity.17 
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1.2 Macromolecular Chemistry and the Importance for the Chemical Industry 

The history of chemistry is a history of discoveries, innovations, and bringing together the practical 

and conceptual. Scientific assumptions can be directly converted to compounds and molecules as 

chemistry is the science that deals with the composition, structure, properties, and change of matter. 

Chemical research (in academia or industry) is therefore the manifestation of scientific thoughts in 

materials. We have seen that the past 100 years were driven by the successful partnership of universities 

and chemical companies being “one of the most beneficial partnerships our technologically sophisticated 

society has seen”.17 A glimpse of some of the tremendous scientific breakthroughs was given in the previous 

chapter. This chapter covers the perception and use of polymeric materials and their impact in our daily 

life, the importance of plastics for chemical companies and for employees, future challenges, and/or trends 

for the chemical industry.  

For the past 150 years, plastics have been key enablers for innovations and to date, plastics are used 

in various fields and have replaced other typical materials such as metals, ceramics, wool, or wood owing 

to their superior properties. Polymers can easily be prepared on large scale from cheap starting materials; 

possess low densities, easy processability, and high availability; and are resistant to corrosion. Given these 

reasons, engineering applications of plastics are widespread and accordingly, our modern consumer-based 

societies are hard to imagine without synthetic materials. However, the year 2015 still turned out to be a 

rough year for European plastic producers and the overall plastics production in Europe still did not 

recover from the global financial crisis with a turnover of 350 billion €.18 During the global financial crisis, 

stock products were shortened, production facilities were temporarily closed, and labor time was adjusted 

in Germany, leading to a significant setback in adding value and production. In return, the European plastic 

production is continuously losing its market shares (see Figure 1). 

 

Figure 1. Plastic Production (Worldwide: red, squares; Europe: blue, triangles) and market share of European producers (black, 
diamonds).18-21 
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This is in sharp contrast to the rampant development of chemical companies in past decades. Since 

the mid-1980s, the global chemical industry has grown by 7 percent annually and the chemical industry 

was the fourth best performing sector out of 21 industries from 2006 to 2012.22-24 After the global financial 

crisis, the total shareholder return more than halved in the chemical industry, however, was in average 4.7% 

per year and well ahead of most other industry sectors, which returned only 2.4% overall.25  

The last decades have shown a strong shift in the global value-added chain for the large plastics and 

chemical companies on the market. In the 1980s, Western Europe and the German companies Bayer, 

BASF, and Hoechst, and US competitors dominated the global market for plastics and chemicals.22 In 

2010, the ten largest chemical companies were predominantly from Europe and the US (7 out of 10) and 

one competitor was from China, Japan, and Saudi Arabia respectively (see Table 1).22 In late 2015, Dow 

Chemical and DuPont announced a 130 billion USD merge of both companies followed by a breakup of 

the (new) firm into three companies (agriculture, materials, and specialty products).26-27 The merger is 

expected to deliver 3 billion USD in cost savings through synergies and save 1 billion USD in growth 

synergies.28 Mergers are one approach to compete and improve the own market position and are expected 

to increase for large companies in the future. However, if cost reductions and “synergies” result in short 

term gains and blindfolded cost cuts to ease the shareholder’s pressure, future innovations or new products 

can be affected limiting the long-term financial success of the merged company.29 The tremendous 

challenges in the chemical industry and the permanent change of the main sales markets shifting east will 

result in further reorganizations and by 2030, five to eight of the largest ten chemical are expected to be 

from Asia and the Middle East (see Table 1).22 

Table 1. Top Ten of the Worldwide Largest Chemical Companies and Foreseeable Regional Shift until 2030 (Sales 
in Billion €, Market Share in %) 

1985 2010 2030 estimated 

1 Bayer 14 2.8 BASF SE 48 2.0

Europe 2–3 2 BASF SE 13 2.8 Dow Chemical 41 1.7

3 Hoechst 13 2.6 Exxon Mobil 40 1.7

4 ICI 10 2.1 SABIC 35 1.5 NAFTA 1–2 

 5 Dow Chemical 8 1.7 Sinopec 35 1.4

6 DuPont 8 1.7 Royal Dutch Shell 30 1.3

7 Ciba-Geigy 7 1.5 DuPont 24 1.0 Middle East 2–3 

 

Asia 3–5 

8 Montedison 7 1.4 LyondellBasell 24 1.0

9 Rhône-Poulenc 6 1.2 Ineos 21 0.9

10 Montanto 5 1.0 Mitsubishi Chemical 21 0.9
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This process is expected to facilitate in the next decades and the European plastic producers and 

chemical companies will face increased pressure on the market because of pricing (i.e., cheap energy costs 

in the US and the Middle East) and need to strengthen their export business and/or be present on-site at 

the emerging markets outside of Europe to allow customer proximity and recruiting of talents/workforce 

(i.e., China, Southeast Asia). The price of US natural gas has dropped more than 75% from 2008 to 2012; 

independently from the decline of the crude oil price since 2014.30 Furthermore, to date, the global market 

for chemicals is roughly at parity between multinational companies and competitors from emerging 

markets in terms of revenues illustrating the advanced stage of global competition in this industry.31 Almost 

half of the chemical sales today are based in Asia.22 Projections for the next 20 years predict a diverging 

trend for Asia and Europe and if current global trends continue, the world market will grow by 3% over the 

next two decades, the Asian region is expected to grow by 5% annually, while Europe is expected to lag 

behind with only 1% growth per year.22 A growth rate of the chemical sector in Europe of about 1% 

correlates to an estimated loss of jobs of about 30% by 2030.22 Given this highly demanding, challenging 

and dynamic movements in the global chemical industry, the percentage of chemical- and pharmaceutical 

companies of the worldwide 50 most innovative companies in 2015 is stable at around 20% (BASF, Bayer, 

DuPont, 3M, etc., so-called traditional markets) versus predominant technology oriented companies.32  

This is remarkable, hence, growth in the chemical industry is expected to be carried out by steadily 

improvements of existing products rather than by revolutionary discoveries, innovations, and new 

molecule classes. For polymers, this translates into (industrially preferred) innovations of existing 

materials derived from commodity monomers rather than completely new developments or new 

monomers for products and applications. However, not all future applications can likely be evolved from 

innovations of existing solutions. The use of polymeric materials is vast and polymers range in applications 

from simple packaging materials to high performance, and biodegradable materials. Specific properties in 

polymers are addressed by functional groups within the material and/or the polymerization technique 

(chain end-groups, graft structures, or block structures via sequential monomer addition). Interesting 

functional groups are introduced by heteroatom elements and oxygen, sulfur-, nitrogen, silicon-, halogen-

containing materials are used in various commercial applications. One approach toward new material 

properties is the incorporation of phosphorus. In literature, functional groups featuring phosphorus are 

often introduced in a relatively significant distance from the polymerized functional group (i.e., in most 

cases olefins for chain-growth-, and polar functional groups for step-growth polymerizations).33 Therefore, 

the large absence of (simple) phosphorus-containing polymeric materials in academic research and 

industry processes is a scientific question to be tackled. Phosphorus-based materials are of specific interest 

due to their (attributed) high biocompatibility or flame-retarding properties. Especially the fact that nature 

chose phosphate groups for the world’s most important storage material of biological information; DNA 
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and RNA, and the absence of (simple) phosphorus-containing artificial polymers for synthetic chemists 

make phosphorus-containing polymers an interesting field of research for new materials. 

The change from structural materials to functional systems is one of the most prominent challenges 

in macromolecular chemistry and materials science in the next years.34 At the beginning of the 21st century, 

new materials are needed for more and more efficient and resource-saving applications. Although common 

techniques are of great economic importance, they fail to address the change from 20th century structural 

materials to 21st century complex system polymers. Materials of the future, in combination with 

nanotechnology, medicine, or material science, offer solutions to these challenges. Furthermore, utilization 

and development of precision polymers will include fields such as tissue engineering, membranes, stimuli 

responsive materials, mobility, energy storage or engineering materials. Therefore, the need for new 

materials or an improvement in existing materials and processing techniques is essential. Living 

polymerizations are the most promising candidates to add specific functionalities to new materials. Over 

the last two decades living radical polymerization methods have developed rapidly, and for most cases, the 

living characteristics result from low radical concentrations giving rather low propagation rates and/or 

conversions. However, for feasible applications, methods with high precision of the macromolecular 

parameters in combination with rapid reaction velocities are required. Metal complex-catalyzed reaction 

sequences ideally fulfill these requirements. 
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1.3 Vinylphosphonates 

Vinylphosphonates belong to one of the simplest and longest known phosphorus-containing 

monomers and the homopolymerization of vinylphosphonates leads to poly(vinylphosphonate)s 

consisting of saturated C-C bonds in the main chain only, which is one of the reason for their robustness 

and stability against main chain degradation (see Chart 1a). Another interesting feature of 

vinylphosphonates is the close proximity of the electron withdrawing group (EWG) and the vinylic double 

bond, which for vinylphosphonates results in an enol-type related delocalized resonance structure (see 

Chart 1b) being an important prerequisite for monomers suitable for anionic polymerizations as the 

negative charge at the growing chain end needs to be stabilized. However, classic anionic or free radical 

polymerization fail to produce high molecular weight poly(vinylphosphonate)s for different reasons (see 

Chapter 4.1). 

 

Chart 1. a) Poly(vinylphosphonic acid) (left) and poly(vinylphosphonate ester) (right). b) Overview of different Michael-
type acceptor monomers (methyl methacrylate (MMA), N,N-Dimethylacrylamide (DMAA), dialkyl vinylphosphonate 
(DAVP), 2-isopropenyl-2-oxazoline (IPOx), 2-vinylpyridine (2VP), general structure of a Michael-type acceptor monomer 
(E = heteroatom, A = acceptor); from left to right. 

Vinylphosphonates are Michael-type acceptor monomers and possess a sufficient π-overlap of the 

double bonds in an S-cis conformation. This important prerequisite for polymerization was confirmed at 

a rare earth (RE) metal center crystallographically (see Chapter 4.2).35 For α-methyl substituted 

vinylphosphonates (e.g., diethyl 1-methyl vinylphosphonate (DEMVP)) such a π-overlap is discussed to 

be hindered by steric repulsion between the methyl group and the methyl esters. For similar reasons, 

α-methyl substituted acrylamides are often not accessible for anionic polymerization reactions (DMMA, 

see Chart 2).36 However, a computational study for a supposed insufficient π-overlap for α-methyl 

substituted vinylphosphonates is missing in literature. The polymerizability of different acrylamides was 

computed by DFT calculations.37 
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Chart 2. Comparison of different polar monomers and their (attributed) orbitals of the Michael system. 

Phosphorus introduces interesting functional groups in polymers leading to specific material 

properties. Therefore, phosphorus-based plastics are getting increased attention for a variety of different 

applications from use in ion-exchange resins, fuel cells,38-48 halogen-free flame retardants,49-50 or due to their 

high biocompatibility51-55 they can be used as dental adhesives or bone concrete.56-60 The class of 

vinylphosphonates is discussed and compared to other phosphorus-containing monomers in detail in 

Chapter 4.1. 
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1.4 Terminology 

In a broad sense, the propagation of all polymerization reactions can be seen as “catalytic” as multiple 

monomers are consumed per reactive initiating molecule. For a better distinction of those initiating 

compounds, the terms “initiators” and “catalysts” are used, depending on whether one or several polymer 

chains are produced by one reagent. The definition of initiator is precise for free radical, cationic, or anionic 

polymerization techniques, whereas for catalytic polymerizations, the catalyst can either relate to the 

initiating ligand or to the metal center activating and stabilizing the monomer and growing polymer chain 

end. To overcome this terminological conflict, according to previous literature, this article uses the term 

“catalyst” when referring to the catalyzed monomer addition. This thesis specifically deals with the 

repeated conjugate addition of Michael-type monomers via rare earth metal-mediated group transfer 

polymerization (REM-GTP) as a living polymerization initiated by rare earth metal complexes. Whereas 

complexes are often termed as catalysts, in fact only one polymer chain is formed per metal center and the 

turnover number (TON) is strictly one for living polymerizations in general. Therefore, the reader should 

be aware of this general misconception in literature due to a loose usage of the term catalyst for de facto 

non-catalytic living polymerizations. 

The term rare earth metals is used for the group 3 elements scandium, yttrium, and the fourteen 

lanthanides (lanthanum – lutetium) excluding promethium (radioactive). The elements will be 

abbreviated by the term RE in text and Ln in chemical formula or figures. According to the IUPAC 

definition, a metallocene contains a transition metal and two cyclopentadienyl ligands ((C5H5)−) 

coordinated in a η5-C5H5 sandwich structure. In contrast to this more strict definition proposed by IUPAC, 

this thesis will use the term metallocene for all complexes containing at least one cyclopentadienyl ligand, 

substituted cyclopentadienyl ligands, or its (substituted) derivatives (indenyl, fluorenyl). 
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2 Theoretical Background and Aims of the Thesis 

2.1 Rare Earth Metal-mediated Group Transfer Polymerization 

There is no exact nomenclature on how lanthanide- or transition metal-mediated polymerizations of 

polar monomers following a repeated conjugate addition should be termed and the used terminologies in 

literature differ between the publications of several groups for the basically same polymerization 

mechanism. In literature, the term coordination polymerization (or coordinative anionic, or coordination 

addition polymerization) is often used for a zirconocene-mediated polymerizations of polar monomers.36 

For RE element-mediated polymerizations, the term rare earth metal-mediated group transfer 

polymerization (REM-GTP) became popular in the past years for the polymerization of 

vinylphosphonates.61 A lot of confusion derived from the original dispute on the mechanism of silyl ketene 

acetal-initiated group transfer polymerization (SKA-GTP). The term GTP was originally used as the 

utilized silyl compounds were supposed to transfer from the initiator to the added monomer.62-63 Since 

then, the mechanism of nucleophilic GTP has stimulated considerable scientific discussion.62,64-72 The gist 

of this controversy was the contrast of associative or dissociative mechanism for SKA-GTP propagation 

taking place.62,70-72 In further mechanistic studies the dissociative mechanism was supported by 

experimental results.65-69 Therefore, the concept of SKA-GTP as an associative repeated transfer of the 

organosilyl-group might be misleading, but was kept in literature (see Chapter 4.1). This thesis will use the 

term REM-GTP for the polymerization of polar monomers by RE element complexes following a repeated 

conjugate addition and for REM-GTP only a GTP mechanism can take place in contrast to the name-

giving SKA-GTP; therefore, the term GTP is correct to use for RE metal complexes for the polymerization 

of polar monomers. A short introduction for the first reports on MMA polymerization will be given here 

and the advantages of REM-GTP for vinylphosphonates over other polymerization methods (radical, or 

anionic) will be discussed in detail in Chapter 4.1. 

REM-GTP enables the precise synthesis of high value materials and combines the advantages of both, 

living ionic- and coordinative polymerizations. The concept of “living polymerizations” was first 

introduced by Szwarc in 1956 (the term has nothing to do with living in the biological sense).73-74 To avoid 

possible conflicts to the strict terminology an in theory ideal living polymerization, controlled 

polymerizations are in reality often referred as immortal, quasi-living, pseudo-living, or simply controlled 

polymerizations.75-87 For the term immortal polymerization introduced by Inoue et al., chain transfer 

reactions between growing and dormant macromolecule cause the formation of more polymer molecules 

than catalyst molecules were originally used.88  

The lack of a common language in the case of “living” polymerizations creates confusion, wastes time 

and journal space, and has the potential to inhibit computational literature searching. Therefore, a uniform 
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terminology was demanded by T. R. Darling,89 creating an even more vivid scientific discussion without 

any decay of this controversy to be seen.90 In a special issue of the Journal of Polymer Science Part A: 

Polymer Chemistry on the question: “Living or Controlled?” various reputable researchers including 

M. Szwarc, S. Inoue, K. Matyjaszewski, O. Nuyken, R. M. Waymouth, O. Webster, and H. Yasuda 

contributed their comments on this debate.91-97  

 Living polymerizations can be distinguished from free radical polymerization or from a condensation 

polymerization by plotting the molecular weight of the polymer versus the monomer conversion. In a living 

polymerization, the molecular weight is directly proportional to the conversion (see Figure 2, line A). In a 

free radical polymerization, high molecular weight polymer is formed in the initial stages of the reaction 

and a decrease of the molecular weight can be seen for higher monomer conversions in the case of a faster 

termination rate than the propagation rate and vice versa an increase of the molecular weight can be seen 

for higher monomer conversions in the case of a lower termination rate than the propagation rate (see 

Figure 2, line B). In a condensation polymerization, only dimers are formed until 50% conversion and high 

molecular weight polymers are only generated as the conversion reaches near quantitative conversion (see 

Figure 2, line C). 

  

Figure 2. Plot of the (ideal) degree of polymerization vs. monomer conversion. a) Living polymerization. b) Step-growth 
polymerization with ideal stoichiometry. c) Free-radical polymerization (straight line: propagation rate = termination rate; 
increase: propagation rate > termination rate; decrease: propagation rate < termination rate). 
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According to its highly controlled character (to avoid the term living), REM-GTP leads to strictly 

linear polymers, with a very narrow molecular mass distribution (PDI < 1.1), exhibits a linear increase in 

the average molecular mass upon monomer conversion, and allows the synthesis of block copolymers as 

well as the introduction of chain-end functionalities. The coordination of the growing chain end at the 

catalyst suppresses side reactions and allows stereoregular polymerizations as well as tuning the activity by 

varying the metal center or ligand sphere.  

In 1992, two independent publications reported on the living polymerization of MMA using 

transition- or lanthanide metal initiators: the neutral, single component samarocene [(C5Me5)2SmH]2 was 

presented by Yasuda et al. as well as the two-component zirconocene system ((C5H5)2ZrMe(thf)+, 

(C5H5)2ZrMe2) was reported by Collins and Ward.98-99 The propagation proceeds in both cases via a 

repeated conjugate addition involving either one or two metal complexes.100-102 This type of MMA 

polymerization is known as coordinative-anionic polymerization and due to its similarity to SKA-GTP, it 

was also termed as transition metal-mediated GTP by Collins and Ward.99 [(C5Me5)2SmH]2 produces 

PMMA over a broad temperature range from as low as −95 °C up to 40 °C, with a controlled molecular 

mass (according to the [MMA]0/[Sm]0 ratio), low polydispersity (PDI < 1.05), and a high syndiotacticity 

of up to 95%.98,103 The mechanism of initiation via nucleophilic transfer of a hydrido ligand and an eight-

membered transition state was proven by the crystal structure of the MMA adduct 

(C5Me5)2Sm(MMA)2H. In the first step, the hydrido-bridged dimer has to be opened by coordination of 

one monomer molecule. The initiation follows a 1,4-addition of the hydrido ligand to MMA and an enolate 

is formed (see Scheme 1). The thus formed active species can further add to coordinating monomer 

through a repeated conjugated addition via the eight-membered transition state. 

 

Scheme 1. Dimer opening by monomer a) coordination, b) initiation, and c) propagation of MMA REM-GTP by 
[(C5Me5)2SmH]2 (reprinted with permission from ref. 34. Copyright 2016 American Chemical Society). 
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The advances of (meth)acrylates and (meth)acrylamide polymerizations since the first work in the 

early 1990s and the mechanism, application, and background of classic acrylic and polar monomer 

polymerization has been already covered in detail by Chen et al..36 For reviews on the REM-GTP of 

vinylphosphonates, the reader is redirected to a review of Rieger et al. from 2012 and Chapter 4.1.34,61 

In the beginning of this work on vinylphosphonate REM-GTP, our group had obtained a general 

understanding on the synthesis of simple organometallic RE complexes. The mechanism of 

vinylphosphonate REM-GTP was previously studied in detail by our group via kinetic studies using 

31P NMR and the polymerization process of vinylphosphonate REM-GTP was elucidated in depth.35 

However, several problems for the polymerization of vinylphosphonates were still unaddressed.104 First of 

all, the traditionally used strongly basic initiators for the polymerization of (meth)acrylates and 

(meth)acrylamides were found to initiate vinylphosphonates via a deprotonation of the α-acidic C−H and 

the thus formed vinylphosphonate anion itself resulted in long initiation delays and low initiator 

efficiencies. In a first step, efficient initiators for REM-GTP of vinylphosphonates had to be evaluated. 

Furthermore, most published data of our group on vinylphosphonate REM-GTP were based on simple 

(C5H5)− based ligand systems. In a second step, a better understanding on ligand modifications was needed 

to be obtained for synthetically accessible RE metallocenes. Combining efficient initiators and suitable 

ligand structures, target complexes for a stereoregular polymerization of vinylphosphonates had to be 

identified and a signal assignment to quantify the tacticity needed to be performed. Therefore, for 

vinylphosphonate REM-GTP, novel initiators, ligand-induced steric crowding, and rigid, sterically 

crowded compounds had to be identified, synthesized, and evaluated for vinylphosphonate REM-GTP. 

Several approaches for these scientific problems are presented in the following chapters. 
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2.2 Novel Initiators for Vinylphosphonates 

Suitable initiators need to have high initiator efficiencies, lead to a fast and uniform initiation reaction 

resulting in low PDI values, should be available via a feasible synthesis, poses a stable end-group, be a 

possible candidate for surface or particle modifications, can be modified for post polymerization reactions 

(e.g., click chemistry), or allow the polymerization of block copolymers (sufficient nucleophilicity or low 

coordination strength). 

Previously, our group had used alkyl- (e.g., −Me, −CH2TMS), thiol- (i.e., −StBu), amide- (e.g., 

bis(dimethylsilylamide), bdsa, −N(SiHMe2)2) and simple (C5H5)− ligands for the initiation of 

vinylphosphonates. Whereas, −Me or −CH2TMS initiators show long initiation periods (usually defined 

as the time until 3% conversion is reached) and low initiator efficiencies I* (I* = Mth/Mn, Mth = eq.Mon × 

MMon) being less than 20% were found. For thiols (e.g., −StBu) higher initiator efficiencies were 

determined, however, thiols are not a stable end ground for vinylphosphonate REM-GTP or might even 

eliminate from the polymer chain end during polymerization (determined via ESI-MS). The dimers 

[(C5H5)2YStBu]2 and [(C5H5)2LuStBu]2 both show a distinct initiation period of a few seconds for DEVP 

polymerization and PDEVPs with rather broad PDIs ≤ 1.30 are obtained.35 Amide initiators (i.e., bdsa) 

suffer from simultaneously occurring initiation processes and the corresponding oligomers showed either 

initiation by nucleophilic transfer of the amide, (C5H5)− transfer to the monomer, or even no end-group 

functionalization (olefinic chain ends presumably from an end-group elimination after polymerization) in 

ESI-MS measurements. Despite the different initiation reactions the obtained polymers had monomodal 

GPC distributions.35 Only simple (C5H5)3Ln compounds were previously reported to initiate fast and 

efficiently.105 In kinetic studies, it was found that (C5H5)3Lu was the only complex without any 

(observable) initiation period and (C5H5)3Yb already exhibits an initiation period of a few seconds and 

lower activities.105 The activities of (C5H5)3Ln initiators strongly depends on the size of the used metal 

center and future developments of such complexes for example for surface modifications is hindered by 

the three statistic initiating ligands. 
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Scheme 2. a) Initiation of bdsa ligands can result in either nucleophilic transfer or ligand exchange reaction forming active 
Cp3Ln. b) Initiation via thiols leads to end-group elimination and olefinic chain ends. c) Chloro or alkoxide ligands form 
active complexes after ligand exchange reaction. d) Alkyl initiators deprotonate vinylphosphonates resulting in olefinic 
chain ends. 

Also the original publication of Collins and Ward on zirconocene-mediated MMA polymerization 

using alkyl initiators suffered from low initiator efficiencies (I* < 45%) and broad PDIs (1.19 – 1.40).99 In 

later studies, enolate initiators were found to represent a significant development for the zirconocene-

mediated GTP.36,106-107 As previously described, the propagation of GTP takes place via an eight-membered 

ring transition state (see Chapter 2.1). An elegant approach to overcome initiation problems derived from 

deprotonation reactions or an insufficient nucleophilic transfer of a six electron process is therefore to have 
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a mechanistic match between the initiation reaction and the propagation. Zirconocene enolate complexes 

are an example for such a mechanistic match of initiation and propagation (both following an eight-

electron process, see Scheme 3). 
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Scheme 3. Possible initiation reactions for REM-GTP of DAVP via a) 6e− nucleophilic transfer of a ligand X, b) 8e− 
nucleophilic transfer of a conjugated ligand, c) deprotonation of the acidic α-C−H. d) 6e− Nucleophilic transfer of a methyl 
ligand of a zirconocene metal center. e) 8e− Nucleophilic transfer of an enolate ligand of a zirconocene metal center. 

To apply this approach to the REM-GTP of vinylphosphonates, the synthesis of RE enolate initiators 

(and similar structures) was attempted via simple deprotonation reactions in preliminary studies.108 

However, in this master’s thesis only decomposition or unidentified mixtures of products were found for 

most substrates and no suitable initiators were obtained. The literature on RE enolate complexes is rare 

and limited to specific substrates only. In 1986, Evans et al. reported the synthesis of several RE enolate 

complexes via salt metathesis in low yields and for a thermolysis reaction a strong dependence of steric 

factors for the product formation or decomposition was observed (Scheme 4a).109 The reactivity of early-

lanthanide (C5Me5)2LnCH(SiMe3)2 complexes (Ln = La, Ce) toward ketones was studied by Teuben et 

al..110 For sterically less hindered ketones a coupling in an aldol fashion was found to be preferred and a 

selective product formation with one equivalent of ketone was not possible (see Scheme 4b, c).110 

However, for higher ketones (e.g., 3-pentanone), no C−C bond formation was observed and enolate-

ketone adducts were isolated (see Scheme 4d).110 The insertion of the second equivalent 3-pentanone to 

produce the corresponding 4-hydroxy-4-methyl-2-pentanone does not take place. This lack of reactivity is 

not a result of steric reasons, because the reaction of (C5Me5)2LnCH(SiMe3)2 and 4-hydroxy-4-methyl-2-
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pentanone leads to the C−C bond cleavage (see Scheme 4e).110 Cationic yttrium complexes were reported 

to form the corresponding alkoxide products with ketones.111 

 

Scheme 4. Reactivity of different RE metal complexes with various oxygen containing substrates. 

In summary and in agreement with previously obtained results in our group it was found that to date 

no simple synthetic access to RE enolate complexes exists. Therefore, instead of the deprotonation of 

acidic α-C−H ketone groups, σ-bond metathesis resulted in the formation of new activated hydrocarbyl 

ligands. This elegant approach to overcome initiation limitations for vinylphosphonate REM-GTP was 

applied by our group and published in Organometallics.112 The ortho-methyl substituted pyridines are 

known for C−H bond activation at RE metal centers and the synthesis of (4,6-dimethylpyridin-2-yl)methyl 

initiators leads to enamide like ligands, which are supposed to initiate via an eight-membered ring 

transition state, and are discussed in Chapter 4.3. 
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2.3 Propagation of Vinylphosphonates 

Since early publications in 2010, the REM-GTP of vinylphosphonates was restricted to selected 

ligand systems only.61,113 In 2007, Leute and Dengler observed the oligomerization of vinylphosphonates 

using homoleptic RE precursor complexes.114-115 In 2010, Rabe et al., published the utilization of the RE 

precursor complexes Ln(bdsa)3(thf)2 (Ln = La, Sm, Nd) for the polymerization of DEVP.116 These 

catalysts suffered from incomplete monomer conversions and broad PDIs of the obtained polymer (PDI = 

3.11 – 3.56) (see Figure 3a).116 In a study published by Rieger et al. in 2010, the polymerization of DEVP 

by (C5H5)2YbMe and (C5H5)2YbCl complexes was reported and the successful block copolymerization of 

MMA and DEVP indicated a GTP mechanism taking place (see Figure 3b).117 In a fully comprehensive 

mechanistic study, the initiation and propagation of several (C5H5)2Ln-mediated DEVP and DIVP 

polymerizations were investigated.35 In 2014, the scope of used ligands systems was extended from 

metallocene based compounds to bis(phenolate) yttrium catalysts for several Michael-type monomers 

such as 2-isopropenyl-2-ozaxoline, 2-vinylpyridine, or vinylphosphonates (see Figure 3c).113 However, 

simple (C5H5)-based RE metallocenes possessed by far highest activities, but variations of the ligand 

systems remained scarce in literature and no modifications of the (C5H5)− ligand sphere were performed 

prior to this work. 

 

Figure 3. a) Early RE metal precursor complexes used for the polymerization of vinylphosphonates. b) RE metal 
metallocenes for the efficient polymerization of vinylphosphonates (in order of increasing activity and/or efficiency). 
c) 2-Methoxyethylamino-bis(phenolate)-yttrium catalysts with moderate activities for the polymerization of 
vinylphosphonates. 

After synthetically accessible and efficient initiators from σ-bond metathesis were found (see 

Chapter 4.3) it was needed to conduct studies on (C5H5)− ligand modifications to examine the influence 

of ligand induced steric crowding. Therefore, a systematic stepwise increase of the steric bulk of the ligand 

sphere and a gradual change of the cation size (extending to early lanthanides) was needed to be performed 
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in a methodic study. The results and impact of the first metallocene ligand modifications for 

vinylphosphonate REM-GTP were published in Macromolecules and are discussed in Chapter 4.4. The 

insights of this study helped to evaluate promising candidates for a stereoregular polymerization of 

vinylphosphonates and will be briefly discussed in the next chapter. 
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2.4 Evaluation of Accessible, Rigid, and Sterically Crowded RE Catalysts for a 

Stereospecific Polymerization of Vinylphosphonates 

The previous two Chapters 2.2 and 2.3 briefly illustrated the problems of low initiator efficiencies 

and/or activities for the initiation of vinylphosphonate via REM-GTP and the limitation to a few and 

mostly restricted to simple (C5H5)− ligands systems. Considering the notable amount of publications on 

vinylphosphonate REM-GTP the challenge of easily accessible and feasible RE metal catalysts for a 

stereospecific polymerization of vinylphosphonates was driving our research. The need for a stereospecific 

vinylphosphonate REM-GTP was further pointed out by the fact that REM-GTP was originally 

investigated as a polymerization method for the stereospecific polymerization of (meth)acrylates and 

(meth)acrylamides. Substituted, simple (C5H5)− RE metallocenes, and other ligand systems were 

previously found to produce atactic poly(vinylphosphonate)s (see Chart 3). 

 

Chart 3. Comparison of different RE catalysts used for the REM-GTP of vinylphosphonates resulting in atactic 
poly(vinylphosphonate)s. 

As a result of the previous studies on novel initiators and ligand induced steric crowding of 

vinylphosphonate REM-GTP, two main requirements for target complex structures were obtained: 

I. The target systems should feature alkyl ligands (−Me, −CH2TMS) and should be active for 

σ-bond metathesis to yield stable and efficient initiating ligands 

II. Ligand induced steric crowding does not induce a control of the polymer microstructure, if 

the complexes and the sterically bulky substituents have a high flexibility. Therefore, rigidity 

between ligands and substituents needs to be introduced to the target structures  

These insights from C−H bond activation and substituted tris(cyclopentadienyl) RE initiators lead 

to the synthesis and application of sterically crowded and ridged (i.e., bridged) constrained geometry 

complexes (CGCs, see Figure 4). RE CGCs offer an outstanding access to tune the metal ligand interaction 

by in- or decreasing the steric demand of the metal cation or the ligand sphere. The ligand can be modified 

at the cyclopentadienyl or amide moiety and furthermore, the bridging unit can be changed (e.g., 

−CH2CH2−, −SiMe2−, or −CMe2−) to give different cone angles shielding or deshielding the metal center. 
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Usually RE CGCs are synthesized using Ln(CH2TMS)3(thf)2 precursors via alkane elimination reaction. 

The −CH2TMS ligand allows the further reaction and modification of the initiating ligands by C−H bond 

activation. 

CH2TMS

O
N
R'

X

R

R
R

R

Ln

 

Figure 4. General representation of a RE CGC (green: bridge; orange: cyclopentadienyl and amide binding to the metal 
center; blue: RE cation). 

The identification of possible target structures has been one goal studying a stereospecific 

vinylphosphonate REM-GTP. According to the definitions recommended by IUPAC, a stereospecific 

polymerization is the polymerization in which a tactic polymer is formed,118 whereas a stereoselective 

polymerization is the polymerization in which a polymer is formed from a mixture of stereoisomeric 

monomer molecules by preferential incorporation of one stereoisomeric species.36,119 However, a second 

problem was the limited knowledge about the microstructure of vinylphosphonates in literature and it was 

only investigated previously in few publications.116,120 The contribution of Rabe et al. determined the 

microstructure of PDEVP on the triad level for [mm] triads, however, the signals were not quantified using 

isolated peaks due to overlapping or poorly resolved signals limiting the general insights of this study.116 

Usually, the microstructure of polymers is determined using 1H and 13C NMR. This leads to the following 

problems for poly(vinylphosphonate)s: 

1H NMR spectra of poly(vinylphosphonate)s give less information about the microstructure due to 

broad and overlapping methylene and methine signals, and high resolution 13C measurements of the 

backbone area are difficult to obtain as a result of a low signal to noise ratio or due to thermoresponsive 

behavior of aqueous PDEVP solutions. The ester side chain signals do not show any stereoinformation. 

Therefore, methods to determine the microstructure of poly(vinylphosphonate)s using 31P NMR seem to 

be the method of choice. 

In 31P NMR measurements, a splitting of the broad phosphorus signals in five domains is observed; 

however, the peaks cannot be separated without using peak deconvolution methods. As a tetrad sequence 

is excluded for phosphorus or methine proton signals in general, a splitting into pentads with several 

unresolved signals or simultaneous triad and pentad signals seems possible (see Figure 5).  
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Figure 5. a) Triad or pentad (2n) sequence for phosphorus and methine proton signals. b) Diad or tetrad signals are 
expected for methylene signals of poly(vinylphosphonate)s. 

Also for these RE CGCs, a high activity for C−H bond activation with activated substrates was 

observed and sym-collidine or alkenyl initiators from internal alkynes were synthesized. Furthermore these 

complexes have an overall high activity for the polymerization of DEVP and lead to (so far literature 

unknown) highly isotactic materials. The results and impact of CGC complexes for vinylphosphonate 

REM-GTP are presented and preliminary discussed in Chapter 4.5. However, further work is needed and 

a verification by multidimensional NMR studies is necessary prior to publication (see Chapter 4.5). 
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3 The Rare Earth Elements and General Principles in Lanthanide Chemistry 

3.1 Rare Earth Metals 

Despite its name, the elements of the rare earth metals are actually not uncommon within the 

lithosphere of the earth and some RE metals are more frequent than well-known elements such as lead, 

copper or lithium.121 The unfortunate term “rare earth” elements for the lanthanides La-Lu and the group 

III elements Sc and Y origins from their naturally low concentrations in ores, their laborious mining and 

purification process, and the late discovery of the elements. RE elements are used in a variety of different 

fields. The luminescence of some elements is used in LEDs, lasers, lamps, or displays. Their magnetism can 

be used in data storage media or wind engines and they are used in metal alloys, light construction, 

batteries, and ceramics. Furthermore, RE elements are used in automotive catalysts and in many 

heterogeneous processes of the chemical, and oil and gas industry (see Figure 6).122 

 

Figure 6. Global usage of RE elements in different markets.122 

The partially occupied 4f orbitals of the RE elements have a limited radial extension and the 4f 

electrons are highly delocalized in the diffuse orbitals. Therefore, the positive charged nucleus is attracting 

the outer s-electrons, leading to more contracted orbitals and gradually smaller atomic radii with higher 

nuclear charge (see Figure 7). The 4f orbitals are shielded by the outer 5s- and p-orbitals and do not 

contribute to the chemical reactivity of the RE metals. As a results, the reactivity of RE complexes does not 

depend on the 4f orbital configuration and mostly relies on steric aspects.  
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Figure 7. Decrease of the ionic radius with increase of the atomic number (squares - Ln3+ with the exception of scandium, 
dotted line; diamonds - Ln2+; triangles - Ln4+). 

Around 10% of the lanthanide contraction is attributed to relativistic effects.123 By the combination 

of organometallic ligand design and choice of the metal center, RE metal chemistry can be easily fine-tuned 

by steric controls. Within the periodic table, such a precise optimization based on metals is only possible 

for RE elements and the lanthanides are an ideal playground to study various metal ligand interactions or 

to control the coordination sites around the metal center. An exception to the gradual course of properties 

is Scandium with the lowest atomic number and being the smallest metal center of the REs (see Figure 7). 

Furthermore, Sc is the most Lewis-acidic elements and Sc complexes have a distinct behavior. For Sc 

compounds, the metal-ligand bond has a highly covalent character. Therefore, Sc is rather comparable to 

titanium than to the larger RE elements.124-125 

Despite their redox stability and subsequent restricted reaction mechanisms, RE elements have high 

potential for catalytic transformations due to their strong Lewis acidity and overall high electrophilic and 

oxophilic interactions. The steric demand of different ligands for RE elements and the amount of steric 

crowding can be estimated using Marcalo’s steric coordination number CNS.126 For recent trends in RE 

coordination chemistry, the reader is directed to the annually published reviews of Frank T. Edelmann.127-
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3.2 On the Importance of Questioning Scientific Assumptions 

RE elements prefer the oxidation state +III and for RE elements changes to other oxidation states 

(e.g., +IV, +II) are only possible under harsh conditions and lead to mostly highly reactive unstable 

compounds.129-131 It is therefore not surprising that RE catalysts do not undergo the typical reaction 

pathways of d-block elements (i.e., oxidative addition and reductive elimination). Thus, traditionally, only 

Yb2+, Tm2+, Dy2+, Eu2+, Sm2+, and Nd2+ were known to be isolable in the oxidation state +II. However, the 

strict rule that most RE elements exist only in oxidation state +III was elucidated to be wrong within the 

past years, by the results of the group of William J. Evans among other scientists. 

In 1988, Evans et al. presented the formation of the dinitrogen Sm complex (C5Me5)2Sm-(μ-η2:η2-

N2)-Sm(C5Me5)2 from the reaction of a strongly reductive divalent (C5Me5)2Sm precursor and N2.132 The 

existence of other Ln2+ intermediates from trivalent precursors was proposed by the isolation of similar 

dinitrogen complexes (see Scheme 5).133-138 A final evidence for a mononuclear Ln2+ species was reported 

by Lappert et al. via the isolation and verification of the first low valent species of stable La2+ and Ce2+ 

compounds.139 The reduction of bulky (C4H3TMS2)3Ln (Ln = La, Ce) complexes with K mirror in ethereal 

solvents resulted in the formation of a K+ (C4H3TMS2)3Ln− complex with Ln2+ metals centers stabilized by 

crown ethers.139 Based on this work, Evans et al. were able to synthesize the first crystallographically 

characterizable molecular complex of Y2+ in 2011.140 Subsequently this approach was extended to the metal 

centers Ho2+ and Er2+.141 In 2013, the series of +2 ions (except the radioactive 61Pm) was completed by 

Evans et al. for Pr2+, Gd2+, Tb2+, and Lu2+.142 

 

Scheme 5. Molecular Ln2+ complexes are strong reducing agents and reduce nitrogen forming dinitrogen complexes with 
(N=N)2− ligands.  
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In addition to new stable Ln2+ species, the group of Evans reported the first synthesis of a (C5Me5)3Ln 

(Ln = Sm) compound.143 Previously, (C5Me5)3Ln complexes were believed to be sterically too crowded to 

exist due to the fact that one single (C5Me5)− ligand needs more than 120° at the metal center.144-145 

Therefore, three (C5Me5)− ligands would exceed 360° at the metal center; this simple statement was 

accepted to be true for many decades.146 However, for (C5Me5)3Sm, all (C5Me5)− ligands have a cone angle 

of 120° by moving further away from the metal center (see Figure 8).143 

 

Figure 8. Expansion of the metal-ligand bond distance to accommodate three (C5Me5)− ligands around a metal center. The 
“normal” cone angle of 142° (solid line) results when the metal-ring centroid distance is of average bond distance. A smaller 
cone angle (dashed line) results when the metal is located further away from the ring (reprinted with permission from 
ref. 151. Copyright 2005 American Chemical Society). 

Despite the Sm metal center being well shielded by its surrounding ligands, (C5Me5)3Sm has a high 

reactivity toward various substrates. In the presence of THF, (C5Me5)3Sm decomposes to form the ring-

opening alkoxide adduct and with ethylene C5Me5 end capped poly(ethylene) is formed.147-148 The general 

high reactivity is attributed to a (η5-C5Me5)2Sm(η1-C5Me5) transition state, allowing coordination of 

substrates.148 Even redox chemistry, related to the redox chemistry of the divalent (C5Me5)2Sm, was 

observed for the trivalent (C5Me5)3Sm!144,147 In this case, Sm3+ cannot be the reducing agent and no Sm4+ 

compounds were observed during the reaction.144 Therefore, the reduction process must originate from 

the ligand system and in fact (C5Me5)− is oxidized and (C5Me5)2 is formed within the redox reaction.149 

(C5Me5)2 was found previously as a byproduct for the reaction of (C5Me5)2Sm(thf)2 and 

cyclooctatetraene.150 This interesting and surprising process was named sterically induced reduction.151-152 

Furthermore, the reaction of CO and (C5Me5)3Sm was reported by Evans et al..153 With CO a thermally 

stable, nonclassical, 7-norbornadienyl carbocation is formed and was characterized crystallographically.153 

The sterically induced reduction of CO and (C5Me5)3Nd or (C5Me5)3U led to the formation of a 

nonclassical carbonium ion complex for neodymium, or in the case of uranium, an adduct complex was 

reported (see Scheme 6).154 
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Scheme 6. Reactivity of (C5Me5)3Sm with various substrates. 

Within a few years, fundamental areas in RE chemistry (such as oxidation state and maximum steric 

crowding) were changed and classic textbook chemistry became outdated. This shows that researcher need 

to be able to think beyond traditional mindsets and by questioning the barriers of conventional 

assumptions, new chemistry can become available.144,155 
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3.3 Synthetic Methods 

The first step before studying new compounds with potentially intriguing properties is the synthesis 

of new substances, materials, and/or catalysts. Therefore, an ideally simple, convenient, and variable 

synthetic access is needed for preparative working chemists. Unfortunately, the synthesis of precursor 

molecules is often underappreciated in the development of a new chemistry.144 In the case for RE element 

chemistry, the Ln−C bond has a strong ionic character and different routes were developed for the 

synthesis of interesting organometallic RE complexes. RE metal-based metallocenes were first synthesized 

in 1954 via salt metathesis.156 Due to the similar reactivity of RE elements and alkali metals toward iron 

halides (formation of ferrocene), the RE metals appeared to be trivalent extensions of the ionic alkali 

metals.156-157 Associated with this assumption, little interesting chemistry was expected for RE metals and 

in particular for (C5H5)3Ln metallocenes. Despite the variable electron counts and configurations for 

(C5H5)3Ln (Ln = La-Lu) complexes, all of the THF adducts have similar structures and reactivities.158 This 

is in sharp contrast to the metals of the d-block, e.g., ferrocene and cobaltocene displaying highly different 

reactivities and properties. The similar chemical behavior and lack of reactivity of (C5H5)3Ln compounds 

is in sharp contrast to the high activity of their (C5Me5)3Ln counterparts with various substrates (vide 

supra). 

Previously to this work, our group mostly used the well-established salt metathesis and amide 

elimination from bdsa precursor systems for the preparation of RE metal complexes.104,159 Also parts of this 

work are based on salt metathesis routes (see Chapter 4.4), however, for the previously presented 

challenges in the field of vinylphosphonate REM-GTP (see Chapter 2.1 – 2.3), those methods were found 

to be too specific or limited in their range of accessible substrates to tackle all scientific questions.108 In this 

work, synthetic approaches to new initiators from C−H bond activation via σ-bond metathesis, ligand 

induced steric crowding in REM-GTP of vinylphosphonates, and finally the identification of suitable 

ligand systems for the stereospecific polymerization of vinylphosphonates were evaluated and conducted. 

Therefore, not only one synthetic route could be used and a wider approach was necessary. Taking this 

into account and for a better understanding, salt metathesis, amide elimination (i.e., bdsa), and alkyl 

elimination (i.e., −CH2TMS) will be briefly presented in this chapter. 
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3.3.1 Rare Earth Metal Complexes Obtained via Salt Metathesis 

Salt metathesis usually offers a direct access to RE metal compounds, is, however, very sensitive to 

impurities and often leads to the formation of ate-complexes (see Figure 9). The large size of the RE metal 

cations and their preference for high coordination numbers are a challenge to be met for RE catalysts. If 

the ligands do not sufficiently stabilize the metals center, electronic and steric saturation can be achieved 

by the formation of anionic RE halide and alkali halide ionic compounds. Such complexes are commonly 

observed from salt metathesis reactions and are also known as ate-complexes.146,160-163 Removal of salts 

contaminations after the reaction is usually hindered or even impossible and in general the reactivity of ate-

complexes is significantly lowered.164 

 

Figure 9. Overview on different ate-complexes as products from salt metathesis reaction.160-163 

The simple synthetic protocol of salt metathesis was not notably modified for RE metal compounds 

since the first report of Wilkinson et al..156-157 Usually the donor-free LnCl3 salt is suspended in a donor 

solvent (i.e., THF, Et2O) and a deprotonated metal salt (usually alkali elements, in some cases alkaline 

earth elements) of the corresponding ligand is added subsequently. In terms of reactivity for RE 

metallocenes, potassium cyclopentadienyls have higher reactivities than the corresponding sodium or 

lithium salts and are often preferred for the synthesis of sterically crowded tris(C5RxHy)3Ln compounds.165  

 

Scheme 7. Synthesis of RE metal complexes by salt metathesis reactions. a) Original synthesis route according to 
Wilkinson. b) General presentation. 

The reaction of YCl3 and an excess of Li(C5H4TMS) results in the formation of (C5H4TMS)2YCl and 

is unaffected by the yttrium to lithium salt ratio (3, 4, or 5 eq. Li(C5H4TMS)).166 The reactivity of 

potassium cyclopentadienide is higher than sodium (> lithium) compounds and for the synthesis of 

sterically crowded (via ligand or metal center modifications) RE metal metallocenes the use of potassium 

precursors is advised if not mandatory (see Scheme 8).166  
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Scheme 8. Comparison of salt metathesis from lithium and potassium cyclopentadienyl precursors.166 

Despite the simplicity of the salt metathesis route and the few needed reaction steps, the range of 

accessible structures is limited by low yields, solubility and purification issues, or lack of ligand 

modifications (i.e., bridged structures).124 An interesting approach for the synthesis of solvent-free highly 

sterically crowded RE metal compounds is followed by the group of Evans. The solvent-free isolation of 

highly sterically crowded RE metal complexes is a requirement for their synthesis. Donor molecules such 

as THF are likely to react with the sterically overcrowded metal centers resulting in stable decomposition 

products (vide supra, see Scheme 6).  

 

Scheme 9. a) The direct synthesis of sterically overcrowded RE complexes is often not possible. b) Cationic 
tetraphenylborate intermediates are a key step for the synthesis of many (C5Me5)3Ln or (C5H4TMS)3Ln complexes. 

The synthesis route presented above was important for the synthesis of (C5H4TMS)3Lu and this 

compound was used for completing the series of Ln2+ ions also for the smallest Lu metal center (see 

Chapter 3.2).167 Furthermore, the chloride/allyl/tetraphenylborate route was a significant development 

for the feasible synthesis of (C5Me5)3Sm from trivalent precursors.160 Besides the significant work of Evans 
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on several challenging RE compounds obtained from salt metathesis reactions, the distinct drawbacks of 

this method (vide supra) limit the use of RE salt metathesis. Therefore, other methods involving the 

elimination of volatile compounds were consequently developed in the late 1980. The next chapter covers 

the process and changes in the field of amide elimination reactions. 
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3.3.2 Homoleptic Amide Precursors 

A challenge to be met especially for homoleptic RE compounds is the formation of ate-salt complexes 

and their prevention. Therefore, sterically demanding amides are used and salt metathesis is often 

conducted in the first reactions steps in non-coordinating solvents to avoid ate-salt contaminations. Using 

this procedure, basic amide ligands such as (bis(trimethylsilylamide), btsa, −N(SiMe3)2, and bdsa, see 

Figure 10a) can be introduced at the metal center and the final complexes are obtained by amide 

elimination and deprotonation of an acidic ligand. The donor coordination allows the isolation of 

otherwise labile homoleptic compounds. If no stabilization of the RE cation is possible, RE complexes tend 

to form polymeric networks, resulting in a low solubility.164 

 

Figure 10. a) Comparison of btsa and bdsa RE complexes. b) Example for the formation of a RE bdsa complex via amide 
elimination. 

Homoleptic group 4 complexes with σ-donor amide ligands were first prepared to introduce new 

binding motifs and to face some of the limitations of the salt metathesis route in 1959.168-169 The binding 

motif and a possible nitrogen-metal π- bond and a sp2 hybridization of the nitrogen was controversially 

discussed.170 The planarity of the nitrogen is supported by crystal structures, ESR studies, and IR 

spectrometry.171 In 1968, Lappert et al. studied the reactivity of tetrakis(amido) titanium, zirconium, and 

hafnium compounds with a broad scope of substrates including C5H6 and indenylH.172 Simple amide 

precursors (−NMe2, −NEt2, −NiPr2) were successfully used for the synthesis of a variety of group 4 ansa-

metallocene complexes.173-175 The advantages of the amine elimination route compared to simple salt 

metathesis were reported to be higher yields of the desired rac-isomer and an improved purification/better 

yields. The reaction of ethylene-bis(indenyl)H2 and titanium amide complexes did not result in the 

formation of ansa-titanocene products.173 The product ratio of rac- to meso-isomer is controlled for 

zirconocenes by the removal of the formed amine from the equilibrium and the final product formation is 

a result from various chemical reaction equilibria.176-177 The kinetic product for the metallocene was 

reported to be exclusively the rac-isomer and the thermodynamic rac/meso ratio was 4/1.176 
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In the case of RE elements, the application of such bisalkylamides leads to the formation of oligomeric 

compounds or polymeric networks resulting in a decreased reactivity, low solubility, and challenging 

purification and/or characterization. The agglomeration is a result of both steric and electronic factors and 

may be attributed to the high basicity of bisalkylamides (e.g., pKa(HNiPr2) = 36.0)178 as well as to a steric 

undersaturation of the large RE metal center. The high basicity (i.e., reactivity) also facilitates the 

formation of ate complexes.104,124,164 For the utilization of the amine elimination reaction for RE metal 

centers, sterically demanding amides were needed to stabilize the large cations. Therefore, RE silylamides 

(e.g., btsa) amide precursors were first synthesized by Bradley et al. in 1972 and reported to be solvent-free 

and monomeric.179-181 In 1973, the crystal structures of Ln(btsa)3 (Ln = Sc, Eu) were reported and the early 

results were summarized in a review article in 1977.182-183 The reaction of Ln(btsa)3 and (C5Me5)H resulted 

in a mixture of products of Ln(btsa)3, (C5Me5)2Ln(btsa), and (C5Me5)Ln(btsa)2.184 The reaction of 

Ce(btsa)3 and 3 equivalents (C5H3TMS2)H was reported to yield (C5H3TMS2)3Ce.185 Morawietz reported 

in his PhD thesis the synthesis of the bridged Me2Si(C5H4)2Y(btsa) complex via amine elimination in THF 

in 90% yield (see Scheme 10).171 The product yield is very sensitive toward the reaction conditions 

(starting temperature, solvent, concentrations) and in nonpolar solvents oligomeric or polymeric 

byproducts are obtained. The pKa value of btsa amides was reported to be 25.8 in thf.186  

 

Scheme 10. Reaction of Y(btsa)3 and Me2Si(C5H5)2 and formation of Me2Si(C5H4)2Y(btsa) and Hbdsa. 

The main disadvantages of btsa precursor complexes is their low reactivity against sterically 

demanding ligands such as substituted cyclopentadienyls due to steric oversaturation and a strong 

shielding of the metal center. Therefore, RE bdsa precursor systems were used since the 1990.125,187-190 

Contrary to Ln(btsa)3 compounds, bdsa complexes are obtained as thf adduct of the formula 

Ln(bdsa)3(thf)2, have an expended trigonal bipyramidal molecular geometry with thf in the axial positions, 

and the thf coordination in the final complexes allows the metal center to be accessible for further 

modifications.187-188 Using the extended bdsa silylamide route, a variety of ansa-RE metal metallocenes was 

synthesized from the corresponding protonated ligands, characterized, and studied by Eppinger and 

Anwander.124,188,190 The RE metal center of bdsa complexes is stabilized by a strong β-Si−H “diagostic” 

interaction (see Figure 11).188,191  
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Figure 11. a) Synthesis of the Ln(bdsa)3(thf)2 precursor complex. b) Possible different coordination modes of bdsa to the 
RE metal center. c) β-Si−H diagostic interaction stabilizing the large RE metal center. Crystal structure of rac-(2-
methylindenyl)2SiMe2Y(bdsa) (adapted with permission from ref. 188. Copyright 1997 American Chemical Society).  

Bdsa compounds can be handled easily, their synthesis is facile, and the pKa of bdsa was determined 

to be 22.8 and is therefore sufficient for the deprotonation of most cyclopentadienyl compounds and its 

derivatives (e.g., indenyl, fluorenyl).190 A book review was published by Anwander on lanthanide amides.192 

However, the scope of ligands remains limited by the low pKa value of silylamides and the synthesis of 

modern post-metallocene compounds is hindered by simple amine elimination. Therefore, strong, basic 

homoleptic hydrocarbyl precursors were developed and will be presented in the next chapter. 
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3.3.3 Homoleptic Hydrocarbyl Precursors 

The pKa values of RE hydrocarbyl compounds are not yet determined in literature, but can be 

estimated to be above 45 (pKa methane = 56 > pKa RE−CHxRy > 45 > pKa benzene = 43) and give access 

to the activation of a variety of functional groups and ligand systems.193 Simple, soluble RE hydrocarbyl 

species can consists of bis(trimethylsilyl)methyl, (trimethylsilyl)methyl), or neopentyl ligands. In a 

pioneering study, Lappert et al. synthesized the first homoleptic Ln(CH2TMS)3(thf)2 and 

Ln(CH2CMe3)3(thf)2 (Ln = Sc, Y) compounds in 1973.194 The synthesis is usually performed in nonpolar 

solvents starting with one equivalent of the RE THF adduct and three equivalents LiCH2TMS under 

cooling (see Scheme 11).  

 

Scheme 11. Synthesis of Ln(CH2TMS)3(thf)2. 

LiCl and Ln(CH2TMS)3(thf)2 are formed and Ln(CH2TMS)3(thf)2 can be separated from 

suspended LiCl and oligomeric insoluble coordination polymers in moderate to high yields. For a 

successful synthesis of Ln(CH2TMS)3(thf)2 it is essential to use nonpolar solvents and the RE thf adduct 

as the thf donor solvent coordination results in a steric saturation, stabilization of the RE metal center, 

reduction of the formation of coordination polymers, and an increased solubility. RE element hydrocarbyl 

compounds are only stable if the coordination sphere is saturated195-196 and due to steric restrictions the 

synthesis of Ln(CH2TMS)3(thf)2 is limited to the smaller RE cations as decomposition reactions accelerate 

with increasing RE meter center size. No Ln(CH2TMS)3(thf)2 complexes of lanthanum, cerium, 

praseodymium, neodymium, and promethium (radioactive) are reported in literature and yields and 

literature references for all synthetically accessible Ln(CH2TMS)3(thf)2 RE metal compounds are 

summarized in Table 2.  



3.3 Synthetic Methods 

 Page 42 
 

Table 2. Ln(CH2TMS)3(thf)x: Synthesis, thf Coordination, Yield, and Characterization 

RE metal center THF(coord.) Yield [%] Characterization Reference 

Sc 2 71 1H, 13C, IR, EA, mp, ref. 194,197 

Y 2, 3 69 – 82 1H, 13C, 29Si, IR, EA, mp, x-ray ref. 194,197-199 

Lu 2 63 – 65 1H, 13C, IR, EA, x-ray ref. 197,200-202 

Yb 2 48 1H, IR, EA, mp, x-ray ref. 201-204 

Tm 2 - IR, EA ref. 201,205 

Er 2 29 IR, EA, mp, x-ray ref. 201-202,204,206 

Tb 2 - IR, mp, x-ray ref. 204 

Sm 3 50 1H, 13C, IR, EA, mp, x-ray ref. 202 

 

Analog to organometallic transition metal compounds, the main decomposition pathway for RE 

metal hydrocarbyl complexes is the β-hydride elimination.195 The use of alkyl ligands with alkyl 

substituents in the β-position (to the metal) prevents this side reaction.207 However, contrary to this 

perception, Ln(CH2TMS)3(thf)2 compounds decompose at ambient temperature as solid or in dissolved 

state within hours. Therefore, other decomposition pathways involving the formation of SiMe4 must exist 

for such homoleptic compounds and an α-H elimination was first supposed,206 but later disregarded for a 

more likely γ-H Elimination (see Scheme 12).207 

 

Scheme 12. Thermal decomposition pathways of Lu(CH2TMS)3(thf)2. 

The introduction of the −CH2TMS ligand gave access to numerous monoalkyl and dialkyl RE 

−CH2TMS complexes164,208-209 and avoids the laborious purification steps and ate-complex formation from 

the reaction of RE halides and MeLi.103,210 Although the synthesis of Ln(CH2TMS)3(thf)2 precursor 

complexes was first reported by Lappert et al. for the RE metals scandium and yttrium as early as 1973, its 

chemistry remained dormant for decades.164 Starting in the late 1990s, research and use of 

Ln(CH2TMS)3(thf)2 compounds intensified and it remains the precursor route of choice for late RE metal 

cations to date. Until today, RE (trimethylsilyl)methyl derivatives are the most widely applied alkyl ligands 

in RE organometallic chemistry.164 



3 The Rare Earth Elements and General Principles in Lanthanide Chemistry 

 Page 43 
 

Contrary to transition metal complexes, the neopentyl counterparts have never been widely used for 

the preparation of RE hydrocarbyl species due to their lower stability. The low thermal and light-stability 

of RE −CH2CMe3 compounds is attributed to the missing α-agostic interaction of the neopentyl ligand and 

the RE metal center.164 The corresponding Ln(CH2CMe3)3(thf)2 precursors and other compounds 

consisting of RE−CH2CMe3 bonds decompose under exposure to light and are temperature sensitive due 

to a β-Me elimination decomposition limiting their use tremendously.164,211  

The application of the bulky bis(trimethylsily)methyl ligand with RE metals leads to neutral, 

homoleptic, solvent-free precursor systems of the formula Ln(CHTMS2)3 and were first reported by 

Lappet et al. in 1974.212 The structural characterization of Ln(CHTMS2)3 followed later for Ln = La and 

Sm.213 The highly sterically demanding −CHTMS2 ligands result in similar steric restrictions as btsa 

compounds having a lower reactivity for many substrates despite the high pKa value (~pKa > 45).  

The reaction of bridged amine-cyclopentadienyl proligands and Ln(CH2TMS)3(thf)2 leads to the 

formation of RE constrained geometry complexes (CGC, see Scheme 13a).214 Group IV CGCs became 

prominent for the polymerization of sterically demanding α-olefins.215 The introduction of an additional 

TMS group for the bis(trimethylsilyl)methyl ligand result in a significant higher shielding of the metal 

center and usually donor free (i.e., THF free) and to some extend temperature stable complexes are 

obtained (see Scheme 13a).216 The coordination sites at the metal are either less open or blocked and the 

bis(trimethylsilyl)methyl ligand is inert for the reaction with sterically demanding ligands (e.g., CGC, 

and/or TMS substituted Cp ligands) and/or limited to early and middle Ln(CHTMS2)3 RE metals.164,216 

One report in literature describes the synthesis of donor free and stable in aromatic solvents 

(CGC)Ln(CHTMS2)3 compounds (Ln = Yb, Lu).217 RE complexes based on tris(trimethylsilyl)methyl 

ligands (−CTMS3) are only accessible for the divalent RE elements Yb, Eu, and Sm; limiting their 

applications (see Scheme 13b).164,218-220 

 

Scheme 13. a) Synthesis of donor solvent-free RE CGCs. b) Formation of the sterically crowded divalent europium 
hydrocarbyl complex Eu(C(TMS)3)2. 

Despite their drawback (thermal stability, cation size restrictions), Ln(CH2TMS)3(thf)2 compounds 

are nowadays widely used as precursors for RE alkyl complexes and the protonolysis of one, two, or three 
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−CH2TMS ligands under formation of SiMe4 leads to a large variety of heteroleptic RE element 

complexes.164 Particularly, the access to catalytically highly active cationic RE alkyl derivatives is currently 

an interesting research topic.208-209  
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3.3.4 Summary of the Different Synthetic Methods 

The last chapters gave an overview about the most commonly applied synthesis and precursor routes 

for the organometallic chemistry of RE elements. Other, more “exotic” synthesis routes were previously 

described in other PhD theses.104,124 Salt metathesis is the oldest method to prepare RE metallocenes, 

satisfies with its simplicity, and can usually be performed in few steps. It is, however, very sensitive to 

impurities and the yields, ligand design, and purification are often limited (e.g., by ate-complex formation). 

 Therefore, amide elimination reactions were subsequently developed and applied for RE elements 

and btsa or bdsa precursor complexes usually avoid the formation of ate-complexes. The basicity is 

sufficient for many cyclopentadienyl derivatives and the Ln−N bond is stable enough to perform complex 

syntheses at elevated temperatures and room temperature stable catalysts are obtained. RE complexes with 

btsa ligands are obtained without coordinated thf donor molecules, however, the high steric demand limits 

this route. Sterically less demanding bdsa ligands avoid this problem, are more flexible to use, and represent 

the extended silylamide route.124 

Ln(CH2TMS)3(thf)2 complexes are the most successful applied RE metal alkyl precursor complexes. 

Compared to their neopentyl counterparts, the higher thermal and light stability of Ln(CH2TMS)3(thf)2 

precursors is attributed to an α-agostic interaction between the silicon and RE metal center. The donor-

free Ln(CHTMS2)3 or Ln(CTMS3)2 complexes are limited to specific synthesis routes. 

In view of the given synthetic background, the present study had the target to establish feasible 

synthetic methods for the synthesis of (novel) nucleophilic ligands for the initiation reaction of 

vinylphosphonate REM-GTP (ideally with mechanistic match between initiation and propagation, see 

Chapter 4.3). In first attempts, enolate ligands and related structures were studied to facilitate a fast 

uniform initiation of vinylphosphonates via an 8e− process (see Scheme 14a). Alkyl ligand-containing 

metallocenes were chosen as possible target substrates due to the high pKa value of the alkyl ligand 

(pKa > 45, vide supra) and their synthesis was previously established at our chair via salt metathesis and 

alkane elimination reaction (see Scheme 14b).35,117,221-222 Furthermore, to achieve a better understanding 

of the initiation and to obtain reliable data, the simple (C5H5)− metallocene ligand system had to be studied 

in order to compare the data to previously described (C5H5)− based catalysts. Therefore, [(C5H5)2YbMe]2 

or (C5H5)2LnCH2TMS(thf) (Ln = Y, Lu) turned out to be possible candidates. The synthesis of 

[(C5H5)2YbMe]2 includes two salt metathesis reactions, laborious purification steps, low yields, and 

ytterbium as a paramagnetic core prevents extended NMR studies. Therefore, simple 

(C5H5)2LnCH2TMS(thf) complexes were obtained via alkane elimination reaction and used as starting 

material to test their reactivity with various substrates to form new initiating ligands. 
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Scheme 14. a) General presentation of a conjugated system. b) Synthesis of RE alkyl metallocenes via salt metathesis 
(top) vs. alkane elimination (bottom). 

After studying and optimizing the initiation reaction of vinylphosphonate REM-GTP, the 

propagation and the impact of metallocene ligand modification turned out to be an interesting scientific 

problem. Due to a better synthetic access, salt metathesis was chosen in this case above the –CH2TMS 

route to study the effect of ligand induced steric crowding for unbridged RE metallocenes.  

To our knowledge, there are no reports in literature on the synthesis of substituted 

(C5HyRx)2LnCH2TMS(thf)n complexes via alkane elimination reaction and the synthesis of these starting 

complexes might be hindered by the formation of unwanted byproducts (kinetic product formation 

instead of the desired thermodynamic product) or the catalysts can be unstable due to side reactions of the 

alkyl ligand and the stabilizing coordinated thf. A comparison of activities, initiator efficiencies, or PDI 

values of substituted (C5HyRx)3Ln and (C5HyRx)2LnCH2TMS(thf)n with different metals and/or ligand 

systems will lead to indecisive data and was therefore not conducted. Therefore, only substituted 

tris(cyclopentadienyl) RE complexes were used for the first study on ligand induced steric crowding for 

vinylphosphonates (see Chapter 4.4). Furthermore, RE metal complexes that are synthesized via salt 

metathesis such as (C5H5)3Ln, (C5H4Me)3Ln, or (C5Me4H)3Ln are in some cases also commercially 

available at a low price (see Chapter 4.4).  

One main results of the conducted temperature dependent activity measurements was the high 

flexibility of single substituents and the resulting atactic poly(vinylphosphonate) microstructure. 

Therefore bridged ligand systems were brought into focus in the next step and within this work, it turned 

out that the limitations of salt metathesis were too substantial to use this method for the synthesis of 

sterically crowded, bridged, and highly active catalysts for the REM-GTP of vinylphosphonates. Therefore, 

Ln(CH2TMS)3(thf)2 precursor complexes were used for the synthesis of RE CGCs to further study new 

ligand systems for a stereospecific vinylphosphonate polymerization. RE CGC are literature known and 

the –CH2TMS ligands assure access to efficient initiating ligands via σ-bond metathesis. 
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3.4 C−H Bond Activation 

For the past 30 years, there has been continuous research by synthetic chemists to cleave and further 

functionalize the C−H bonds of hydrocarbons in a selective, catalytic manner. Already in 1985, Robert H. 

Crabtree dedicated a review article published in Chem. Rev. to this task.223 The activation and conversion 

of natural gas (i.e., methane), mineral oil, or paraffin (from Latin language meaning “barely reactive”) is of 

both commercial and academic interest. Because of its lack of polarity, low acidity, low HOMO- and high 

LUMO σ-bonding orbitals,223 and high bond dissociation energy (~410 kJ·mol−1),224 the C−H bond of 

hydrocarbons is among the most inert chemical bonds.225-227 The strong and nonpolar nature of C−H 

bonds makes their selective C−H bond activation one of the most challenging tasks that chemists face 

today.225-230 Some specialized bacteria use enzymes to provide energy and carbon from methane.231 In 

chemistry, traditionally three different modes of action are discussed for C−H bond activation, namely, 

oxidative addition with electron rich late transition metals, electrophilic activation with electron-deficient 

late transition metals, and σ-bond metathesis with early transition metals and RE elements (see Figure 

12).232 Additionally, a 1,2-addition is discussed as a possible reaction pathway in the literature for some 

complexes (see Figure 12b).233-234 The σ-bond metathesis mechanism is mostly accepted for d0fn metals 

and will be presented on the next pages (see Figure 12a). An oxidative addition and change of the metal’s 

oxidation state is not possible for RE elements (see Figure 12c, Chapter 3.1). 

 

Figure 12. Four possible reaction pathways for C−H bond activation using metal-based catalysts: a) σ-bond metathesis. b) 1,2-
Addition. c) Oxidative addition. d) Electrophilic substitution. 
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In a seminal study, Patricia L. Watson reported the exchange reaction of (C5Me5)2LnMe (Ln = Lu, 

Y) and 13C-labeled methane (see Figure 13a).235 The reaction rate increases with larger metal centers, 

however, this effect was not attributed to steric reasons in its original publication (higher accessibility of 

the metal center) and was explained by changes of the electrophilicity (see Figure 13b).236 Mechanistic 

studies revealed, a concerted bimolecular reaction pathway following a most probable four-center 

transition state;237 a mechanism that was later termed σ-bond metathesis.238 Alternative tuck-in 

intermediates were originally discussed and later disregarded, however, they are still object of a 

controversial scientific discussion (see Scheme 15a).239-241 The ability of non-(C5Me5) ligand containing 

complexes to undergo C−H bond activation contradicts the general tuck-in mechanism pathway. Methane 

and ethane activation were computed for scandium compounds and the energetically unfavored activation 

of methane was attributed to a better stabilization by hyperconjugation.242 

 

Figure 13. a) Complexes used for methane activation by Patricia L. Watson. b) Effect of RE metal center size on the 
methane exchange reaction rate (adapted with permission from ref. 236. Copyright 1985 American Chemical Society). 

If (C5Me5)2ScMe is heated in cyclohexane at 80 °C for several days, methane is produced and the 

tuck-over Sc metallocene (C5Me5)(C5Me4CH2)Sc is formed (see Scheme 15b).238 Contrary to the tuck-in 

structure, the tuck-over structure was later structurally characterized.243 (C5Me5)(C5Me4CH2)Sc reacts 

with benzene-d6 to afford a mixture of (C5Me5)2ScC6D5 (Sc-d5, major product) and 

(C5Me5)(C5Me4CH2D)ScC6D5 (Sc-d6, minor product).238 Interestingly, if (C5Me5)2ScMe is reacted with 

benzene-d6 at elevated temperature a competitive process is observed affecting the ratio of products, 

involving the bimolecular reaction of (C5Me5)2ScMe with benzene-d6 to afford Sc-d5 and CH3D; and the 

unimolecular cyclometallation reaction to (C5Me5)(C5Me4CH2)Sc with concomitant loss of methane, 

followed by rapid reaction with benzene-d6 to give Sc-d6 (see Scheme 15b). The bimolecular pathway is 

favored at low temperatures (60 °C, ratio of 76:24), however, at 125 °C equal (50:50) preferences for both 

pathways were reported (see Scheme 15b).238-239 
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Scheme 15. a) Methane exchange reaction via a proposed tuck-in bridging. Two possible resonance structure of tuck-in or 
tetramethylfulvene bonding modes are discussed. b) Proposed oligomeric tuck-over structure. 

Furthermore, the thermolysis of lanthanide hydride complexes [(C5Me5)2LnH]2 was found to result 

in the intermolecular C–H bond activation to generate hydride-bridged tuck-over complexes of the form 

[(C5Me5)Ln(C5Me4CH2)(μ-H)Ln(C5Me5)2] (Ln = Y,244 Lu,245 Sm,246 La247) with simultaneous 

production of hydrogen gas. The structures of these complexes with a tetramethylfulvene motif were 

unambiguously characterized by single crystal X-ray diffraction experiments.244-247 The reaction of 

[(C5Me5)2LuH]2 and tetramethylfulvene resulted in the formation of the tuck-over hydride bridged Lu 

compound [(C5Me5)Ln(C5Me4CH2)(μ-H)Lu(C5Me5)2], however, also (C5Me5)2Lu(CH=C5Me4), a rare 

example of a lanthanide vinyl complex, was obtained as the main product.245 

Evans et al. reported the C−H bond activation of arenes for highly reactive (C5Me5)3Ln complexes 

for the smaller RE metal center Y.248 The reaction of (C5Me5)3Y with benzene or toluene was unexpected, 

because for the larger RE metal centers including neodymium, samarium, and gadolinium the 

chloride/allyl/tetraphenylborate route using arene solvents did not result in the activation of benzene or 

toluene.160,248 In the case of the reaction between [(C5Me5)2Y][BPh4] and K(C5Me5) in arene solvents the 

sp2 and sp3 C−H bond activation of benzene and toluene and no formation of (C5Me5)3Y was observed 

(see Figure 14a).248 The analog reaction of (C5Me5)3Y with benzene and toluene (synthesized from 

[(C5Me5)2YH]2 and tetramethylfulvene) also resulted in the corresponding (C5Me5)2Y(C6H5) and 

(C5Me5)2Y(CH2C6H5) compounds (see Figure 14b).248 
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Figure 14. a) Unsuccessful preparation attempts for the synthesis of (C5Me5)3Y in aromatic substrates. b) Activation of 
benzene and toluene by (C5Me5)3Y.  

Based on the chloride/allyl/tetraphenylborate route, Evans et al. recently synthesized the extremely 

reactive unsolvated RE metallocene ethyl complex (C5Me5)2YEt (see Figure 15a).249 The X-ray crystal 

structure of the yttrium ethyl complex shows an Y···H3C agostic interaction and the reactivity of 

(C5Me5)2YEt was tested for olefin insertion, H2 activation, C–H bond activation of arenes and methane, 

and β-H elimination processes.249 The methane activation was studied with 13C labeled methane and 

similar results to the work of Patricia L. Watson were obtained (see Figure 15b). 

 

Figure 15. a) Synthesis and reactivity of (C5Me5)2YEt (adapted with permission from ref. 249. Copyright 2015 American 
Chemical Society). 
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To study such complexes in less reactive media, inert and deuterated solvents are often used. 

Especially deuterated cyclohexane (C6D12) features good properties and does not react with complexes 

due to steric (secondary and tertiary C−H bonds are less reactive) and isotopic reasons (the zero-point 

energy of C−D is considerably lower than of C−H bonds). The activation barrier of σ-bond metathesis is 

mostly controlled by negative ΔS‡ values for the bimolecular process (solvation effect do not contribute to 

ΔS‡ for the used nonpolar solvents). The strong ΔS‡ terms are a result of significant loss of vibrational and 

rotational freedom in the transitions state and emphasize the “highly ordered” four centered transition 

state. An overview on experimentally determined entropy values is given in Table 3. 

Table 3. Activation Entropy Data for Selected Examples of σ-Bond Metathesis of Various E−H Bonds 

Bond Reaction 
ΔS‡  

[kJ·mol−1·K−1] 
Reference 

As−H (N3N)ZrAsPh2 + Ph2AsH → (N3N)ZrH + Ph4As2 −134 ref. 250

sp2 C−H (C5Me5)2ScMe + CH2=CHPh → (C5Me5)2ScCH=CHPh + CH4 −151 ref. 238

sp3 C−H (C5Me5)2ScCH2tBu + CH4 → (C5Me5)2ScCH3 + CMe4 −151 ref. 251

H−H (C5Me5)2Th(CH2tBu)OtBu + H2 → (C5Me5)2Th(H)OtBu + CMe4 −213 ref. 252

P−H (N3N)ZrPHPh + Ph2PH → (N3N)ZrH + (PhPH)2 −151 ref. 253

Si−H (C5H5)(C5Me5)HfCl(SiH2Ph) + PhSiH3 → (C5H5)(C5Me5)Hf(H)Cl +

(PhSiH2)2 
−88 ref. 254 

Sn−H (C5H5)(C5Me5)Hf(H)Cl + Mes2SnH2 → (C5H5)(C5Me5)Hf(SnHMes2)Cl + H2 −176 ref. 255
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Scheme 16. Proposed catalytic cycle for the formation of silylated poly(ethylene) via σ-bond metathesis. 

The in situ end-group functionalization of polyolefins with RE metallocenes was a scientific challenge 

in the 1990 and silanes were first used as a chain transfer reagent by Marks et al. in 1995.256 In a detailed 

study, the polymerization of ethylene, and exchange reaction with silanes following a σ-bond metathesis 

pathway was published in 1999 (see Scheme 16).257 The reaction of RE hydrides with silanes can proceed 

via two possible reaction pathways, one in which the silicon atom is in α-position to the metal center and a 

second in which silicon is in the β-position to the metal center (see Figure 16a). The first path results in an 

exchange of a hydride for a silyl ligand and in the latter path the metal hydride ligand is replaced with a 

hydride from a silane (degenerative exchange). This degenerative exchange mechanism is more likely for 

Si−H bonds than for analogue C−H bonds of alkanes (absent stabilization of the pentacoordinate carbon 

atom) and was elucidated in DFT studies for the reaction of (C5H5)2LaH and H3C−SiH3 (see Figure 

16b).258 The composition of silyl or hydride product from the σ-bond metathesis reaction of metal hydride 

and silane can be tuned by sterically demanding silane substituents.259 In further studies, Tilley et al. applied 

this procedure to phosphine- and amine end capped PE.260-263 
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Figure 16. a) The reaction of a metal hydride with silane can either proceed via silicon exchange in the α-position (top) to 
yield a metal silyl product or with silicon in the β-position to result in a hydride ligand exchange. b) Simplified energy profiles 
(kcal mol−1) calculated for the reaction of Cp2LaH with MeSiH3 (reprinted with permission from ref. 264; adapted from 
ref. 258) 

In a report, published in a special issue dedicated to Gregory Hillhouse, Tilley et al. reported in 2015 

the sp-, sp2-, and sp3-C−H bond activation (intramolecular in the latter case) of monoanionic, PNP-

supported scandium dialkyl complexes.265 C−H bond activation by f-block complexes (with focus on 

actinide elements) was covered in a review by Arnold et al.,266 however, not all contributions, especially by 

Teuben et al., to the field of RE metal C−H bond activation were mentioned. Therefore, a quick overview 

on Teuben’s work will be given here: 

Several C−H bond activation reactions of [(C5Me5)2YH]2 and arenes were conducted by Teuben et 

al. in 1993.244 The dimer [(C5Me5)2YH]2 reacted with benzene or toluene under the formation of 

(C5Me5)2Y(C6H5) and (C5Me5)2Y(CH2C6H5).244
 In this contribution, the σ-bond metathesis for carbon 

substrates was also discussed for the carbon in the β-position to the metal center and termed 

“nonproductive” σ-bond metathesis (vide supra, see Figure 16b). For the substituted aromatic substrates 

PhX (X = −OMe, −SMe, −NMe2, −CH2NMe2, −PMe2), a strong preference for the ortho metallation at 

the sp2 C−H bond and no activation of sp3 C−H bonds or of substituted X was observed (see Scheme 

17a).244 In 1995, Teuben et al. reported the activation of ethers and sulfides by [(C5Me5)2LnH]2 (Ln = La, 

Ce, Y) forming alkoxides of the type (C5Me5)2LnOR or metallated compounds (C5Me5)2LnCH2SR (−SR2, 

R = −Me) and dihydrogen or thiolates of the type (C5Me5)2LnSR (SR2, R = −Et) and ethylene (see Scheme 

17b).267 Also the ring-opening of THF and 1,4-dioxane was observed.267 As opposed to THF and 



3.4 C−H Bond Activation 

 Page 54 
 

dioxane, the aromatic substrates furan and thiophene were not opened by [(C5Me5)2YH]2 and a 

metallation at the α-position of the heteroaromatic substrate was observed instead (see Scheme 17b).267 

Other examples of RE complexes reacting with furan and/or thiophene heterocycles are reported in 

literature.268-269 
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Scheme 17. a) Reaction of [(C5Me5)2YH]2 with aromatic substrates. b) Reaction of [(C5Me5)2YH]2 with heteroaromatic 
substrates and ethers. 

Furthermore, [(C5Me5)2YH]2 was reported to metallate pyridine in the ortho-position forming 

(C5Me5)2Y(2-pyridyl) (see Scheme 18a).270 Ethylene or propylene can undergo insertion into the 

RE−carbon bond of (C5Me5)2Y(2-pyridyl) and the monoinsertion products are obtained. This 

contribution is one of the first examples for a RE metal complex catalyzed alkylation of pyridines.270 

However, (C5Me5)2Y(2-pyridyl) is not stable at higher temperatures and 2,2’-bipyridine was isolated as 

byproduct after workup.270 After initial studies with pyridine and α-picoline both resulted in ortho-

metallation,271 for the reaction of yttrium compounds with pyridine the 1,2-insertion product was found 

instead.272 However, the same yttrium complexes reacted with α-picoline to give the C−H bond activation 

product of the α-picoline methyl group instead of the ortho sp2 C−H bond (see Scheme 18b).272 

Bis(alkoxysilylamido)yttrium compounds were reported to undergo the ortho metallation of pyridine or 

of ortho-alkyl substituted pyridine derivatives.273 The reaction of ethylene and 

bis(alkoxysilylamido)yttrium(2-pyridyl) was conducted and no oligomerization of ethylene was observed; 

instead, α-methylpicolyl derivatives were obtained.273 Other examples of RE complexes reacting with 

pyridine are reported in literature.274-275 
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Scheme 18. a) C−H bond activation of pyridine by [(C5Me5)2YH]2. b) 1,2-Insertion of pyridine and ortho metallation of 
α-picoline by benzamidinate yttrium complexes. 

Besides ortho-substituted pyridines, also 2-phenylpyridines can undergo C−H bond activation with 

RE metal complexes. Diaconescu et al. reported a two-step mechanism including hydrogen migration 

starting from a first ortho C−H bond activation product for the formation of the thermodynamically 

favored five-membered ring (see Scheme 19a).276 Another interesting class of substrates for C−H bond 

activation are 2-propynyl derivatives. The activation of the methyl group of internal alkynes using 

(C5Me5)2LnCHTMS2 (Ln = La, Ce, Y) was reported by Teuben et al. in 2008.277 The obtained complexes 

show a η3-propargyl/allenyl structure with no preference for one binding motif. The reaction of such η3-

propargyl/allenyl compounds with (deuterated) alcohols results in the formation of allene and acetylene 

decomposition products (see Scheme 19b) and no influence of the steric demand of the alcohol 

(MeOD-d4, HOC6H2tBu2Me)) on the product distribution was observed.277 

 

Scheme 19. a) Proton shift and formation of a 5-membered metallacycle. b) Mixture of isomers obtained from η3-
propargyl/allenyl yttrium complexes after the protonolysis with MeOD. 
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The first application of C−H bond activation for the initiation of polar monomers was performed by 

Mashima et at. in 2011.278 In this study, an yttrium ene-diamido complex with –CH2TMS ligand was 

reacted with a variety of pyridine- or alkynyl derivatives, or used as an additive for the oligomerization 

(5 mol% cat.) and end-group functionalization of 2-vinylpyridine (2VP) (see Figure 17). The obtained 

oligomers had molecular masses below 5 kDa, low PDIs (≤ 1.2), and were reported with high tacticities 

([mmmm] = 95%).278 The high P2VP tacticities of the yttrium ene-diamido complex were found to 

depend on the used initiator/additive and were derived from 13C NMR measurements in CDCl3. However, 

the signal attribution was originally established in deuterated methanol,278-279 therefore, supposedly wrong 

signals were assigned and the microstructure of P2VP obtained from the yttrium ene-diamido complex 

used by Mashima et al. was later found to be atactic.280 

 

Figure 17. a) C–H activation of heteroaromatic compounds and internal alkynes by a yttrium ene diamido complex. b) 
Different end-group functionalized P2VPs. 

The contribution and insights of Mashima et al. on the oligomerization of 2VP still proved to be very 

important for the initiation reaction of vinylphosphonates. Especially, the use of activated 

2,4,6-trimethylpyridine (sym-collidine) ligands was later found to be applicable to 

(C5H5)2LnCH2TMS(thf) (Ln = Y, Lu) complexes and to be an elegant approach to overcome initiation 

problems (low initiator efficiencies, long initiation delays) for vinylphosphonate REM-GTP (see 

Chapter 4.3). The substrate sym-collidine has two distinct advantages compared to other substrates for 

C−H bond activation. Firstly, the activated CH2-methylene group and the aromatic pyridine ring represent 

a mesomeric enamide structure and can theoretically initiate polar monomers via an eight-membered ring 

transition state (see Scheme 20a). This aspect will be discussed in detail in Chapter 4.3. Furthermore, 
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besides the mechanistic match of initiation and propagation by the proposed enamide structure, the 

substitution of ortho- and para positions of pyridine also prevents the coupling of aromatic N-heterocycles 

at the RE metal center. The product of such coupling reactions under dearomatization are enamide 

complexes (see Scheme 20b).270,272,281-282 

 

Scheme 20. a) Two different binding motives of activated sym-collidine to the RE metal center. b) Formation of a 
bipyridine (top) vs. dihydrobipyridine derivative (bottom). 

Similar to the work of Marks et al. on silane, amine, or phosphine end-group functionalization of 

poly(ethylene) (vide supra), Teuben et al. reported the use of thiophene as a chain-transfer reagent for the 

polymerization of ethylene.283 The ortho metallation of thiophene by [(C5Me5)2YH]2 was already reported 

in 1995 (vide supra).267 In 1999, [(C5Me5)2YH]2, thiophene, and ethylene were used, and the 

oligomerization was reported to proceed slowly at 80 °C under 1 bar ethylene pressure.283 Using the largest 

and sterically better accessible lanthanum metal center, the reaction of [(C5Me5)2LaH]2, thiophene, and 

ethylene resulted in clear solution containing a distribution of H(CH2CH2)n(2-C4H3S) oligomers with 

molecular masses below 4 kDa and a broad PDI.283 The catalytic cycle of the reaction is depicted in Scheme 

21.  
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Scheme 21. Catalytic cycle for the thiophene end-group functionalization of ethylene. Thiophene is used in excess as a 
chain-transfer reagent. 

Additionally to the C−H bond activation of heteroaromatic substrates, the ring-opening, and 

dearomatization of benzoxazole, benzthiazole, 1-methylimidazole, or 1-methylbenzimidazole substrates 

were observed and reported in literature for several RE metal compound.284-288 In this chapter, C−H bond 

activation of various substrates was discussed (vide supra) and the literature results are summarized in 

Chart 4a and additionally, examples for the dearomatization of heteroaromatic substrates are also given 

there. In Chart 4b some examples for possible substrates are summarized that were to our knowledge not 

yet tested for the C−H bond activation with RE metal complexes. Furthermore, the initiation behavior of 

such novel ligands remains unknown for polar monomers and especially vinylphosphonates.  
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Chart 4. a) Overview of different substrates for the C−H bond activation at RE metal centers. b) Novel methyl-substituted 
compounds for the C−H bond activation of heteroaromatic substrates.  

In distinct cases, an unexpected product formation for RE complexes has to be explained by C−H 

bond activation and a kinetic product control; the thermodynamically more stable compound from ligands 

deprotonation is not formed. One example was reported by Cui et al. in 2011, in which no reaction of an 

acidic cyclopentadienyl proton of (C5Me4HR) with Ln(CH2TMS)3(THF)2 was observed.289 Instead, the 

activation of the Cp−Me group was shown depending on the used ligand equivalents, coordinating to the 

metal center in a κ/η3-allylic coordination mode (see Scheme 22). Other examples of unusual complex 

formation not following pka values and ligand acidities are discussed in the PhD thesis of Kai Carsten 

Hultzsch.216 

 

Scheme 22. Unusual complex formation by C−H bond activation of the kinetically favored product. 

In general, scandium complexes show a higher selectivity for C−H bond activation - combined with 

lower activities (see Figure 13b) - than for α-olefin polymerization. This behavior was used in studies by 

Tilley et al. for a catalytic methane conversion and the formation of short chain alkanes from α-olefins. 

Hydromethylation reactions are distinct examples for the fully catalytic methane conversions catalyzed by 
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RE element complexes. The polymerization via RE complexes is a catalyzed reaction, however, not 

catalytic regarding the fact that the catalyst is not recovered after polymerization, and the TON is strictly 

one for living polymerizations (see Chapter 1.2). Other examples of RE-mediated C−H bond activation in 

catalytic processes include hydrosilylation, hydroamination, hydrophosphination, and dimerization of 

alkynes.290-292  

The catalytic methane conversion based on a σ-bond metathesis process was first published in 2003 

by Tilley et al..251 Propylene inserts in the Ln−C σ-bond of (C5Me5)2ScMe without further polymerization 

of propylene and (C5Me5)2ScCH2CHMe2 is formed (see Scheme 23). In a second step, the scandium alkyl 

ligand reacts in an exchange reaction with methane and isobutane is released and the thus formed 

(C5Me5)2ScMe can further react in the catalytic cycle. Over three days at room temperature, 3 eq. of 

isobutane are formed (30% conversion).251 Heating of the reaction mixture to 80 °C overnight leads to a 

slightly higher conversion (4 eq. isobutane) and decomposition of the scandium catalyst.251 Interestingly, 

β-hydride elimination from the scandium isobutyl complex does not occur, as isobutylene was not 

observed.251 Furthermore, (C5Me5)2ScCH2CHMe2 did not show any formation of tuck-over byproducts 

contrary to (C5Me5)2ScMe used by Bercaw et al. in 1987.238,251 Other substrates, such as 2-butene, 1-

hexene, 1-butene, 2-methylpropene, norbornylene, or 2-butyne did not produce methylated products over 

several days at room temperature or elevated temperatures (up to 70 °C) with this catalyst. Furthermore, 

the exchange reaction of (C5Me5)2ScCH2CMe3 and methane under the stoichiometric formation of 

neopentane and (C5Me5)2ScMe was also reported in the same publication (see Scheme 23b).251  

 

Scheme 23. a) Proposed catalytic cycle for the hydromethylation of propylene by (C5Me5)2ScMe. b) Methane ligand 
exchange reaction of (C5Me5)2ScCH2CMe3. 

Using the bridged ansa-Me2Si(C5Me4)2ScMe complex, the ligand exchange reaction with methane 

was found to be two orders of magnitude faster than for (C5Me5)2ScMe.293 Furthermore, the reaction of 

ansa-Me2Si(C5Me4)2ScMe and propylene with the presence of methane was also found to be faster, 

however, showing far less selectivity for isobutane formation and side products such as isobutylene or 2-
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methyl-1-pentene were found in the reaction mixture.293 The authors explain this different reactivity by the 

possible activation of the C−H bond in propylene forming stable vinyl or/and allylic complexes. Also, β-H 

elimination from the isobutyl complex can form isobutylene and a Sc−H species, which may serve as a 

catalyst for the dimerization of propene to 2-methyl-1-pentene.293 Therefore, isobutylene, a sterically 

hindered olefin with no hydrogen in the β position, was tested as a substrates for the hydromethylation 

reaction and TONs between 0.5 and 3.2 were observed for the formation of neopentane over several 

weeks.293 The differences between unbridged scandium and lutetium complexes were computed for the 

hydromethylation of propylene resulting in a catalytic behavior of scandium and only stoichiometric 

results for lutetium.294 The differences are explained by both electronic and steric effects with electronic 

reasons being more significant.294 In a different study, the bridged ansa-Me2Si(C5Me4)2ScMe complex was 

investigated in theoretical calculations and the strong binding of propene was found to hinder the catalytic 

cycle.295 This was not found for the more bulky isobutylene, which is a weaker olefin ligand and thus allows 

competitive access of methane to the metal center for a catalytic cycle.295 

 

Scheme 24. Proposed catalytic cycle for the hydromethylation of sterically hindered secondary terminal olefins by 
Me2Si(C5Me4)2ScMe. 

(C5Me5)2ScMe can catalyze the reaction of 10 eq. diphenylsilane and methane under harsh reaction 

conditions and MePh2SiH is formed with overall low TONs (150 atm, 80 °C, 7 days).296 Recently, methane 

activation was reported for niobium complexes (see Figure 18) with similar drawbacks compared to the 

work of Watson et al. (low activities, complex decomposition).297  

 

Figure 18. Stoichiometric methane activation by a niobium metallabicyclobutane complex (reprinted with permission from 
ref. 297. Copyright 2015 American Chemical Society). 
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In 2007, σ-bond metathesis was suggested to be extended or renamed to σ-CAM (complex assisted 

metathesis) to cover also special reaction pathways of high-valent late transition metal complexes.298 For 

an overview on C−H bond activation in homogeneous organometallic chemistry, for example RE 

elements, the reader is directed toward a review by Rory Waterman.264 The application of (different) C−H 

bond activation reactions for the synthesis of organic compounds was covered in recent reviews.232,299 

Furthermore, reviews focusing on the C−H bond activation from a computational perspective were 

published.300-303 

  



4 Publications 

 Page 63 
 

4 Publications 

In the following chapters all first and coauthor publications on the REM-GTP of polar monomers 

related to the work on this thesis are first briefly summarized and then reprinted. 

The introduction to REM-GTP of vinylphosphonates is given in Chapter 4.1 published in Chemical 

Reviews. In Chapter 4.2, a detailed study on the mechanism of vinylphosphonate REM-GTP is shown and 

was published in the Journal of the American Chemical Society. In Chapter 4.3 novel initiating ligands 

obtained from the σ-bond metathesis reaction of −CH2TMS and sym-collidine is presented. The highly 

active and efficient initiation is attributed to a mechanistic match between initiation and propagation and 

the results were published in Organometallics. Chapter 4.4 gives the first results of ligand induced steric 

crowding for the REM-GTP of vinylphosphonates by various RE metallocenes and was published in 

Macromolecules. Chapter 4.5 shows a draft in preparation on the stereoregular polymerization of 

vinylphosphonates by RE CGCs. In Chapter 4.6, the material properties and flame retardant behavior of 

various poly(vinylphosphonate ester)s are shown for polycarbonate and the results were published in 

Industrial & Engineering Chemistry Research. Chapter 4.7 gives an overview on one of the first reports on 

REM-GTP of nitrogen-containing monomers, the synthesis of block copolymers, the resulting 

coordination strength, and the synthesis of nano-scaled objects. The manuscript was published in the 

Journal of the American Chemical Society. In Chapter 4.8, the development and application of post 

metallocene 2-methoxyethylaminobis(phenolate) RE catalysts for the polymerization of polar monomers 

is given and was published in Macromolecules. The main part of this thesis ends with Chapter 4.9 giving 

an overview on the precise synthesis of homopolymers, block copolymers, polymer brushes, and chain end 

functionalized materials by the catalyzed monomer insertion via RE and cationic group IV complexes. 

Helpful for the general process of writing a paper are the guidelines published by Whitesides et al..304 

Before printing or sending manuscripts it is helpful to remove hyperlinks or raw data (Excel, ChemDraw) 

within the file by using CTRL + SHIFT + F9. 
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4.1.1 Abstract 

This review summarizes recent trends in the field of REM-GTP of polar monomers; in particular 

vinylphosphonates and N-coordinating monomers such as IPOx and 2VP are discussed. In the first part, 

preliminary studies on radical, anionic, and SKA-GTP of vinylphosphonates are presented and the 

disadvantages of these methods are compared. In the main part, the mechanism of vinylphosphonate 

REM-GTP and the properties of poly(vinylphosphonate)s are presented in detail. The discussion of 

SI-GTP for the decoration of surfaces and particles leads to the recent development and application of 

REM-GTP for N-coordinating monomers. 

The first author Benedikt S. Soller was supported by second author Stephan Salzinger in writing the 

manuscript. 
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Rare Earth Metal-Mediated Precision Polymerization of
Vinylphosphonates and Conjugated Nitrogen-Containing Vinyl
Monomers

Benedikt S. Soller,† Stephan Salzinger,‡ and Bernhard Rieger*,†

†WACKER-Lehrstuhl für Makromolekulare Chemie, Technische Universitaẗ München, Lichtenbergstraße 4, 85748 Garching bei
München, Germany
‡Advanced Materials & Systems Research, BASF SE, GME/D-B001, 67056 Ludwigshafen am Rhein, Germany

ABSTRACT: This review focuses on introducing and explaining the rare earth metal-
mediated group transfer polymerization (REM-GTP) of polar monomers and is
composed of three main sections: poly(vinylphosphonate)s, surface-initiated group
transfer polymerization (SI-GTP), and extension to N-coordinating Michael-type
monomers (2-vinylpridine (2VP), 2-isopropenyl-2-oxazoline (IPOx)). The poly-
(vinylphosphonate)s section is divided into two parts: radical, anionic, and silyl ketene
acetal group transfer polymerization (SKA-GTP) of vinylphosphonates in comparison to
REM-GTP, and properties of poly(vinylphosphonate)s. The mechanism of vinyl-
phosphonate REM-GTP is discussed in detail for initiation and propagation including
activation enthalpies ΔH‡ and entropies ΔS‡ according to the Eyring equation. SI-GTP
is presented as a method for surface functionalization, and recent trends for 2VP and
IPOx polymerization are summarized. This review will serve as a good resource or guideline for researchers who are currently
working in the field of rare earth metal mediated polymerization catalysis as well as for those who are interested in beginning to
employ rare earth metal complexes for the synthesis of new materials from polar monomers.
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1. INTRODUCTION

The field of polymer chemistry, associated with materials science,
already has a long history of research, but development in this
field is by no means slowing down. Since its recognition in the
1920s by Hermann Staudinger, macromolecular chemistry has
steadily developed, and by the late 1980s, the production of
polymers had already surpassed the world annual steel
production by volume.1−3 Following the tradition of naming
eras in human history according to the predominantly used
materials, we now live in the Polymer Age. Artificial compounds
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today represent more than just simple packaging materials.
Plastics are used in various fields and have replaced other typical
materials such as metals, ceramics, or wood owing to their
superior properties. Polymers can easily be prepared on a large
scale from cheap starting materials; possess low densities, easy
processability, and high availability; and are resistant to
corrosion. Accordingly, our modern consumer-based societies
are hard to imagine without synthetic materials. At the beginning
of the 21st century, humanity is facing a series of challenges due
to overpopulation, urban living, aging societies, environmental
pollution, unsustainable processes, malnutrition, climate change,
and an unrestrained consumption of limited resources.4−6 For an
article on the future of chemistry and the need to reinvent
chemical research and industry from molecules to systems in
order to help solve increasingly multidisciplinary tasks, the reader
is directed to an essay by Whitesides.7 The growth in plastic
production in the early 20th century was driven by commodity
polymers and their polymerization methods (i.e., step polymer-
ization or chain polymerization). The expansion of macro-
molecular chemistry in the second half of the 20th century was
mostly determined by the discovery of highly active Ziegler−
Natta polymerization catalysts for the polymerization of
ethylene, propylene, and other α-olefins, resulting in the Nobel
Prize in chemistry in 1963.8−12 At the beginning of the 21st
century, new materials are now needed for specific applications,
and though common techniques are still of great importance,
they fail to address the change from 20th century structural
materials to 21st century complex system polymers. Materials of
the future, in combination with nanotechnology, medicine, or
materials science, offer solutions to these challenges. Further-
more, utilization and development of precision polymers will
include fields such as tissue engineering, membranes, stimuli
responsive materials, mobility, energy storage, or engineering
materials. Therefore, the need for new materials or an
improvement in existing materials and processing techniques is
essential. Living polymerizations are the most promising
candidates to add specific functionalities to new materials.
Over the past two decades living radical polymerization methods
have developed rapidly, and for most cases, the living
characteristics result from low radical concentrations giving
rather low propagation rates and/or conversions. However, for
feasible applications, methods with high precision of the
macromolecular parameters in combination with rapid reaction
velocities are required. Catalytic reaction sequences ideally fulfill
these requirements.

1.1. Phosphorus-Containing Polymers

Specific properties in polymers are addressed by functional
groups within the material. The functionality can be part of the
main chain or introduced as side groups, chain ends, graft
structures, or block structures. Most polymers are built from
monomers consisting of carbon, hydrogen (e.g., polyolefins),
oxygen, nitrogen, silicon, sulfur, or halogens. Each of the listed
elements can add specific functional groups and therefore
particular properties to the materials. Therefore, it is surprising
that fewer examples for polymers containing phosphorus groups
exist. DNA and RNA are well-known examples in nature, and
organisms store biological information efficiently in phosphate
polymers.13,14 Synthetic polymers based on phosphates are
prone to hydrolysis, and many examples of phosphorus-
containing polymers are reported in the literature. However,
the functional group featuring phosphorus is often at a relatively
significant distance from the polymerized functional group (i.e.,

in most cases these are olefins for chain growth and polar
functional groups for step-growth polymerizations). Phospho-
rus-containing polymers show high biocompatibility15−19 and
find use in dental adhesives, bone concrete,20−24 ion-exchange
resins, fuel cells,25−35 and halogen-free flame retardants,36,37 to
name just a few of the more common applications.38,39 The most
prominent examples of phosphorus-containing synthetic poly-
mers are shown in Scheme 1, and a variety of other polymers with
phosphorus are presented in the literature.38,40−46

Poly(phosphazene)s represent an interesting and well-studied
class of organic or inorganic phosphorus-containing poly-
mers.47−58 Highly flexible poly(phosphazene)s are also known
as inorganic rubbers, and the substituents can be tuned to
hydrolyze in water to give biologically nontoxic harmless
products, important for biomedical applications.48,59,60 Another
class of phosphorus-containing macromolecules is poly-
(phosphoester)s (PPEs). PPEs consist of repeated phosphoester
units in the main chain and have been receiving increased
attention due to their biocompatibility and biodegradability via
hydrolysis or enzymatic cleavage and structural similarity to
naturally occurring biopolymers.61−63

However, this degradation does not limit the use of PPEs, as
indicated by many reports on biomedical applications.64,65 Since
the phosphorus atom is pentavalent, reactive pendant groups
including hydroxyl, carboxyl, and alkynyl may be introduced as
side-chain functionalities, allowing PPEs to be structurally
versatile.66−71 Ring-opening polymerization (ROP) of cyclic
phosphoesters is one of the most common processes, and
attributed to the variety of cyclic phosphoesters from the
condensation of alcohols and the chloro-substituted 1,3,2-
dioxaphospholane diverse structures for PPEs are obtained
(Scheme 1).69,72−75 Biodegradable PPE-based polymeric
micelles and shell cross-linked sphere-like nanoparticles have
been prepared from amphiphilic block-graft terpolymers, and
drug release studies demonstrate the use of PPE nano-
therapeutics.76 Recently, ROP,77 olefin metathesis,78−81 and
ring-opening metathesis polymerization (ROMP)82 were used
for the polymerization of cyclic phosphates and phosphonates by
the group of Wurm. Hyperbranched unsaturated PPEs can act as
a protective matrix and allow the efficient scavenging of singlet

Scheme 1. Different Types of Phosphorus-Containing
Monomers and Their Corresponding Polymers: (a)
Poly(phosphazene), (b) Poly(vinylphosphonate) and PVPA,
(c) Poly(phosphonate), and (d) Poly(phosphate)
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oxygen, but do not react with molecular oxygen for the long-term
photon upconversion in air.83

Vinylphosphonates belong to one of the simplest and longest
known phosphorus-containing monomers. Since the 1940s,
several synthetic pathways for the synthesis of dialkyl vinyl-
phosphonate (DAVP) monomers exist, and DAVPs are obtained
in good yields from simple starting materials.84,85 Among them,
the Michaelis−Arbuzov reaction is commonly used to obtain
ethyl or isopropyl substituted vinylphosphonate esters in a two-
step reaction (Scheme 2a).84−88 Aryl- and vinyl-substituted

phosphonates can be synthesized in larger variety via palladium-
catalyzed cross-coupling reactions from dialkyl phosphites
(Scheme 2b).89−91 Other reactions of vinylphosphonates,
besides polymerization reactions, include Diels−Alder cycliza-
tion, thiol−ene click reaction, or 1,4-addition.92−96 Recently, the
coordination polymerization of vinylphosphonic acid (VPA) and
diethyl vinylphosphonate (DEVP) for the synthesis of function-
alized PE-co-PVPA and PE-co-PDEVP CdSe quantum dots has
been published using phosphinesulfonato palladium catalysts
tolerating a wide range of functional groups.97 The obtained
molecular masses with low phosphorus incorporation were
estimated from 1HNMR spectra and found to be below 8 kDa for
PE-co-PVPA. In the case of PE-co-PDEVP, the molecular mass
drops significantly to 1.1−2.5 kDa; however, no gel permeation
chromatography (GPC) data was shown in the paper.97

The homopolymerization of vinylphosphonates leads to
poly(vinylphosphonate)s consisting of saturated C−C bonds
in the main chain only, which is the reason for their stability
against hydrolysis. Therefore, backbone degradation of poly-
(vinylphosphonate)s is only possible under harsh conditions (in
contrast to other phosphorus-containing polymers (vide supra)),
and generally stable polymeric materials are obtained. However,
the poor polymerizability of vinylphosphonates via classic
polymerization methods has had limited studies on material
properties and applications.

1.2. Terminology

In a broad sense, the propagation of all polymerization reactions
can be seen as “catalytic” as multiple monomers are consumed
per reactive initiating molecule. For a better distinction of those
initiating compounds, the terms “initiators” and “catalysts” are
used, depending on whether one or several polymer chains are
produced by one reagent. The definition of initiator is precise for
free radical, cationic, or anionic polymerization techniques,

whereas for catalytic polymerizations the catalysts can either
relate to the initiating ligand or to the metal center activating and
stabilizing the monomer and growing polymer chain end. To
overcome this terminological conflict, according to previous
literature, this article uses the term “catalyst” when referring to
the catalyzed monomer addition. This review deals specifically
with the repeated conjugate addition of Michael-type monomers
via rare earth metal-mediated group transfer polymerization
(REM-GTP) as a living polymerization initiated by rare earth
metal complexes. It uses the term “molecular mass” for polymer
characterization, instead of “molecular weight”, to concur with
the physical unit of mass in kilograms and to avoid confusion
with the dependence of weight and the physical unit in newtons
(N).

1.3. Scope of Review

This review covers the progress in REM-GTP of vinyl-
phosphonates and shows advantages of this method in
comparison to classical anionic and radical vinylphosphonate
polymerizations. We provide insights into early stage metal
ligand interaction, the influence of steric crowding, the complex
reaction pathway for unbridged rare earth metallocenes,
optimization of initiation for the C−H acidic vinylphosphonates,
and determination of the polymer microstructure, looking
toward new possibilities for surface modification via surface-
initiated group transfer polymerization (SI-GTP). Other
monomer classes such as (meth)acrylates and (meth)-
acrylamides have been highlighted in previous reviews.98−102

However, a novel perspective on N-coordinating Michael-type
monomers, extending the scope of REM-GTP to new materials
beyond O-coordinating (meth)acrylates, (meth)acrylamides,
and vinylphosphonates, is included at the end of this review.
For clarity, the scope of this review is to show recent advances

in the field of vinylphosphonate REM-GTP. However,
considering the decades of effort by chemists to polymerize
this specific class of monomers, a brief overview about radical and
classic anionic polymerization is given. For further studies on
radical vinylphosphonate polymerization, the reader is directed
to a comprehensive review by Macarie and Ilia.103

2. RADICAL AND ANIONIC POLYMERIZATION OF
VINYLPHOSPHONATES

Relatively few investigations on the radical homopolymerization
of DAVPs have been reported. Given the good accessibility of
vinylphosphonates (vide supra), the first unsuccessful polymer-
ization attempts were made soon after their synthesis, resulting in
poorly described oligomeric materials. A major drawback of the
radical polymerization of vinylphosphonates is the low
propagation rate, which is a result of the pronounced stability
of the formed radical species. In combination with the frequent
appearance of chain transfer reactions either to the monomer or
to formed polymer, only materials with low molecular masses
and low conversions are produced (Scheme 3). Instead, of
propagating the generated phosphonate radicals transfer
predominantly via an intramolecular hydrogen transfer of the
phosphonate ester moiety. Thus, the formed radical in the side
chain inserts into a new monomer unit and a P−O−C bond is
formed in the main chain. This P−O−C bond is thermally
unstable and leads to chain scission (Scheme 3).104 The
formation of low molecular mass PDAVPs via radical polymer-
ization has also been observed in other studies.105An approach to
overcome these limitations has not been achieved yet despite
numerous attempts by researchers over the past deca-

Scheme 2. Synthesis of Phosphonates via (a) Michaelis−
Arbuzov and (b) Pd-Catalyzed Cross-Coupling Reactions
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des.84,106−110 Copolymers of DEVP and styrene, methyl
methacrylate, butadiene, acrylonitrile, and other monomers are
readily obtained by free radical polymerization.107,110−116

However, conversions and phosphonate contents were found
to be low and the influence of the phosphonate groups on the
material properties was comparatively weak. Recently, the free
radical copolymerization of DEVP and 2-chloroethyl methacry-
late (CEMA) for the formation of spherical nanoparticles in
water has been reported.117 The reactivity ratios for the free
radical copolymerization initiated via benzoyl peroxide of CEMA
(M1) and DEVP (M2) were reported as r1 = 19.45 and r2 = 0.11,
respectively, and the obtained homo- and copolymers were
purified through precipitation fractionation.117

Contrary to the poor polymerizability of DAVPs, PVPA can be
synthesized via free radical polymerization from vinylphosphonic
acid dichloride and its subsequent hydrolysis or directly from
VPA.118−121 Therefore, this is the only vinylphosphonate-based
product that has commercial applications, for example, as binder
in bone and dental concrete.21−24,122 However, the resulting
products are poorly defined, with low-to-moderate molecular
masses (<62 kDa), irregular chain structures, and high
polydispersities; they also contain a high percentage of the
remaining monomer, this being detrimental to biomedical
applications.103,120,123

The anionic polymerization of vinylphosphonates generally
exhibits higher activities and yields materials of overall higher
molecular masses. However, anionic vinylphosphonate polymer-
ization is by no means without limitations, and early attempts,
using lithium, magnesium, or aluminum alkyls only resulted in
low molecular mass oligomers. The resulting materials are briefly
discussed but without determining molecular masses.124−126The
main drawback of anionic DAVP polymerization is the existence
of an acidic proton of the vinylic group in the α-position and the
resulting termination reactions that occur as side reactions with
the initiator (Scheme 4a).127 The α-methyl-substituted dimethyl
1-methylvinylphosphonate was reported to be inaccessible for
anionic styrene copolymerization with catalytic amounts of n-
butyllithium (Scheme 4b).128 However, using sodium naph-
thalene as anionic initiator a higher incorporation of phosphorus
was achieved in the polystyrene (PS) copolymers.128 In 2008,
Jannasch and co-workers successfully grafted PDEVP onto
poly(sulfone)s (PSU) by activation with n-butyllithium and 1,1-
diphenylethylene (DPE). They also tested several PSU-g-PVPA
copolymers of the free phosphonic acid for their application as
highly proton-conducting membranes for fuel cells.129The usage
of DPE as a co-initiator proved to be essential, as demonstrated
by the poor polymerization results in the study of Leute and

Bingöl in 2007 (without the use of DPE).130,131 While Bingöl
stated that anionic polymerization of vinylphosphonic esters was
hampered, Leute could isolate oligomeric materials, obtaining
best results by polymerization in toluene using n- or sec-
butyllithium as the initiator.130,131 An initiation by the
abstraction of an acidic α-CH proton was observed to be
competing with an initiation by nucleophilic addition to the
double bond (Scheme 4a,c).131 DPE was also used for the
preparation of PS-b-PDEVP block copolymers via sequential
anionic polymerization of styrene and DEVP in THF at −78
°C.132 Without DPE, neither copolymerization with styrene nor
efficient homopolymerization of DEVP is possible.132 In the
same year, Meyer and co-workers independently made identical
observations for the block copolymerization of styrene and
dimethyl or diisopropyl vinylphosphonate (DIVP) with block
compositions ranging from approximately 9:2 to 3:7.133 Again,
DPE was used to reduce the reactivity and nucleophilicity of the
macroinitiator anion before the second monomer was added.
These results are in line with the lower reactivity and higher
stability of DPE from the second phenyl substituent, which is
commonly used as a co-initiator for anionic (meth)acrylate
polymerizations.134−136 DPE, although being an α-substituted
styrene derivative, suppresses the nucleophilic attack of the
macroinitiator at the phosphorus atom of DEVP, which results in
a substitution reaction and therefore leads to either chain transfer
or termination (Scheme 4b).132 The higher stability of the DPE
anion may also inhibit deprotonation of the acidic α-CH, as
observed by Leute.131The addition of DPE is not necessary if the
initiating species is not reactive enough to undergo the described
side reactions, as observed by Jannasch and co-workers in 2010,
who used a benzyllithium macroinitiator during a study on
grafting PDEVP onto poly(phenylene oxide).137 Following this
general strategy of lithiated DPE macroinitiators, structurally
designed water-soluble alternating aromatic multiblock copoly-
mers with grafted DEVP units were produced and used for
applications in electrolyte membranes.138

Despite recent developments, classical anionic polymerization
of vinylphosphonates is limited to low degrees of polymerization
and high polydispersities, even if the polymerization is carried out
at −78 °C.133 The broad molecular mass distribution may be
attributed to a rather slow and therefore nonuniform initiation, as

Scheme 3. Intramolecular Chain Scission of PDIVP via
Hydrogen Transfer from the Backbone to the Ester under
Formation of a Labile P−O−C Bond and the Resulting
Polymer Cleavage

Scheme 4. Different Reaction Pathways for Anionic
Vinylphosphonate Polymerization: (a) Deprotonation of α-
CH Acidic Vinylphosphonates, (b) Nucleophilic Attack at the
Phosphorus Atom and Elimination of an Alcoholate, and (c)
Nucleophilic Attack at the Double Bond (Redrawn with
Permission from Ref 127. Copyright 2012 John Wiley and
Sons.)
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even after 4 h reaction time at elevated temperature, the n-BuLi
DPE initiator complex was found coexisting in solution with the
growing homopolymer.133 At temperatures above −78 °C,
oligomers or polymeric materials with broad Mw/Mn are
produced (PDI > 3), indicating side and termination
reactions.131 The polymerization rates were not determined;
however, indicated by long reaction times until full monomer
conversion, the activities for anionic vinylphosphonate polymer-
ization are low. This may be attributed to a resonance
stabilization of the anionic chain end through the phosphonate
moiety, decreasing the chain end reactivity and a poor activation
of the monomer by the used metal salts.131

3. SILYL KETENE ACETAL-INITIATED GROUP
TRANSFER POLYMERIZATION

A special case of a living-type polymerization method is the so-
called silyl ketene acetal initiated group transfer polymerization
(SKA-GTP). The concept of GTP was developed at the Central
Research & Development Department of DuPont in the 1980s
and is mostly attributed to the work of Owen W. Webster.139

GTP uses SKA initiators as nucleophiles and Lewis acids to
activate the monomer. Lewis bases are used as catalysts and SKA-
GTP represents a living polymerization, follows a repeated
conjugate addition to Michael-type monomers, and can be
performed at elevated temperatures, giving access to commercial
dispersion or rheology additives.140,141 The molecular mass
increases linearly with the conversion, and by sequential
monomer addition, block copolymers are obtained. The term
“GTP” was originally used as the utilized silyl compounds were
supposed to transfer from the initiator to the addedmonomer.139

Since then, the mechanism of nucleophilic GTP has stimulated
considerable scientific discussion.139,140,142−149 The gist of this
controversy was the contrast of associative or dissociative
mechanism for SKA-GTP propagation taking place (Scheme
5).139,147−149 In further mechanistic studies the dissociative
mechanism was supported by experimental results.142−146

Therefore, the concept of SKA-GTP as an associative repeated
transfer of the organosilyl group might be misleading, but
remains in the literature.
Since its recognition, SKA-GTP has been applied to a variety

of (meth)acrylates or (meth)acrylamides and many examples of
copolymers with specific functionalities have been obtained.
SKA-GTP is important for commercial and academic pur-
poses.150−158 Even attempts of a sequential copolymerization of
methyl methacrylate (MMA) and DEVP using SKA initiators
were conducted but resulted in the end-capping of PMMA by

one DEVP unit, indicating a suppressed homopropagation of
DEVP by an insufficient activation of the monomer.159 Using
SKA-GTP, the copolymerization of MMA and DEVP is possible;
however, the incorporation of DEVP remains low (<2mol %).159

4. RARE EARTH METAL-MEDIATED GROUP TRANSFER
POLYMERIZATION

REM-GTP enables the precise synthesis of tailor-made func-
tional materials, as this polymerization method combines the
advantages of both living ionic and coordinative polymerizations.
According to its highly controlled character, REM-GTP leads to
strictly linear polymers, with a very narrow molecular mass
distribution (PDI < 1.1), exhibits a linear increase in the average
molecular mass upon monomer conversion, and allows the
synthesis of block copolymers as well as the introduction of
chain-end functionalities. The coordination of the growing chain
end at the catalyst suppresses side reactions and allows
stereoregular polymerization as well as tuning the activity by
varying the metal center or ligand sphere. The advances in
(meth)acrylates and (meth)acrylamides since the first work in
the early 1990s and the mechanism, application, and background
of classic acrylic and polar monomer polymerization have been
already covered in detail by Chen.102 Therefore, in this section,
only a basic introduction to group 3 and group 4 GTP will be
given.
In 1992, two independent communications reported on the

living polymerization of MMA using metallocene catalysts. The
neutral samarocene [(C5Me5)2SmH]2 was used by the group of
Yasuda, whereas Collins and Ward presented an isoelectronic
cationic zirconocene initiator.160,161 The polymerization by
[(C5Me5)2SmH]2 occurs over a broad temperature range from
as low as −95 °C up to 40 °C, producing PMMA with a
controlled molecular mass (according to the [MMA]0/[Sm]0
ratio), low polydispersities (PDI < 1.05), and a high
syndiotacticity of up to 95% (Table 1).160,162 Already in the
beginning, a similar mechanism via a repeated conjugate addition
of an ester enolate has been discussed for [(C5Me5)2SmH]2 and
SKA initiators.160 Based on the crystal structure of the
[(C5Me5)2Sm(MMA)2H] adduct, the propagation via an ester
enolate is evident.160 In the first step, the hydrido-bridged dimer
is opened by coordination ofMMA, and subsequently, an enolate
is formed by the 1,4-addition of the hydrido ligand to MMA
(Scheme 6). This active species can further insert into
coordinated and activated monomer via an eight-membered-
ring transition state. The polymerization of MMA via cationic
zirconocenes follows the same mechanism. Initiation starts by

Scheme 5. (a) Associative and (b) Dissociative Mechanisms for SKA-GTPa

aNu = HF2
−, F2

2−, cyanide, azide, oxyanions, or bioxyanions.
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transfer of the initiating methyl ligand to the chain end, forming
an ester enolate. The mechanism was identified by 13C-labeled
initiators and methyl end groups in the final PMMA polymer,
respectively.161 Group 4 complexes require a cocatalyst for
activation, and therefore, the corresponding counterions can
affect the stereoregularity or polymerization activity.102,163 The
mechanism of group 4 GTP is either mono- or bimetal-
lic.102,164−166

In most cases, trivalent rare earth (RE) metal complexes are
used for the polymerization of MMA and other (meth)acrylates,
as they are highly active, they initiate via nucleophilic transfer,
and the oxidation state Ln3+ leads to stable compounds. Divalent
REmetals (Ln2+) are known to be strong reducing agents and are
easily oxidized via a single-electron transfer (SET) to other
substrates. In an early study, Yasuda and co-workers discovered
that divalent lanthanocenes also promote the living polymer-
ization of MMA in the absence of an initiating ligand.162

However, the observed molecular masses are significantly higher
than expected, resulting in lower initiator efficiencies (I* < 30%).
In later studies, Boffa and Novak revealed that the active species
is trivalent dinuclear.167 The actual active propagating species is
formed by the combination of two rare earth MMA radical
adducts, and structures of ABA block copolymers can be
obtained from such bisinitiators.167−170

Readers interested in further studies on the GTP of polar
monomers are referred to the excellent review by Chen from
2009.102 The use of cationic rare earth metal complexes for the
polymerization of conjugated dienes is now receiving increased
attention.171−182 For detailed studies on this topic, the reader is
directed toward the reviews written by Hou and Okuda.183,184

5. REM-GTP OF VINYLPHOSPHONATES

5.1. Preliminary Studies

Motivated by the interesting properties of phosphorus-
containing polymers and insufficient classic polymerization
techniques for producing poly(vinylphosphonate)s, our group
investigated the suitability of rare earth metal complexes for a
catalyzed polymerization of DMVP and DIVP. Our research was
inspired by the electronic and structural similarity between
Michael-type acceptor vinylphosphonate esters and (meth)-
acrylates. In initial studies, simple rare earth metal alkyl precursor
systems were found to be active for the oligomerization of
DMVP and DIVP.131,185 The polymerization of DMVP is
hampered by the poor solubility of PDMVP in suitable solvents
(e.g., toluene, tetrahydrofuran (thf)). For Ln(bdsa)3(thf)2
compounds, the activities and yields increase with the decreasing
ionic radius of the corresponding metal. For the smaller yttrium
cation, an exchange reaction of axial coordinated tetrahydrofuran
with DMVP was observed instead of polymerization under the
used reaction conditions (Scheme 7).185 DMVP coordinates to

Table 1. Polymerization Results for MMA in Toluene
Synthesized by [(C5Me5)2SmH]2

temp
[°C] [M]0/[Sm]0

Mn
[kDa] PDI

tacticity rr
[%]

conv [%],
reaction time [h]

−95 1000 187 1.05 95.3 82 (60)

−78 500 82 1.04 93.1 97 (17)

0 3000 563 1.04 82.3 98 (3)

0 500 58 1.02 82.4 99 (1)

25 500 57 1.02 79.9 99 (1)

40 500 55 1.03 77.3 99 (1)

Scheme 6. Dimer Opening by Monomer (a) Coordination, (b) Initiation, and (c) Propagation of MMA REM-GTP by
[(C5Me5)2SmH]2

Scheme 7. First Used Rare Earth Metal Precursors for the
Oligomerization of DMVP and DIVP; Quantitative Exchange
Reaction of Donor Solvent and DMVP in Axial Position
(Redrawn with Permission from Ref 127. Copyright 2012
John Wiley and Sons.)
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the metal center via the oxygen and not the vinylic double bond
as determined via NMR spectroscopy. Therefore, a GTP
mechanism was proposed (Scheme 7).185 These early studies
demonstrated that poly(vinylphosphonate)s can be obtained via
rare earth metal compounds.
A breakthrough in the polymerization of vinylphosphonates

was achieved in 2010.186 Using simple late rare earth metal-
locenes (Cp2YbMe, Cp2YbCl), the first polymerization of high
molecular PDEVP above 1000 kDa was reported.186 Contrary to
a living REM-GTP, the obtained degree of polymerization was
inconsistent with the initial [M]0 to initiator ratio. Increasing the
polymerization temperature led to an increase in not only the
activity but also the initiator efficiencies (Table 2).187,188 Back

then, a GTP-type mechanism had already been proposed and
supported by the sequential block copolymerization of MMA
and DEVP (Table 3).186 The first synthesis of high molecular
mass poly(vinylphosphonate)s started focused research activities
investigating REM-GTP of vinylphosphonates and PDAVP
material properties.

5.2. Mechanism of DAVP REM-GTP

Given the structural and electronic similarity between MMA and
vinylphosphonates, a group transfer mechanism had already been
proposed for the successful synthesis of P(PMMA-b-PDEVP)
block copolymers (Table 3, vide supra).186 Contrary to results
for the polymerization of MMA reported by Yasuda et al.
(activity: Sm > Y > Yb > Lu),162 the polymerization velocity of
vinylphosphonates accelerates with decreasing ionic radius of the
metal center, and late lanthanide initiators exhibit higher initiator
efficiencies I* and low PDIs (Table 4).188 However, a deeper
insight into the mechanism was lacking after the first preliminary
results, until a comprehensive study of DAVP REM-GTP was
published in 2013.189 The determination of the monomer and
catalyst orders of vinylphosphonate REM-GTP using a normal-
ization method for living polymerizations was shown to follow a
Yasuda-type monometallic propagation mechanism with a SN2-
type associative displacement of the polymer phosphonate ester
by a monomer as the rate-determining step.189 The normal-
ization of activity results was necessary due to a significantly
changing initiator efficiency and long initiation delays (Figure 1).
However, contrary to the nucleophilic transfer of a ligand to

the coordinated (meth)acrylate monomer, the initiation of
vinylphosphonates via lanthanide metallocenes follows a
complex reaction pathway. This is mainly attributed to the α-
acidic proton and consequent side reaction due to monomer
deprotonation by strongly basic ligands instead of a nucleophilic
transfer. An overview of different possibilities for DAVP
initiation is given in Scheme 8. Initiation can proceed either via
abstraction of the acidic α-CH of the vinylphosphonate (e.g., for
X = Me, CH2TMS), via nucleophilic transfer of X to a
coordinated monomer (e.g., for X = Cp, SR), or via a monomer
(i.e., donor)-induced ligand-exchange reaction forming Cp3Ln in
equilibrium (e.g., for X = Cl, OR), which serves as the active
initiating species. An overview of the polymerization results of
different initiators and metals is given in Table 5.
Chloro ligands are known as initiators for ROPs.190−195

However, in the case of REM-GTP, chloro ligands do not initiate
the polymerization of Michael-type monomers due to an
insufficient nucleophilicity.102 Alkoxides are used as effective
chain transfer reagents for lactone ROP,196−198 and theoretical
calculations for the initiation of MMA via alkoxides resulted in an
unlikely endothermic formation of an MMA isopropyloxide
adduct.199 However, contrary to expectation and after a distinct
initiation period, bis(cyclopentadienyl) chloro rare earth metal
complexes were found to initiate the polymerization of DAVPs,
but further investigations were absent (Table 2).127,186,187 To
create a deeper understanding of the fundamental initiation
mechanism of DAVP REM-GTP with these complexes, NMR
spectroscopic studies of phosphonate coordination at the used
complexes were conducted.189 Diethyl ethylphosphonate
(DEEP) was used due to its similar steric demand in comparison
to DEVP as it excludes both initiation and subsequent
polymerization. Addition of varying amounts of DEEP revealed
a monomer (i.e., donor)-induced ligand exchange reaction
forming Cp3Ln(DEEP) and CpLnX2(DEEP)n in equilibrium
with the adduct Cp2LnX(DEEP). Line broadening of the DEEP
1H and 31P NMR spectroscopic resonances indicates a fast
exchange (on the NMR time scale) of coordinated and free
DEEP. Larger metal centers and higher phosphonate concen-
trations accelerate the exchange reaction and shift the
equilibrium toward the Cp3Ln/CpLnX2 side.189 To elucidate
the identity of the Cp3Ln(DEEP) adduct from the exchange

Table 2. Polymerization of DEVP with Cp2LnCl
a

element
Tp
b

[°C]
Mw

c

[kg mol−1]
Mn

c

[kg mol−1] PDIc
I*d

[%]
yielde

[%]

Lu 30 1000 930 1.10 3.5 93

Yb 30 1000 830 1.20 4.0 98

Tm 30 890 810 1.10 4.0 85

Er 30 590 460 1.30 7.1 92

Ho 30 840 700 1.20 f 43

Dy 30 780 670 1.20 f 49

Lu 70 470 380 1.25 8.6 99

Yb 70 480 370 1.30 8.9 90

Tm 70 400 335 1.20 9.8 98

Er 70 470 390 1.20 8.4 96

Ho 70 375 300 1.25 10.9 93

Dy 70 310 210 1.45 15.6 99

Tb 70 155 105 1.50 31.2 84
aToluene, monomer-to-catalyst ratio 200:1. bPolymerization temper-
ature. cDetermined by GPC-MALS. dI* = Mexp/Mn, I* = initiator
efficiency, Mexp = expected molecular weight, based on living
polymerization calculation. eDetermined by weighing of the
components. fNot calculated due to incomplete conversion.

Table 3. Sequential Copolymerization of MMA and DEVP
with Cp2YbMea

MMAb DEVPc
Mw

d

[kDa]
Mn

d

[kDa] PDIc
I*e

[%] MMA/DEVPf
yieldg

[%]

100 − 14 12 1.1 83 − 98

100 100 24 22 1.2 120 1.15:1 94

100 − 15 13 1.2 77 − 97

200 200 60 52 1.1 82 h 96

200 − 23 20 1.1 100 − 99

200 100 44 42 1.1 87 2.1:1 98

400 − 53 27 2.0 148 − 99

400 400 150 98 1.5 108 h 99

aToluene, 30 °C. bMMA-to-catalyst ratio. cDEVP-to-catalyst ratio.
dDetermined by GPC-MALS. eI* = Mexp/Mn, I* = initiator efficiency,
Mexp = expected molecular weight, based on living polymerization
calculation. fMMA/DEVP ratio in polymer product, determined by 1H
NMR spectroscopy. gDetermined by weighing of the components.
hNot determined.
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reaction, single crystals of Cp3Y(DEEP) were obtained (Figure
2). Furthermore, the crystal structures of Cp2LnCl(DEVP) (Ln
= Ho, Yb) were obtained, by overlaying a toluene solution with
pentane and cooling to −30 °C (Figure 3, Figure 4).
All crystal structures show the coordination of the monomer

via the oxygen and not by coordination of the double bond.
Importantly, the crystal structures of the DEVP adduct show that
the Michael system of the coordinated vinylphosphonate is
retained in an S-cis conformation with a pronounced π-overlap
(torsion angles OPCC of −10.14 and 10.47°); this is a
key prerequisite for the polymerizability of a monomer by a
repeated conjugate addition polymerization, i.e., a GTP.102,186

The investigations on the initiation mechanism revealed that
all Cp2LnX- and Cp3Ln-initiated vinylphosphonate polymer-
izations are generally mediated by a Cp2Ln unit.

189Nevertheless,
the observed normalized activities TOF/I* of several bis-
(cyclopentadienyl) complexes with identical metal centers differ
significantly, and there is no explanation for the large influence
on the activity of the used vinylphosphonate, given by a
monomer and catalyst order of 1. Therefore, temperature-
dependent kinetic measurements were performed to determine
activation enthalpies ΔH‡ and entropies ΔS‡ according to the
Eyring equation.189 These experiments were conducted for the
metal centers Lu, Tm, Y, and Tb (in order of increasing metal
ionic radius) as well as the monomers DEVP and DIVP (Figure
5).
Surprisingly, for both monomers, the enthalpy was found to

not be affected by the metal ionic radius (Table 6). Thus,
enthalpic effects, e.g., the Ln(OP) bond strength as a
function of Lewis acidity and the metallacycle ring strain as a
function of the radius of the metal center, do not determine the
activity of different rare earth metals for vinylphosphonate REM-
GTP. In fact, different activation barriersΔG‡ were found to be a
result of a change of−TΔS‡, which was found to decrease linearly
with decreasing metal ionic radius (Figure 6).
Consequently, the propagation rate of Cp2LnX vinyl-

phosphonate GTP is mainly determined by the activation
entropy, i.e., the change of rotational and vibrational restrictions
within the eight-membered metallacycle of the pentacoordinated
intermediate in the rate-determining step, as a function of the
steric demand of the metallacycle side chains and the steric
crowding at the metal center.189 Furthermore, the coordinated
monomer shows only a minor influence on the polymerization

Table 4. Catalytic Activity of Cp3Ln Complexes for the Polymerization of DEVPa

Cp3Ln reaction time convb [%] init periodc Mn [kDa] I*d [%] TOFb [h−1] TOF/I* [h−1]

Lu 5 min 100 − 210 47 >125000 >265000

Yb 10 min 100 20 s 310 32 59400 185000

Tm 10 min 100 60 s 280 35 25200 72000

Er 32 min 100 6 min 530 19 5200 28000

Ho 2 h 99.5 30 min 670 15 1200 8000

Dy 5 h 85 100 min 710 12 270 2300
aToluene, 30 °C, monomer-to-catalyst ratio 600:1. TOF, turnover frequency. bDetermined by 31P NMR spectroscopic measurement. cInitiation
period, reaction time until 3% conversion is reached. dI* = Mth/Mn, Mth = 600MMon·conversion.

Figure 1. Conversion−time plot for the polymerization of DEVP
showing a distinct initiation period and a strong dependency on the
initiator efficiency I (I*t at the maximum rate, I*, at the end of the
reaction; [Mon] monomer concentration).

Scheme 8. Initiation of Vinylphosphonate GTP Using Unbridged Rare Earth Metallocenes (Cp2LnX) via Deprotonation of the
Acidic α-CH, Nucleophilic Transfer of X, or a Monomer-Induced Ligand-Exchange Reaction Forming Cp3Ln(DAVP) (Redrawn
from Ref 189. Copyright 2013 American Chemical Society.)
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rate of vinylphosphonate GTP as the activity is mainly
determined by the steric demand of the growing polymer chain
end and not by the added monomer.189,200

According to these experimental observations, the following
mechanistic conclusions on REM-GTP of vinylphosphonates
were drawn:
1. REM-GTP of DAVP proceeds via an SN2-type associative

displacement of the polymer phosphonate ester by a vinyl-
phosphonate monomer with a pentacoordinated intermediate
(Scheme 9). The first transition state, i.e., the monomer
coordination, represents the rate-determining step. In this
transition state, the metal(OP) bond to the activated
monomer is much longer than the metal−(O−P) bond to the
polymer ester. The longer Ln(OP) bond leads to a
relatively small steric demand of the added vinylphosphonate
in comparison with the growing chain end. The resulting minor
effect of the steric demand of the added monomer on the

propagation rate is in accordance with previous observations
(vide supra), thus providing evidence for the proposed existence
of a pentacoordinated intermediate.
2. Smaller metal centers destabilize the propagation ground

state by a more confined arrangement of the eight-membered
metallacycle according to the higher steric constraints caused by
shorter Ln−Cp, Ln−(O−P), and Ln(OP) bonds. The
destabilization of the ground state is not enthalpic (i.e., ring strain
or the Ln(OP) bond strength), but entropic in nature (i.e.,
rotational and vibrational limitations in the eight-membered
metallacycle). In the transition state, the Ln(OP) polymer
phosphonate ester bond is lengthened, thus compensating for
part of the steric stress induced by the coordination of a
vinylphosphonate monomer. This effect is larger for a stronger
destabilization of the ground state, i.e., for smaller metal centers.
3. Higher steric demand of the growing polymer chain end

(i.e., sterically more demanding side chains) leads to a relative
destabilization of the transition state by both enthalpic and

Table 5. DEVP Polymerization Results for Cp2LnX Catalystsa

catalyst
reaction
time

convb

[%]
init

periodc
Mn

d

[kDa] I*d [%]
TOFb/I*
[h−1] end groupe

extent of ligand exchangef

[%]

[Cp2YCl]2 6 h 70 100 min 740 9.3 3700 Cp 15

Cp2Y(bdsa)(thf) 3 h 95 15 min 1040 9.0 7200 Cp, bdsa (olefinic)g 3

[Cp2Y(OiPr)]2 30 h 26 2.5 h 1070 2.4 2000 Cp <0.5 (10)h

Cp2Y(OAr)(thf) 30 h − − − − − − <0.5

[Cp2Y(StBu)]2 3 min 100 5 s 150 65 69000 StBu (olefinic)g 4

Cp2Y(CH2TMS)(thf) 40 min 88 5 min 510 17 10000 olefinic 5

[Cp2LuCl]2 1.5 h 93 7 min 780 11.7 20500 Cp 3

Cp2Lu(bdsa)(thf) 3 h 96 20 min 1350 7.0 21000 Cp, bdsa (olefinic)g 1

[Cp2Lu(OiPr)]2 30 h 52 9 h 1270 4.0 600 Cp <0.5 (<1)h

Cp2Lu(OAr)(thf) 30 h <1 − − − − − <0.5

[Cp2Lu(StBu)]2 1.5 min 100 15 s 210 47 220000 StBu (olefinic)g 2

Cp2Lu(CH2TMS)(thf) 30 min 92 5 min 1130 8.0 39000 olefinic 1
aToluene, 30 °C, monomer-to-catalyst ratio 600:1. bDetermined by 31P NMR spectroscopic measurement. cInitiation period, reaction time until 3%
conversion is reached. dDetermined by GPC-MALS, I* = Mth/Mn, Mth = 600MMon·conversion.

eDetermined by ESI MS. fConversion of Cp2LnX for
addition of 5 equiv of DEEP, determined from 1H NMR spectroscopic signals of Cp2LnX(DEEP) and Cp3Ln(DEEP).

gOlefinic chain ends formed
by end group elimination. hNumber in parentheses: extent of dimer opening for addition of 5 equiv of DEEP, determined from 1H NMR
spectroscopic signals of Cp2Ln(OiPr)(DEEP) and DEEP.

Figure 2. Crystal structure of the Cp3Y(DEEP) adduct (50% thermal
ellipsoids; hydrogen atoms omitted for clarity). Selected interatomic
distances (Å) and bond angles (deg): Y−O(1), 2.294; PO(1), 1.495;
YO(1)P, 7.24. (Reprinted from ref 189. Copyright 2013 American
Chemical Society.)

Figure 3. Crystal structure of the Cp2HoCl(DEVP) adduct (50%
thermal ellipsoids; hydrogen atoms omitted for clarity). Selected
interatomic distances (Å), bond angles (deg), and torsion angles (deg):
Ho−Cl, 2.582; Ho−O(1), 2.227; PO(1), 1.485; P−C(15), 1.779;
C(15)C(16), 1.314; PO(1)Ho, 167.0; O(1)PC(15)
C(16), 10.14. (Reprinted from ref 189. Copyright 2013 American
Chemical Society.)
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entropic effects, with the latter having the larger impact on the
activation barrier. Compared to the propagation ground state,
the coordinated monomer increases the steric crowding at the
metal center, resulting in higher steric constraints within the
eight-membered metallacycle; however, the actual monomer size
plays only a minor role (vide supra). In contrast, larger
metallacycle side chains induce a stronger increase in rotational
and vibrational restrictions in the rate-determining step, thus
destabilizing the transition state.
For the detailedmechanistic study on vinylphosphonate REM-

GTP, a variety of catalysts with different initiators and metal
centers were synthesized and tested for their activity in REM-
GTP (vide supra). The highest activities and efficiencies for
DAVPs were found for thiolato compounds; however, these
exhibit distinct drawbacks such as end group elimination and
smell, and the formation of [Cp2LnStBu]2 dimers prevents the
polymerization of weaker coordinating monomers. Therefore,

alternative highly active and efficient initiators are needed for
REM-GTP.

5.3. Pyridine Initiators fromC−HBondActivation via σ-Bond
Metathesis

The initiation for rare earth metal catalyzed polymerization of
(meth)acrylates usually proceeds via the nucleophilic transfer of
a strongly basic ligand, e.g., hydride, methyl, or trimethylsilyl-
methyl, to a coordinated monomer.160 However, alkyl initiators
were found to be poor initiators for vinylphosphonates and
initiate via abstraction of the α-acidic proton (Scheme 8).189 The
thus-formed allenyl phosphonate anion is the actual initiator, but
despite the chemical similarity, the nucleophilic attack of the
phosphonate anion at the double bond of a second activated
phosphonate monomer is inhibited and leads to low initiator
efficiencies and long initiation times. Strategies to overcome the
limitations of alkyl initiators were developed for zirconocene
catalysts using ester enolates.164,201 Enolate ligands simulate the
active propagating species and initiate via an eight electron
process. For rare earth metals, the literature on enolate
compounds is limited and restricted to a few examples for
selected systems only.202,203 A similar approach to simulate the
fast initiating species via an enolate is therefore not possible for
REM-GTP. However, rare earth metals show a high tendency to
form stable compounds from σ-bond metathesis and rare earth
metal complexes are known in the literature for the C−H bond
activation of methane,204−206 hydrocarbons,207−209 heteroaro-
matic substrates,210−215 and internal alkynes.216 A comprehen-
sive review of C−H bond activation was recently published.217

The first study in using activated yttrium ene−diamido
complexes as initiators for the oligomerization of 2VP was
carried out by Mashima et al.218

A successful strategy to overcome the initiation limitations for
the REM-GTP of vinylphosphonates was achieved by using
2,4,6-trimethylpyridine as an activated heteroaromatic substrate
for the reaction with Cp2YCH2TMS(thf).219 The resulting
Cp2Y(CH2(C5H2Me2N)) complex was used for the polymer-
ization of DEVP; for the first time using a Cp2LnX complex no
initiation period was observed (Figure 7).219

The absence of any measurable initiation period for the
Cp2Ln(CH2(C5H2Me2N)) catalyst is attributed to a nucleophilic
transfer of the CH2(C5H2Me2N) ligand to DEVP via an eight-
membered ring of an enamide in the transition state, simulating

Figure 4. Crystal structure of the Cp2YbCl(DEVP) adduct (50%
thermal ellipsoids; hydrogen atoms omitted for clarity). Selected
interatomic distances (Å), bond angles (deg), and torsion angles (deg):
Yb−Cl, 2.549; Yb−O(1), 2.196; PO(1), 1.480; P−C(15), 1.769;
C(15)C(16), 1.311; PO(1)Yb, 168.2; O(1)PC(15)
C(16), 10.47. (Reprinted from ref 189. Copyright 2013 American
Chemical Society.)

Figure 5. Used catalysts for the performed metal radius dependent
Eyring plots.

Table 6. Activation Enthalpy ΔH‡ and Entropy ΔS‡

Dependence on Ionic Radius and Monomer Steric Demand

DEVP DIVP

metal
center

radiusa

[pm]
ΔH‡

[kJ mol−1]
ΔS‡

[J (K mol)−1]
ΔH‡

[kJ mol−1]
ΔS‡

[J (K mol)−1]

Tb 106.3 38.5 −102 41.3 −124

Y 104.0 38.3 −88.6 40.7 −112

Tm 102.0 39.1 −82.8 − −

Lu 100.1 38.7 −73.6 42.0 −99.1
aLn3+ ionic radii taken from Lehrbuch der Anorganischen Chemie
(Textbook of Inorganic Chemistry, Engl. Transl.); Hollemann, A. F.,
Wiberg, E., Wiberg, N., Eds.; Walter de Gruyter & Co.: Berlin, 2007.

Figure 6. Activation enthalpy (red triangles) and entropy (blue squares)
for DEVP polymerization using Cp2LnX catalysts as a function of the
metal ionic radius.
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the active propagating species. This assumption is further
supported by the partial double-bond character of the activated
methylene group (Figure 8).
From experimental data, initiation by nucleophilic transfer is

evident; if it proceeds via a six- or eight-membered-ring transition

state may only revealed by theoretical calculations. Interestingly,
the formation of the corresponding (CH2(C5H2Me2N)) ligands
was found to depend largely on the size of the used metal.219

A similar approach to overcome the initiation problems with
alkyl initiators was made by Chen et al. for the polymerization of
DMAA using cationic zirconocene ester enolate initiators.220−222

Also the dependency of Cs- or C2-symmetric ansa-zirconocenes
in correlation with the used initiators for the polymerization of
MMA was investigated.223 The σ-bond metathesis of activated
substrates is a very clean and easy way to obtain rare earth metal
hydrocarbyl species, which differ in their initiation behavior from
alkyl ligands and give access to end group functionalized
materials. The living character (PDI = 1.02 at 30 °C, Figure 9,

Table 7), high initiator efficiencies, and lack of initiation period
for DEVP are attributed to the proposed mechanistic match
between initiation and propagation, where both follow an eight-
membered-ring transition state (Figure 8). The formation of a
stable C−C bond in particular opens up new areas for surface
polymer modification applications.
In polymer chemistry, substrates for σ-bond metathesis have

been mainly used, so far, to introduce polar end groups into
nonpolar (i.e., polyolefins) materials as chain transfer

Scheme 9. Elemental Steps of Vinylphosphonate REM-GTP (Reprinted from Ref 189. Copyright 2013 American Chemical
Society.)a

aThe rate-limiting step is an SN2-type associative displacement of the polymer phosphonate ester by a vinylphosphonate monomer, presumably via a
pentacoordinated intermediate.

Figure 7. Conversion−reaction time plot for the polymerization of
DEVP using Cp2Y(CH2(C5H2Me2N)) (7.4 mg of catalyst, 10 vol %
DEVP in 20 mL of toluene, 30 °C). (Reprinted from ref 219. Copyright
2015 American Chemical Society.)

Figure 8. Dimer opening by monomer coordination and proposed
initiation via an eight-membered ring of an enamide in the transition
state.

Figure 9. Linear increase of the number-averaged molecular weight
during DEVP polymerization using Cp2Y(CH2(C5H2Me2N)) and
corresponding polydispersity (7.4 mg of catalyst, 10 vol % DEVP in
20 mL of toluene, 30 °C). (Reprinted from ref 219. Copyright 2015
American Chemical Society.)
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reagents.213,224−228 The method of using activated heteroar-
omatic substrates or internal alkynes as new initiators opens up
new applications for REM-GTP of polar monomers, having
initiation problems with hydride or alkyl ligands.218,219

6. PROPERTIES OF POLY(VINYLPHOSPHONATE)S

6.1. Thermoresponsive Behavior of Aqueous PDAVP
Solutions

Polymers that change their properties according to their
surroundings are considered smart polymers, and several
examples for self-healing, photoresponsive, pH-responsive, or
temperature-responsive polymers exist.229−231 In macromolecu-
lar chemistry, temperature-dependent solubility is a prominent
and well-studied field. Here, two cases can be distinguished: the
lower critical solution temperature (LCST) represents the
temperature below which a polymer solution is a one-phase
system for all possible compositions; correspondingly the upper
critical solution temperature (UCST) is the temperature above
which a one -phase sys tem is present . 2 3 2 Po ly -
(vinylphosphonate)s show varying solubility depending on the
nature of the ester side chain. Hydrophilic PDMVP is distinctly
soluble in water and poorly soluble in organic solvents, whereas
hydrophobic PDIVP is soluble in organic solvents. Therefore, it
is not surprising that PDEVP shows amphiphilic behavior and is
soluble in water and most common organic solvents. Aqueous
solutions of PDEVP exhibit a thermoresponsive behavior and
show an LCST close to the physiological range (TLCST = 40−46
°C, Figure 10, Figure 11).188 The LCST depends on the
molecular mass and concentration of PDEVP, and generally,
sharp and fully reversible phase transitions are observed over a
narrow temperature range. With increasing molecular mass,
aqueous solutions of PDEVP were found to precipitate at lower
temperatures and lower concentrations, resulting in a broadened
phase transition (Figure 11, Figure 12).188

REM-GTP gives access to a precise synthesis of homopol-
ymers (vide supra). Furthermore, random copolymerization,
block copolymers of polar monomers, copolymerization of polar
monomers, and nonpolar olefins or ROP were successfully
prepared by mechanistic crossovers using rare earth metal
initiators.98,99,101,167,179,233,234Novel random DAVP copolymers
were synthesized by varying their comonomer ratios via the easily
accessible tris(cyclopentadienyl)ytterbium.200 The copolymer-
ization parameters were determined by activity measurements
according to the Finemann−Ross method,235 showing the
formation of almost perfectly random copolymers (r1, r2 ∼ 1).

The obtained copolymers from DEVP and dimethyl or di-n-
propyl vinylphosphonate (DMVP, DPVP) are water-soluble and
show thermoresponsive properties, exhibiting a tunable LCST
between 5 and 92 °C (Figure 13). Hence, the LCST can be
precisely adjusted by varying the comonomer composition and
correlates linearly with the hydrophilic to hydrophobic
comonomer ratio (Figure 14).
The phase transition of poly(vinylphosphonate)s follows a

coil−globule transition mechanism, and the differential scanning
calorimetric (DSC) experiment for 30 wt % aqueous PDEVP

Table 7. Comparison of Cp2Ln(CH2(C5H2Me2N)) Initiators for the REM-GTP of DEVP, IPOx, and 2VPa

catalyst monomer [Mon]0/ [Cat]0 init periodb Mn
c [kDa] PDIc I*t

c [%] I*c [%] TOFd [h−1] TOF/I*t [h
−1]

Cp2Y(CH2(C5H2Me2N)) DEVP 600 − 140 1.02 73 68 59400 81000

[Cp2Y(StBu)]2 DEVP 600 5 s 150 1.18 46 65 44000 96000

Cp2Lu(CH2(C5H2Me2N)) DEVP 600 − 480 1.13 16 21 46000 300000

[Cp2Lu(StBu)]2 DEVP 600 15 s 210 1.27 35 47 103000 290000

[Cp2YbMe]2 DEVP 600 80 s 910 1.52 54 11 4300 8000

Cp2Y(CH2(C5H2Me2N)) IPOx 200 e 20 1.26 e 89 e e

Cp2Lu(CH2(C5H2Me2N)) IPOx 200 e 38 1.39 e 59 e e

[Cp2YbMe]2 IPOx 200 − 21 1.04 f 95 380 f

Cp2Y(CH2(C5H2Me2N) 2VP 100 f 13 1.01 f 80 f f

Cp2Lu(CH2(C5H2Me2N) 2VP 100 f 38 1.08 f 28 f f

[Cp2YbMe]2 2VP 100 f 14 1.01 f 75 44 f
aToluene, 30 °C. bInitiation period, reaction time until 3% conversion is reached. cDetermined by GPC-MALS, I*t = Mth/Mn, Mth = ([Mon]0/
[Cat]0)MMon·conversion (I*t at the maximum rate, I* at the end of the reaction). dDetermined by 31P (DEVP) or 1H (IPOx) NMR spectroscopic
measurement. eNot determined due to incomplete conversion (yield = 80% (Y), 75% (Lu)). fNot determined.

Figure 10. Cloud point vs mass-averageMw for aqueous PDEVP (5 mg
mL−1). (Redrawn from ref 188. Copyright 2011 American Chemical
Society.)

Figure 11. Cloud point vs concentration for aqueous PDEVP solutions
with different molecular masses: 160 kDa (diamonds, dotted), 390 kDa
(squares, short dashed), and 710 kDa (triangles, long dashed).
(Redrawn from ref 188. Copyright 2011 American Chemical Society.)
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solutions revealed an endothermic process upon heating as a very
sharp transition with an onset at 46 °C or an exothermic phase
transition at 45 °C while cooling. The values from DSC
measurements are in good agreement with the corresponding
cloud point determined by turbidimetry.

For biomedical applications, the influence of salts and other
complex media in which biological processes take place is an
important parameter for the thermal behavior of polymers.236

Therefore, the thermoresponsive properties of PDAVP copoly-
mers were investigated in the presence of additives such as
sodium chloride, calcium chloride, phosphate buffered saline
(PBS), and fetal calf serum (FCS).200 Typical salting-out effects
were observed, but they were found to be smaller than those for
PEG or PNIPAM.237The formation of perfectly random PDAVP
copolymers with a uniform composition is highly desirable as
gradient copolymers tend to assemble into complex nanostruc-
tures238 or micelles and therefore often exhibit a prolonged or
irreversible phase transition.239−241 Therefore, PDEVP homo-
polymers or random poly(vinylphosphonate) copolymers are
promising candidates for thermoresponsive smart polymers for
biomedical applications.

6.2. Transformation of High Molecular Mass
Poly(vinylphosphonate Esters) to Poly(vinylphosphonic
Acid)

A direct GTP synthesis of VPA is not possible because group
transfer (metal-mediated or SKA) and anionic polymerizations
are highly sensitive toward protic impurities. Furthermore, an
easy andmild transformation of vinylphosphonate esters to a free
acid is necessary to evaluate the material properties of high
molecular mass PVPA. Procedures in the literature often use
harsh reaction conditions, concentrated acids, or prolonged
reaction times, which can lead to degradation of high molecular
mass PDAVP.112,113,120,129,132,136,137,242 Therefore, a conversion
of PDAVPs to PVPA was established via thermal treatment or a
mild hydrolysis (Scheme 10). Wagner et al. reported the

hydrolysis of PDIVPs (Mn < 40 kDa) obtained via anionic
polymerization under mild conditions via treatment with
trimethylsilyl bromide in refluxing dichloromethane.133 Inde-
pendently, a similar approach was used by Wagener et al. for the
synthesis of phosphonic acid functionalized polyethylene.243

Following this general procedure, complete hydrolysis was
obtained for PDEVP, and for the corresponding PDIVP, a
mixture of phosphonic acid, starting material, and silylester was
observed.188 The incomplete conversion of PDIVP is attributed
to the stronger steric hindrance of the isopropyl group, to a
hampered cleavage, and to a higher boiling point of the side
product 2-bromopropane, which therefore cannot be removed
from equilibrium. The mild hydrolysis proceeds via a two-step
reaction. First, a transesterification of the corresponding
poly(vinylphosphonate) was carried out with TMSBr, followed
by hydrolysis in MeOH under acidic conditions. The

Figure 12. Change in transmittance at λ = 550 nm for PDEVP with 160
kDa at different concentrations: 15 mg mL−1 (squares, plain), 3 mg
mL−1 (squares, short dashed), 1 mg mL−1 (diamonds, dashed), and 0.5
mg mL−1 (triangles, long dashed). The LCST was determined at a
transmission rate of 85%. (Redrawn from ref 188. Copyright 2011
American Chemical Society.)

Figure 13.Determination of cloud points of DEVP−DPVP (0−35 °C),
PDEVP (42 °C), and DEVP−DMVP (50−95 °C) homo/copolymers.
The cloud point was determined at 10% decrease in transmittance for
1.0 wt % aqueous polymer solutions.

Figure 14. Linear dependence of the LCST on the comonomer content
of DEVP and DPVP/DMVP copolymers. (Reprinted from ref 200.
Copyright 2012 American Chemical Society.)

Scheme 10. Transesterification of Poly(vinylphosphonate)s:
(a and b) Chemical, (c) Thermal, and (d) Hydrolysis to PVPA
(Redrawn with Permission from Ref 127. Copyright 2012
John Wiley and Sons.)
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intermediate poly(bis(trimethylsilyl) vinylphosphonate) was
isolated and further reacted with benzyl bromide, but is very
sensitive toward water (Scheme 10d).188

The above-presented transesterification is a mild method, but
it fails to quantitatively produce PVPA from PDIVP and requires
stoichiometric amounts of reagents and purification. A
convenient alternative exists, by using the first thermal polymer
degradation point of PDAVPs. At elevated temperatures, side
group cleavage is observed leaving the main chain intact: in the
case of PDEVP, ethylene is formed as the main product (280−
340 °C; minor product Et2O, EtOH) and for PDIVP, only
propylene is observed at 245−270 °C. For both starting
materials, the remaining polymeric material is free PVPA, as
confirmed by NMR and elemental analysis.188 This method
follows a very easy preparative procedure and has the advantage
that no other reactants are needed as it is solvent-free and highly
atom efficient. Possible polymer degradation by thermal
treatment was examined by determination of the Mw by static
light scattering, using a Zimm plot. No indication of main chain
scission was observed within the accuracy of the given light
scattering setup.188 PVPA decomposes to PxOyCz at temper-
atures above 460 °C in a second thermal polymer degradation
point.188

6.3. Poly(vinylphosphonate)s as Flame Retardants

The interest in flame-retarding polymers as functional materials
is steadily increasing as they find use as insulators in electronic
applications244−247 or in the aerospace and automotive industries
as structural and functional composites.248 There are two
approaches for preparing flame-retarding materials. One is to
synthesize structural polymers with intrinsic flame-retarding
properties,249−252 and the other is to add flame retardants as
small molecules to the polymers.253,254 In industrial and
academic applications, phosphorus-containing compounds play
a crucial role in polymer flame retardants (FRs), as they are less
harmful to the environment compared to the persistent and
possibly bioaccumulating halogen-based FRs.255 Phosphorus
flame-retardant additives (FRAs) can act in the condensed phase
by enhancing charring and intumescence, or via inorganic glass
formation and flame inhibition. Furthermore, PO radicals can
lead to flame inhibition in the gas phase by reacting in the flame
zone with more reactive radicals.256−259 Sterically hindered diaryl
arylphosphonates such as dimesityl phenylphosphonate
(DMPP) are reported to be effective FRAs in polycarbonates
(PC) at low loadings of 3−5 wt %.260 The use of low molecular
mass FR can affect the material properties and lead to an
undesired lower applicability of the final product (e.g.,
influencing glass transition temperature, melt viscosity, or tensile
strength). Therefore, the use of oligomeric and polymeric
phosphate or phosphonate additives is getting increased
attention for flame-retardant applications.261−266

High molecular mass poly(vinylphosphonate)s synthesized
via REM-GTP were recently used as halogen-free FRAs for
polycarbonates (PC).267 The aromatic di-p-tolyl vinylphospho-
nate (DTVP) was synthesized as the first example of an aromatic
diaryl vinylphosphonate (DArVP).267 However, contrary to
DAVP polymerization, the activities and yields are significantly
lower. This was attributed to the low flexibility of the rigid
aromatic ester side chain hindering monomer coordination at the
sterically demanding eight-membered-ring propagation transi-
tion state.160 PC/PDTVP blends with PDTVP contents of up to
20 wt % were produced and no dripping during combustion
occurred, showing advantages over low-molecular-weight

phosphorus-based FRAs that drip when burning.267 Further-
more, PDAVP/PC coatings were tested for their use as flame
retardant coatings (FRCs), and PDIVP/PC FRCs were found to
form a protective intumescent layer of free PVPA by exposure to
heat (Figure 15c).267 Poly(vinylphosphonate)s are promising

compounds as additives for flame retardant applications, as they
act mostly in the condensed phase. Aromatic PDArVP
decompose in a one-step mechanism at higher temperatures
compared to their flexible aliphatic counterparts (two-step
mechanism) and show distinguished features in PC blends.

6.4. Poly(vinylphosphonate)s as Kinetic Hydrate Inhibitors

The PDAVPs PDIVP, PDEVP, and PDMVP were recently
investigated as non-amide kinetic hydrate inhibitors (KHIs).268

KHIs are frequently used in the offshore oil and gas production
to prevent the formation of gas hydrates under high pressure and
low temperatures. In the study by Kelland et al., the KHI
performance of PDAVPs was found to increase with decreasing
hydrophilicity from PDMVP, to PDEVP to PDIVP and the
evaluated PDAVPs were produced via free radical or frustrated
Lewis pairs (FLPs) polymerization (PDI = 1.3−2.5).268 PDIVP
homopolymer gave an average onset temperature of To of 8.3 °C
compared to 17.3 °C with deionized water and no additive. The
good performance is likely related to the low cloud point (1 wt %
solution in deionized water), which was measured to be 18 °C.
Three ethylated PDEVPs, with molecular weights in the range
30−60 kDa, were tested for KHI performances.268 The two
higher molecular weight samples gave the best performance,
which is attributed to the lower cloud point of these samples than
the molecular weight. A PDMVP-co-PDIVP copolymer with a
high cloud point showed weak KHI effect (To = 13.1 °C).268

Besides PDAVPs, poly(2-alkyl-2-oxazoline)s have been studied
as KHIs.269

6.5. Microstructure of Poly(vinylphosphonate)s

Compared to other vinyl polymers and considering the broad
scope of applications for PVPA and its esters, knowledge of the
microstructure of poly(vinylphosphonate)s is limited due to
their poor polymerizability via classic polymerization methods.
In the literature, only a single publication by Komber, Steinert,
and Voit deals with the microstructure of PVPA and PDMVP in-
depth using 1H, 13C, and 31P NMR studies.123 PVPA synthesized
by free radical polymerization was found to be atactic, and a large
amount of head-to-head (H−H) and tail-to-tail (T−T)
regioerrors of up to 17% were observed (Figure 16).123 The
misconfiguration and formation of H−H and T−T links are
attributed to a cyclopolymerization under the formation of five-
and six-membered rings of a VPA anhydride intermediate.120,123

PDMVP was prepared using two different synthetic
procedures. One was to polymerize DMVP via free radical

Figure 15. SEMmicrographs of PDIVP coatings fromMeOH solutions
with concentrations of (a) 0.01, (b) 0.05, and (c) 0.1 g(PDIVP)/mL.
(Reprinted from ref 267. Copyright 2015 American Chemical Society.)
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polymerization, and as an alternative approach, PVPA was
converted to PDMVP using a postpolymerization modification
(Scheme 10).123 Simultaneously, PVPA obtained via hydrolysis
from PDMVP was further elucidated and compared to its
counterpart. Interestingly, PDMVP obtained via free radical
polymerization of DMVP consists of fewer regioirregular
linkages than PVPA (8 ± 2%) and is isotactic-rich ([m] =
59%).123 The ratio of PDMVP diads was calculated from the 1H
NMR backbone signals in D2O and MeOD, and in principle, the
signal assignment corresponds for both solvents. The assignment
of the 1H NMR signals for PVPA and PDMVP was assisted by
two-dimensional HMQC and TOCSY measurements, and in
combination with one- and two-dimensional (1D and 2D)
methods the methylene (high field) and methine (low field)
regions were allocated (Figure 17). A spectral line deconvolution
was possible for neither PVPA nor PDMVP due to the high
amount of H−H and T−T linkages in the polymers, and
compared to 1HNMR the 13C and 31P NMR spectra were found
to give less stereochemical information.123

In 2010, Takeichi et al. reported an isotactic (it)-rich anionic
polymerization of DMVP using organolithium initiators in
combination with the Lewis acid tri-n-butylaluminum (n-Bu3Al)
in toluene. They produced it-rich PDMVP with molecular
masses up to 11 kDa (Table 8).270 Atactic PDMVP (prepared via
free radical polymerization) was found to be soluble in acetone,
chloroform, and water, whereas it-rich PDMVP was insoluble in
organic solvents.270 Depending on the used polymerization
temperature, the percentage of [m] diads ranged between 60 and
67%. The tacticities were calculated from 1H NMR data for [m]
and [r] diads using an algorithm based on a peak deconvolution

method for overlapping signals (Figure 18).270 For the signal
assignment, the previously published results of Komber, Steinert,
and Voit were used.123

Up to now, a controlled stereoregular polymerization of
vinylphosphonates via REM-GTP is an unmet challenge.

Figure 16. Microstructure of poly(vinylphosphonate)s with examples
for H−H and T−T regioirregular structures.

Figure 17. 1H−13C HMQC spectra (CH and CH2 region) of PDMVP (a, MeOD) and PVPA (b, D2O). The assignment to tetrads is given for the
methylene signals. The inset in (a) explains the characteristic methine group signal pattern caused by the passive 1JPC (vertical axis) and

2JPC (horizontal
axis) couplings; the filled square gives the position defining the 1H and 13C chemical shifts of the cross-peak. The arrows point at signals due to AIBN-
based end groups. (Reprinted from ref 123. Copyright 2008 American Chemical Society.)

Table 8. Polymerization Results of DMVP in Toluene

tacticity
[%]

initiator [M]0/[I]0
temp
[°C]

yielda

[%]
Mn

b

[kDa] PDI m r

AIBA 400 60 46 5 1.43 52 48

t-BuMgBr 50 −78 trace − − − −

t-BuLi 50 −78 29 7.5 2.65 65 35

t-BuLi,
n-Bu3Al

50 −78 76 5.5 1.30 67 33

t-BuLi,
n-Bu3Al

50 0 100 11 3.97 60 40

n-Bu3Al 10 −78 trace − − − −

aDetermined by weighing. bDetermined by SEC using aqueous 0.2 M
NaCl as eluant.

Figure 18. Algorithm-based 1H NMR peak deconvolution of PDMVP
obtained from anionic polymerization. (Reprinted with permission from
ref 270. Copyright 2010 John Wiley and Sons.)
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Investigations on the initiation mechanism revealed that all
Cp2LnX- and Cp3Ln-catalyzed vinylphosphonate polymer-
izations are generally mediated by a Cp2Ln unit and that
polymers with essentially the same (atactic) microstructure are
produced (Figure 19).189

Therefore, the commonly used, simple, unbridged, and
sterically nondemanding Cp-based metallocene catalysts do
not induce any tacticity for the polymerization of DEVP or DIVP,
and only atactic polymers are formed.189 In the literature, only
one article reports on the isotactic polymerization of DEVP for
REM-GTP using readily available Ln(bdsa)3(thf)2 (Ln = La, Nd,
Sm) precursors.271 PDEVPs with molecular masses between 65
and 84 kDa have been produced, and [mm] contents of up to

79% and conversions below 80% were reported.271 The values of
corresponding triads were calculated, from the methine proton
region and the oxymethylene carbon signals, by line-fitting.271

The methine and methylene signal regions were assigned based
on HMQC measurements (Figure 20). The inadequate
suitability of bdsa initiators has already been discussed in section
5.2 (vide supra).189 Therefore, the resulting it-PDEVP samples
show very high polydispersities (PDI = 3.11−3.56) possibly due
to three possible initiating amide ligands; the used catalysts do
not benefit from the advantages of REM-GTP (i.e., usual
suppression of side or termination reactions and low
polydispersities).
In summary, the assignment of PVPA and PDAVP triads and

tetrads was realized using 2D HMQC and TOCSY measure-
ments.123,271 Due to overlapping signals in 1H NMR, peak
deconvolution, as performed by Takeichi et al., is an elegant
method to quantify the microstructure based on simple 1HNMR
experiments.270 However, a determination of the tacticity using
1HNMR spectroscopy is only possible for PVPA or PDMVP; the
other vinylphosphonate monomers (e.g., PDEVP, PDIVP) show
overlapping signals of the ester side chain and in the area of the
backbone methine and methylene signals. As for the
corresponding signals in the 31P NMR spectra, an attribution
was so far not conducted, despite the advantages of the 31P nuclei
when compared to 1H (overlapping signals, solvent and impurity
proton peaks) and 13C (low natural abundance and long
relaxation times).

7. SURFACE-INITIATED GROUP TRANSFER
POLYMERIZATION

The modification of surfaces with polymer layers, to provide
protection and/or a specific functionality, is widely used and
attracts significant commercial interest. Surface modifications
and coatings need to be attached via a stable (preferably
covalent) bond on a substrate, and radical, cationic, or anionic
polymerizations can be applied.272−279 Ideally, the polymer-
ization process should control the material properties, the
molecular mass, and the formation of copolymers. Thus,
investigations on catalytic polymerization techniques were

Figure 19. 31P NMR spectra of PDEVP (in D2O) produced with
different catalysts (from top to bottom: [Cp2LuCl]2 (blue), Cp3Lu
(green), Cp2Lu(bdsa)(thf) (orange), and [Cp2YbMe]2 (red). For all
catalysts, polymers with (nearly) identical atactic microstructure are
obtained. (Redrawn from ref 189. Copyright 2013 American Chemical
Society.)

Figure 20. Regions of the 1H−13CHMQC spectrum (a) and 1H−1H TOCSY spectrum (b, mixing time 20 ms) of PDEVP (solvent C6D6; T = 70 °C).
(Reprinted from ref 271. Copyright 2010 American Chemical Society.)
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carried out.280−284 Not only are the material properties of
poly(vinylphosphonate)s of interest, but also the application of
REM-GTP in combination with new monomers, resulting in
hybrid or tailored materials, is an important fields for REM-GTP
development. Based on the REM-GTP of vinylphosphonates, SI-
GTP was developed, allowing the covalent modification of
surfaces or particles with dense polymer brushes.285,286 Stable
poly(vinylphosphonate) coatings are of particular interest for
applications in the biomedical field such as nonfouling coatings
or cell proliferation surfaces.
SI-GTP on silicon surfaces was inspired by earlier work on

P(MMA-b-DEVP) block copolymerization via Cp2YbMe
initiators.186 As a first step, a hydrogen-terminated silicon
surface, obtained via etching with 48% HF,287−291 is topped with
a layer of poly(ethylene glycol dimethacrylate) (PEGDM) via
radical self-initiated photografting and photopolymerization
(SIPGP).292−295 The catalyst Cp2YbMe is immobilized on the
PEGDM layer, resulting in an active methacrylate enolate as the
initiating species (Scheme 11). Uponmonomer addition (MMA,
DMVP, DEVP, or DPVP), a covalent bond between the enolate
and coordinated monomer is formed. The propagation proceeds
within minutes and growth rates of 57.0 and 26.5 nm min−1 for
MMA and DEVP, respectively, were observed.285 The formation
of poly(vinylphosphonate) brushes was confirmed via X-ray
photoelectron spectroscopy (XPS) and IR measurements, the
latter exhibiting the characteristic PO and P−O stretching
modes at 1228 and 1027/1052 cm−1, respectively. Atomic force
microscopy (AFM) results, in combination with the XPS
measurements, prove the homogeneity of the polymer brushes
and a linear layer increase over the polymerization time (Figure
21).
Furthermore, polymer brushes prepared from different

monomers show significant differences in their material
properties. Contact angle measurements reveal a change in
polarity for PDMVP-, PDEVP-, or PDPVP-modified silicon
surfaces. A static water contact angle of 17 ± 3° was found for
hydrophilic PDMVP surfaces and an angle of 76 ± 2° was found

for the hydrophobic PDPVP, respectively (Figure 22).285

PDEVP exhibits thermoresponsive behavior in water (vide
supra), and at room temperature, a contact angle of 44 ± 2° was
measured for the PDEVP brushes. At elevated temperatures, the
contact angle increased to 66 ± 2° following a coil−globule

Scheme 11. Preparation of Precoating Layer, Ytterbocene Catalyst Immobilization, and Subsequent SI-GTP ofMMA or DAVP for
(a) a 3-(Trimethoxysilyl)propyl Methacrylate (TMSPM) Monolayer, (b) a PEGDM Film on Silicon Wafer, and (c) Molecular
Structure of MMA and DAVP, and SI-GTP Reaction Mechanism for Initiation and Chain Growth (Reprinted from Ref 285.
Copyright 2012 American Chemical Society.)

Figure 21. Three-dimensional representation of AFM scans of a
PEGDM film on silicon wafer and polymer brushes after SI-GTP of
DEVP. (a) SIPGP of EGDM for 30 min gives a PEGDM film with a
thickness of 29± 6 nm. (b)−(e) SI-GTP of DEVP on the same substrate
after 1, 2, 3, and 4min results in 51± 11, 73± 9, 104± 11, and 146± 12
nm thick polymer brush layers, respectively. (f) P(EGDM-g-DEVP)
layer thickness as a function of SI-GTP time. (Reprinted from ref 285.
Copyright 2012 American Chemical Society.)
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transition mechanism, decreasing the hydrophilicity of the
surface (Figure 22). SI-GTP gives access to both thermores-
ponsive (PDEVP) and proton-conducting (PVPA) brush layers
and allows the synthesis of perfectly decorated substrates.285

Using a similar procedure, SI-GTP was applied not only to
silicon surfaces but also to poly(styrene) microspheres.296

Rupture of the PS microspheres, due to polymerization inside
the sphere or peeling as a result of the high surface tension of the
formed brushes, was observed during REM-GTP with DAVPs
(Figure 23).296

In addition, SI-GTP was used to modify silicon nanocrystals
(SiNCs).297 The optoelectronic behavior of SINCs is tunable by
size and surface functionality. Hydrogen-terminated SINCs (size
3 nm) were reacted with EGDM, following the SI-GTP
procedure.297 However, after SIPGP, the free-standing hydro-

gen-terminated SiNCs formed larger aggregates, up to 177 ± 81
nm, due to cross-linking with the PEGDM layer (Figure 24a).297

When Cp2YCH2TMS(thf) was used as a catalyst for the
polymerization of DEVP, photoluminescent-thermoresponsive
hybrid materials were obtained.297 SI-GTP adds well to other
surface modification methods. However, the advantages of a
catalytic living polymerization have not yet been addressed (i.e.,
copolymerization, stereoregular polymerization, or application
to a wider variety of monomers). When combined with the
unique properties of nanomaterials, SI-GTP can be a particularly
useful tool for future materials and their modification over a wide
range of applications.

8. APPLICATION OF REM-GTP TO
NITROGEN-COORDINATING MONOMERS

In early studies, rare earthmetallocene initiators were found to be
inactive for the polymerization of 4-vinylpyridine or 2-vinyl-
pyridine (2VP), the latter showing a Michael system.162

However, in recent years, REM-GTP has been established for
2VP and 2-isopropenyl-2-oxazoline (IPOx), both proceeding via
N−rare earth metal coordination (Figure 25).218,298 The
polymerization of 2VP is not limited to REM-GTP or
coordinative−anionic procedures, as P2VP can be obtained at
elevated temperatures via radical polymerization or by organo-
lithium initiators at low temperatures using classic anionic
polymerization methods. However, for IPOx, these methods lead
to incomplete conversion or high polydispersities (Table
9).299−302

Recently, the polymerization of IPOx featuring FLPs as
catalysts have been reported.303,304 A crystal structure from the
reaction of FLP and IPOx (ratio 1:1) of the corresponding
zwitterionic imidazolium oxazolinylaluminate IMes+CH2C-
(Me)(C3H4NO)Al(C6F5)3

− was obtained and represents the
active propagating species for this Lewis pair polymerization and
a structural proof for the conjugated conformation of the vinyl
and imine double bonds (Figure 26).303

Using the simple ytterbocene Cp2YbMe as a catalyst,
polymerization of IPOx proceeded smoothly at room temper-
ature, exhibiting a high reaction rate; i.e., monomer conversion
reached 95% within 2 h at room temperature, as monitored by in
situ 1H NMR (Table 9). To elucidate the living character of the
polymerization, aliquots were taken at regular time intervals and
analyzed by gel permeation chromatography multiangle light
scattering (GPC-MALS) to estimate the absolute number-
averaged molar mass (Mn) and the polydispersity of PIPOx. A
plot of the Mn (from 2 to 21 kDa) vs monomer (IPOx)
conversion (from 2.1 to 95%) reveals a linear relationship
between these two parameters; the PDI remains extremely low
(PDI < 1.07) for polymers obtained at all conversions (Figure
27).
On one hand, REM-GTP of the IPOx vinylidene functionality

leads to poly-2-isopropenyl-2-oxazoline with a remarkably
narrow polydispersity, and on the other hand, IPOx can undergo
living cationic ring-opening polymerization (LCROP) of the
heterocyclic motif; this results in defined poly-2-oxazolines
suitable for a variety of applications in biomedicine.299,305−312

Methyl triflate transfers PIPOx to a polyoxazolinium salt
macroinitiator, and P(IPOx-g-EtOx) brushes with a narrow
contour length distribution are formed via LCROP with 2-ethyl-
2-oxazoline (EtOx) (Figure 28).298

In REM-GTP copolymerizations, the addition sequence of the
comonomers is crucial for monomers with different reactivities
and metal center coordination strength. On one hand,

Figure 22. Molecular structure of PDAVP (d) and static water contact
angle (CA) on different PDAVP coatings on silicon substrates at
different temperatures. (a−c) CA of PDMVP, PDEVP, and PDPVP
brushes at 25 °C. (e) CA of PDEVP brush at 50 °C. (Reprinted from ref
285. Copyright 2012 American Chemical Society.)

Figure 23. SEM scans of PDEVP modified PS microspheres after SI-
GTP for different reaction times: (a) 0 s, (b) 10 s, (c) 30 s, (d) 1min, (e)
3 min, and (f) 5 min. Scale bar: 200 μm. (Reprinted with permission
from ref 296. Copyright 2014 John Wiley and Sons.)
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monomers can only be polymerized in order of increasing
coordination strength.186,221,234On the other hand, the reactivity
is determined by the pKa values of the corresponding monomers.
Therefore, the resulting nucleophilicity or bond strength to the
metal center determines if the monomer is active enough to
undergo cross-propagation. In order to examine the relative
reactivities of DEVP, MMA, IPOx, and 2VP, random
copolymerizations with Cp2YbMe were conducted. Consistently

only the corresponding homopolymers of the stronger
coordinating comonomer were produced, as observed via 1H
NMR spectroscopy, revealing a monomer reactivity order to the
ytterbium center of DEVP > MMA > IPOx > 2VP. Accordingly,
sequential copolymerization yielded diblock copolymers in
sequences of PMMA-b-PDEVP, PIPOx-b-PMMA, and PIPOx-
b-PDEVP as well as P2VP-b-PIPOx and P2VP-b-PDEVP, while
copolymerization in the reverse sequence only afforded
homopolymers of PDEVP, PMMA, and PIPOx.298

Figure 24. SI-GTP on hydrogen-terminated SiNC. Synthesis of free methyl methacrylate terminated binding sites: (a) functionalization, (b) initiation
via nucleophilic attack of the alkyl ligand, and (c) propagation via eight-membered ring in the transition state.

Figure 25.General structure of MMA andN-coordinating Michael-type
acceptors suitable for REM-GTP.

Table 9. Comparison of IPOx Polymerizations Using
Different Initiatorsa

initiator
T

[°C]
TOFb,c

[h−1] PDI
Mn

d

[kDa]
I*e

[%]
reaction time [h],

conv [%]

Cp3Yb 25 − − − − 10, trace

Cp2YbMe 25 380 1.04 21 95 1.5, 92

n-BuLi 25 3100 1.5 40 53 0.2, 95

n-BuLi −78 18 1.2 2.5 − 2, 18

AIBN 60 − 2 18 − 8, 59
aMonomer:initiator = 200:1. bThe turnover frequency (TOF) was
defined as the maximum slope of the conversion vs reaction time plot.
cDetermined by 1H NMR. dDetermined by GPC-MALS. eI* = Mth/
Mn, Mth = 200MMon·conversion + Mend group.
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A highly active non-metallocene based catalyst for the
controlled polymerization of 2VP has been presented in the
literature.313 Catalysts such as 2-methoxyethylaminobis-
(phenolate)yttrium trimethylsilylmethyl were found to polymer-
ize 2VP, exhibiting activities up to 1100 h−1 and low
polydispersities (PDI = 1.01−1.04, Mn 22−112 kDa). The
determination of the monomer and catalyst reaction order of 1
correlates to a Yasuda-type mechanism for the rare earth metal
catalyzed polymerization of 2VP, and suggests that a GTP
mechanism is taking place. The activation enthalpies ΔH‡ and
entropies ΔS‡ were determined for 2VP according to the Eyring
equation using in situ IR measurements. Therefore, normal-
ization following an aliquot method was not possible, but the

obtained values were in good agreement due to the high initiator
efficiencies (I* = 72−99%). Furthermore, the vinylphosphonates
DEVP and DIVP, IPOx, and dimethylacrylamide (DMAA) were
tested for their activities. DEVP and DIVP were found to
polymerize slowly compared to 2VP, and only low activities were
observed (TOF = 480 h−1 (DEVP), TOF = 42 h−1 (DIVP)). The
produced P2VP, PIPOx, PDMAA, PDEVP and PDIVP were all
found to be atactic.313 C1-symmetric 2-methoxyethylaminobis-
(phenolate)yttrium trimethylsilylmethyl catalysts were recently
reported to produce atactic to isotactic (Pm = 54−74%) P2VP
with moderate activities (TOF = 360 h−1) and found to follow an
enantiomorphic site control mechanism.314

9. CONCLUSION

As a result of their versatility and superior, dominant material
properties, polymers have been used as substitutes for classic raw
materials for many decades. At the beginning of the 21st century,
modern societies rely on further development of macro-
molecules as smart, resource-saving, and environmentally
friendly materials for diverse applications. As stated at the
beginning of this review, classic polymerization methods fail to
address new monomers or specific functionalities from a precise
polymer synthesis. New functionalities in polymers are
indisputably needed, and living polymerization methods are
the most promising candidates for precision polymer synthesis.
Vinylphosphonates belong to the simplest phosphorus-contain-
ing vinyl monomers and have attracted great research interest
due to a wide range of possible applications, from proton
conducting membranes to smart polymers. Yet their polymer-
izability remained a challenge for decades. This review illustrates
that the well-developed field of group 3 and cationic group 4
(meth)acrylate as well as (meth)acrylamide coordinative−
anionic polymerization chemistry from the early 1990s

Figure 26. Crystal structure of a zwitterionic conjugated FLP IPOx
conjugate. (Redrawn from ref 303. Copyright 2014 American Chemical
Society.)

Figure 27. Linear growth of the absolute molecular weight (Mn)
determined by multiangle laser light scattering as a function of IPOx
conversion (determined by 1HNMR). Inset: GPC traces as detected by
elution volume. (Reprinted from ref 298. Copyright 2013 American
Chemical Society.)

Figure 28. AFM scan of the molecular brush P(IPOx-g-EtOx). The
polymer was deposited by dip-coating from a dilute chloroform solution
onto freshly cleavedmica substrates. (Reprinted from ref 298. Copyright
2013 American Chemical Society.)
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experienced a revival during the past decade, being a method for
the precise polymerization of new monomers unattainable via
classical polymerization methods. The initiation and propagation
of DAVP REM-GTP follows a complex mechanism pathway for
simple Cp2LnX systems, and further studies to apply more
complex metallocene and non-metallocene structures are
currently at an early stage of development.
In previous studies, the initiation of vinylphosphonates from

strongly basic ligands (Me, CH2TMS) via deprotonation, from
nucleophilic transfer via ligand exchange (chloride, alkoxides), or
via thiols (unstable end group, elimination reactions, odor) all
lead to unsatisfactory results. Using C−H bond activation at rare
earth metal centers, hydrocarbyls, which differ significantly from
their corresponding alkyl precursor compounds, are generated.
The procedure of σ-bond metathesis should be expanded to
other monomer classes in the future to aid polymerization
reactions or surface modification sequences.
For vinylphosphonates, the precise stereoregular polymer-

ization and the influence of tacticity on the material properties is
unknown. Furthermore, the extension of coordinative−anionic
polymerization from commercially available (meth)acrylates and
(meth)acrylamides to new monomers has developed signifi-
cantly over the past years, but comprehensive studies on new
Michael-type acceptor monomers and their polymerizability are
still missing. In particular, the functionality of other untried
elements (e.g., sulfur) or moieties (e.g., furfuryl, benzoxazolyl, or
thiophenyl) in REM-GTP combined with a precise catalytic
polymerization could add value to future polymeric materials.
Using an extended REM-GTP, precise two- and three-

dimensional polymer and polymer-hybrid materials can be
obtained. SI-GTP is experimentally facile, and at room
temperature, stable polymer layers of thicknesses up to 300 nm
can be achieved within a short polymerization time of a few
minutes.
No single polymerization method or catalytic system can meet

all requirements, demands, and needs. However, the authors
want to state that rare earth metal catalyzed polymerization
reactions can be one approach to help facing future challenges in
materials science. Rare earth metal polymerization catalysis is a
research topic that has faded in past years after two initial decades
of extensive research into (meth)acrylates or (meth)acrylamides;
recently it has again started to attract attention as a solution to
specific scientific questions. In combination with macro-
molecular organization and self-assembly principles, an
expanded REM-GTP should provide access to a wide range of
new functional materials.
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Universitaẗ München (LMU) and received his Ph.D. in 1988. After
research at the University of Massachusetts at Amherst and in the
plastics laboratory of BASF SE, he received his habilitation in 1995 at the
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ABBREVIATIONS

bdsa bis(dimethylsilyl)amide, N(SiHMe2)2
btsa bis(trimethylsilyl)amide, N(SiMe3)2
DEMVP diethyl 1-methylvinylphosphonate
DEVP diethyl vinylphosphonate
DIVP diisopropyl vinylphosphonate
DMAA N,N-dimethylacrylamide
DMVP dimethyl vinylphosphonate
DPE 1,1-diphenylethylene
DPVP di-n-propyl vinylphosphonate
EGDM ethylene glycol dimethacrylate
GTP group transfer polymerization
I* initiator efficiency
MALS multiangle (static) light scattering
MMA methyl methacrylate
PDI polydispersity index
SI-GTP surface-initiated group transfer polymerization
SIPGP self-initiated photografting and photopolymerization
SKA-GTP silyl ketene acetal initiated group transfer polymer-

ization
VPA vinylphosphonic acid
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(252) Köppl, T.; Brehme, S.; Pospiech, D.; Fischer, O.; Wolff-Fabris,
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4.2.1 Abstract 

In this chapter, the first detailed mechanistic studies on both initiation and propagation of REM-GTP 

of vinylphosphonates are presented. The reactive α-C–H group of vinylphosphonates and the use of 

unbridged RE metallocenes lead to a complex network for the initiation reaction. Depending on the nature 

of the initiating ligand, the initiation can either proceed via abstraction of the acidic α-C–H of the 

vinylphosphonate, via transfer of a nucleophilic ligand to a coordinated monomer, or via a monomer- (i.e., 

donor-) induced ligand exchange reaction forming the active Cp3Ln species in equilibrium. Isolated DEVP 

adducts Cp2LnCl(DEVP) provide the first X-ray crystallographic proof for vinylphosphonate 

coordination at the active site via the oxygen of the phosphonate moiety. Kinetic studies including time-

resolved analysis of monomer conversion and molecular weights of the formed polymers allows the 

determination of the initiator efficiency throughout the whole reaction. Using this normalization method, 

REM-GTP was shown to follow a monometallic Yasuda-type polymerization mechanism, with an SN2-type 

associative displacement of the polymer phosphonate ester by a monomer as the rate-determining step. 

Temperature dependent activity measurements lead to the determination of the thermodynamic 

parameters ΔH‡ and ΔS‡ for the pentacoordinate intermediate. The activation entropy ΔS‡ of the 

rate-determining step is strongly affected by the metal radius and the monomer size, whereas these 

parameters show only minor influence on the activation enthalpy ΔH‡ for unsubstituted unbridged RE 

metallocenes. Accordingly, the propagation rate of vinylphosphonate REM-GTP is shown to be mainly 

determined by the change of rotational and vibrational restrictions within the eight-membered 

metallacycle in the rate-determining step. 

The first author Stephan Salzinger was supported by second author Benedikt S. Soller in performing 

and interpreting the experimental results. 
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ABSTRACT: Initiation of rare earth metal-mediated vinyl-
phosphonate polymerization with unbridged rare earth metal-
locenes (Cp2LnX) follows a complex reaction pathway.
Depending on the nature of X, initiation can proceed either
via abstraction of the acidic α-CH of the vinylphosphonate
(e.g., for X = Me, CH2TMS), via nucleophilic transfer of X to a
coordinated monomer (e.g., for X = Cp, SR) or via a monomer
(i.e., donor)-induced ligand-exchange reaction forming Cp3Ln
in equilibrium (e.g., for X = Cl, OR), which serves as the active
initiating species. As determined by mass spectrometric end group analysis, different initiations may also occur simultaneously
(e.g., for X = N(SiMe2H)2). A general differential approach for the kinetic analysis of living polymerizations with fast propagation
and comparatively slow initiation is presented. Time-resolved analysis of monomer conversion and molecular weights of the
formed polymers allow the determination of the initiator efficiency throughout the whole reaction. Using this normalization
method, rare earth metal-mediated vinylphosphonate GTP is shown to follow a Yasuda-type monometallic propagation
mechanism, with an SN2-type associative displacement of the polymer phosphonate ester by a monomer as the rate-determining
step. The propagation rate of vinylphosphonate GTP is mainly determined by the activation entropy, i.e. the change of rotational
and vibrational restrictions within the eight-membered metallacycle in the rate-determining step as a function of the steric
demand of the metallacycle side chains and the steric crowding at the metal center.

■ INTRODUCTION

Phosphorus-containing polymers, especially those comprising
phosphonate moieties, have gained significant interest due to
their potential utilization in a large variety of applications,
ranging from polyelectrolytes in batteries and fuel cells over
halogen-free flame retardants to diverse uses in the biomedical
field.1−10 However, a straightforward approach to these
polymers via polymerization of vinylphosphonates has long
been hard to establish, as radical and classical anionic synthesis
routes often result in low yields of polymer with unsatisfying
degrees of polymerization.11 Recently, it could be shown that
poly(vinylphosphonate)s with high molar mass and low
polydispersity can be efficiently prepared in the presence of
rare earth metal catalysts,11−16 presumably following a group
transfer polymerization (GTP) mechanism.11

Rare earth metal-mediated GTP (REM-GTP) of acrylic
monomers was first reported by Yasuda et al.17 in 1992 and is
also referred to as coordinative-anionic or coordination-
addition polymerization.18 Over the past decades, intensive
research has been carried out to optimize the reaction
conditions and the initiator efficiency and to broaden the use
of coordinative-anionic polymerizations for a variety of
monomers, e.g. different (meth)acrylates and (meth)-

acrylamides.18−21 The initiation for this living-type of polymer-
ization commonly occurs via 1,4-addition of a nucleophilic
ligand from the metal complex to a coordinated monomer or,
in the case of divalent lanthanide initiators, via redox
initiation.18,22 The propagation proceeds via repeated conjugate
addition over an eight-membered ring intermediate (Scheme
1a),18−21,23 which could be isolated and characterized by X-ray
crystallography.17,23 Hereby, the catalyst both stabilizes the
anionic chain end and activates the coordinated monomer.11,18

The coordination of the growing chain end at the catalyst
suppresses side reactions and allows stereospecific polymer-
ization as well as activity optimization by variation of both the
metal center and the catalyst ligand sphere.18−21 Besides this
monometallic propagation, coordinative-anionic polymeriza-
tions may also follow a bimetallic mechanism, for which
alternating one metal center activates the monomer, while the
other stabilizes the growing chain end (e.g., for group 4 metal-
mediated GTP, Scheme 1b).24−28

The mechanism taking place and the corresponding rate-
determining step (RDS) are difficult to predict and were found
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to be strongly dependent on the ligand architecture, the metal
center, and the used monomer.18,25−27,29−36 The influence of
mechanism and RDS on the stereoregularity of the polymer-
ization and, vice versa, the mechanistic conclusions drawn from
obtained microstructures have been controversially dis-
cussed.20,28−30,33,36−40 Besides the actual conjugate addition,
the RDS can be cleavage of the polymer ester group from the
metal center (SN1-type reaction, Scheme 2a) or an associative
displacement of this ester group by a monomer (SN2-type
reaction, Scheme 2b).20,25−30,36,37,40−42 The latter is both
described in a back-side manner or via an attack at the same site
relative to the leaving polymer ester group (front-side), i.e. via a
chain retention or a chain migratory mechanism.28−30,33,37−40,42

In the case of monometallic coordinative-anionic polymer-
ization, depending on the evident RDS, the monomer addition

will occur either alternating at both sites of the catalyst or
predominantly at only one site via site-retention.29,30,33,36−40,42

Recent publications have shown that REM-GTP is not only
applicable to common acrylic monomers, but as well to several
other monomer classes, i.e. dialkyl vinylphosphonates (DAVP),
2-isopropylene-2-oxazoline and 2-vinylpyridine.11−16,43,44 In
previous work, we have shown that late lanthanide metallocenes
are efficient initiators and highly active catalysts for DAVP
polymerization.14,16 Initial investigations have proven the
livingness of polymerization and suggest a GTP mechanism
taking place,11,12,14 however, detailed mechanistic studies on
both initiation and propagation of REM-GTP of vinyl-
phosphonates have not yet been conducted.
In this article, we show that initiation of vinylphosphonate

GTP follows a complex reaction network. We present a general
procedure for kinetic analysis of living polymerizations with fast
propagation and comparatively slow initiation. A detailed study
of the influence of metal radii, steric demand of the monomers
and reaction temperature on the polymerization rate gives
insight into the mechanism of REM-GTP, both for vinyl-
phosphonates in particular as well as for its general under-
standing.

■ RESULTS AND DISCUSSION

We previously reported on the use of tris(cyclopentadienyl)-
lanthanide complexes (Cp3Ln) for the polymerization of
diethyl and diisopropyl vinylphosphonate (DEVP and DIVP,
respectively).14 Whereas the rate of initiation was found to be
accelerated by both decreasing metal radius and increasing
steric demand of the monomer, i.e. by higher steric crowding of
the intermediate Cp3Ln(DAVP), the propagation rate was
enhanced by smaller metal radii and decreasing steric demand
of the monomer, contradicting previous work on (meth)-
acrylate rare earth metal-mediated GTP.18−20,23,45 Within the
frame of this previous work, we could not address the origin of
this faster propagation for late lanthanides, i.e. for higher Lewis
acidity and higher steric crowding of the active species, in
combination with an increased activity for smaller monomers,
i.e. lower steric crowding of the active species.
In earlier work, we applied bis(cyclopentadienyl)-chloro,

-amide, and -methyl complexes ([Cp2LnCl]2, Cp2Ln(bdsa)-
(thf), and [Cp2YbMe]2, respectively; bdsa = bis(dimethylsilyl)-
amide, N(SiMe2H)2) for vinylphosphonate polymeriza-
tion.11,12,46 For the chloro and amide catalysts, a distinct
initiation period was evident. In accordance with their previous
use for MMA polymerization, the observed initiator efficiencies
were low; however, the activity is considerably higher for

Scheme 1. Proposed Monometallic (a) and Bimetallic (b)
Propagation Mechanism for Coordinative-Anionic
Polymerization of Michael Acceptor-Type Monomersa

aE = C(OR), C(NR2), P(OR)2.

Scheme 2. Proposed SN1-Type (a) and SN2-Type (b)
Polymer Ester Cleavage from/Monomer Addition to the
Metal Center for REM-GTPa

aE = C(OR), C(NR2), P(OR)2.

Table 1. DEVP Polymerization Results for Previously Applied Cp2LnX Catalystsa

catalyst reaction time conversionb/% init. periodc Mn
d/kDa PDI (Mw/Mn) I*d/% TOFb/I*/h−1 TOF/I* (Cp3Ln)

e/h−1

[Cp2HoCl]2 24 h 76 180 min 810 1.32 9.6 1100 8000

[Cp2YCl]2 6 h 70 100 min 740 1.31 9.3 3700 23000

[Cp2ErCl]2 6 h 79 100 min 780 1.35 10.0 2800 28000

[Cp2TmCl]2 3.5 h 86 90 min 990 1.29 8.5 5900 72000

[Cp2YbCl]2 3 h 81 90 min 890 1.36 9.8 8400 185000

[Cp2LuCl]2 1.5 h 93 7 min 780 1.34 11.7 20500 >265000

Cp2Y(bdsa)(thf) 3 h 95 15 min 1040 1.27 9.0 7200 23000

Cp2Lu(bdsa)(thf) 3 h 96 20 min 1350 1.20 7.0 21000 >265000

[Cp2YbMe]2 30 min 99 80 s 900 1.52 10.8 49000 185000

aToluene, 30 °C, monomer-to-catalyst ratio 600:1. bDetermined by 31P NMR spectroscopic measurement, cInitiation period, reaction time until 3%
conversion is reached, dDetermined by GPC-MALS, I* = Mth/Mn, Mth = 600 × MMon × conversion, enormalized activity for corresponding Cp3Ln.

14
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vinylphosphonate (Table 1) than for MMA polymerization
(TOF = 7 h−1).18,47 According to our study on Cp3Ln-initiated
vinylphosphonate GTP, the normalized activity TOF/I*14 was
found to be strongly accelerated for later lanthanides, e.g. for
[Cp2LnCl]2/DEVP from 1100 h−1 for Ho to 20500 h−1 for Lu
(Table 1, entry 1−6).14 At the same time, contradicting the
polymerization with Cp3Ln, the initiator efficiency was either
unaffected by the metal size (Table 1) or found to decrease for
smaller metal centers (see ref 11), depending on concentration
and polymerization temperature. Hereby, all Cp3Ln and
Cp2LnX complexes yielded polymers with the same (essen-
tially) atactic polymer microstructure (Figure 1), indicating the
active catalytic species consistently to be a Cp2Ln unit. The
normalized activity, however, was found to be strongly different
for Cp3Ln in comparison to that of [Cp2LnCl]2, [Cp2YbMe]2,
and Cp2Ln(bdsa)(thf) (Table 1). In order to explain the
observed differences between Cp2LnX and Cp3Ln complexes
and the differences from (meth)acrylate polymerizations, we
conducted detailed analyses of both initiation and propagation
of vinylphosphonate GTP.
Initiation Mechanism. ESI MS analysis of vinylphospho-

nate oligomers produced with [Cp2YbMe]2 shows no apparent
end group (Figure S1 in Supporting Information [SI]). As
methanolic workup leads to chain termination by a proton, the
exclusive observation of signals with m/z = n × MMon + MNa is
attributed to an initiation via deprotonation yielding CH4 and
an olefinic chain end. Similar to Cp3Ln, for [Cp2LnCl]2,
initiation was found to proceed via transfer of a cyclo-
pentadienyl ligand to a coordinated monomer (Figure S2, S3 in
SI).14,48 These results clearly show that, depending on the
ligand’s basicity and nucleophilicity, initiation can generally
either proceed via deprotonation of the acidic α-CH of the
vinylphosphonate or via nucleophilic transfer (Scheme 3). This
is in line with previous observations on classical anionic
vinylphosphonate polymerizations.11,49

For the amide catalysts Cp2Ln(bdsa)(thf), on the other
hand, two series of peaks were evident in the mass
spectrometric end group analysis, one with a bdsa and one
with a Cp end group (Figure 2). The ratio of these end groups

was found to be strongly dependent on the reaction conditions,
and frequently, a peak series with olefinic chain ends was
observed instead of bdsa end groups (Figures S4, S5 in SI). As
in some cases, only olefinic chain ends were detected (Figure
S5 in SI), this observation can be attributed to an elimination of
the bdsa end group. Despite the simultaneous occurrence of
two different initiation reactions, the obtained polymer shows a
monomodal molecular weight distribution, indicating that both
types of initiation produce the same active species.
To get deeper insight in the underlying initiation mechanism,

an NMR spectroscopic study of phosphonate coordination at
the used complexes was conducted. Diethyl ethylphosphonate
(DEEP) was used due to its similar steric demand in
comparison to DEVP and as it excludes both initiation and
subsequent polymerization. Addition of varying amounts of
DEEP (0.5, 1, 2, and 5 equiv with respect to the metal center,
respectively) revealed a monomer (i.e., donor)-induced ligand
exchange r e a c t i on fo rm ing Cp 3Ln(DEEP) and
CpLnX2(DEEP)n in equilibrium with the adduct Cp2LnX-
(DEEP) (Scheme 4, Figure 3). Line broadening of the DEEP
1H and 31P NMR spectroscopic signals indicates a fast exchange
(in the NMR time scale) of coordinated and free DEEP (Figure
3). Larger metal centers and higher phosphonate concentration
accelerate this exchange reaction and shift the equilibrium to
the Cp3Ln/CpLnX2 side.
To provide proof of the identity of the Cp3Ln(DEEP)

adduct, the NMR samples of the corresponding Y complex
were overlaid with pentane, yielding colorless crystals suitable
for single-crystal X-ray crystallography (Figures 4 and S13 in
SI). In attempts to crystallize a vinylphosphonate adduct,
according to the prolonged initiation period, addition of 1 equiv
of DEVP to a toluene solution of [Cp2LnCl]2 (Ln = Ho, Yb),
subsequent overlaying with pentane, and cooling to −30 °C

Figure 1. 31P NMR spectra of PDEVP (left, in D2O) and PDIVP
(right, in CDCl3) produced with different catalysts (from top to
bottom: [Cp2LuCl]2 (blue), Cp3Lu (black), Cp2Lu(bdsa)(thf),
(green) and [Cp2YbMe]2 (red)). For all catalysts, polymers with
(nearly) identical atactic polymer microstructure are obtained.

Scheme 3. Possible Initiation Reactions for Rare Earth
Metal-Mediated Vinylphosphonate Polymerizations

Figure 2. ESI MS spectrum of DEVP oligomers produced with
Cp2Y(bdsa)(thf). Two major series of peaks are evident: m/z = n ×

MMon + 66 + MNa (red), m/z = n × MMon + 133 + MNa (blue); MMon =
164, end groups: MCp + MH = 66, Mbdsa + MH = 133. Peaks at m/z =
351, 515, and 679 are attributed to fragmentation (black).48

Scheme 4. Donor-Induced Ligand-Exchange Reaction
Caused by Coordination of Phosphonates at Cp2LnX
Complexes for the Example DEEP
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yielded the adduct Cp2LnCl(DEVP), as proven by X-ray
crystallography. This way, we can provide first crystallographic
proof of vinylphosphonate coordination at the active site via the
oxygen of the phosphonate moiety (Figures 5 and S14, S15 in
SI). Previously, this type of coordination was suggested by 1H
and 31P NMR spectroscopies.13,50 Importantly, the crystal
structures show that the Michael system of the coordinated
vinylphosphonate is retained in an S-cis conformation with a
pronounced π-overlap (torsion angles OP−CC of −10.14
and 10.47°, Figures 5 and S14, S15 in SI), a key prerequisite for
the polymerizability of a monomer by a repeated conjugate
addition polymerization, i.e. a GTP.11,18 When the isolated
DEVP adducts are dissolved in toluene, vinylphosphonate
oligomers are formed after a few hours at room temperature
without the addition of further monomer. This inherent
instability of the Cp2LnCl (DEVP) adducts provides further
evidence for the observed ligand-exchange reaction.

Different initiators, Cp2LnX, were synthesized and tested for
their vinylphosphonate polymerization behavior (Table 2).
Except for the aryloxy-substituted complexes Cp2Ln(OAr)-
(thf), in all cases, the formation of Cp3Ln(DEEP) was
observed. As previously shown, in the case of late lanthanides,
Cp3Ln(DAVP) serves as an efficient initiator for DAVP
polymerization.14 If neither deprotonation of the acidic α-CH
nor nucleophilic transfer is possible due to insufficient reactivity
of the LnX bond (e.g., for X = Cl, O(Alk/Ar)), formed
Cp3Ln(DAVP) will serve as the active initiating species
(Scheme 5). This conclusion is corroborated by end group
analysis of produced DEVP oligomers as well as by the inability
of Cp2Ln(OAr)(thf) (which was found not to undergo a
ligand-exchange reaction, but to decompose upon DEEP
addition) and Cp*2LuCl(thf) (for which formation of
Cp*3Lu, and thus a ligand exchange is not possible51) to
initiate polymerization (Table 2 and Figures S6−11 in SI).
Thiolato complexes [Cp2Ln(StBu)]2 were found to be well-

suited for the initiation of vinylphosphonate GTP. However, for

Figure 3. 1H NMR spectra of DEEP coordination at the rare earth metal center for addition of 0.5 (red), 1 (green), 2 (black), and 5 equiv (blue) of
DEEP (with respect to the metal center) to [Cp2YCl]2 in C6D6, respectively. A donor-induced ligand-exchange reaction forming Cp3Y(DEEP) and
CpYCl2(DEEP)n in equilibrium with the adduct Cp2YCl(DEEP) is evident. For addition of 2 equiv of DEEP, line broadening for the DEEP 1H
NMR spectroscopic signals shows an exchange of free and coordinated DEEP in the 1H NMR time scale.

Figure 4. Crystal structure of the adduct Cp3Y(DEEP) (50% thermal
ellipsoids; hydrogen atoms were omitted for clarity). Selected
interatomic distances and bond angles: Y−O(1), 2.294 Å; PO(1),
1.495 Å; Y−O(1)P, 7.24°.

Figure 5. Crystal structure of the adduct Cp2HoCl(DEVP) (50%
thermal ellipsoids; hydrogen atoms were omitted for clarity). Selected
interatomic distances, bond angles, and torsion angles: Ho−Cl, 2.582
Å; Ho−O(1), 2.227 Å; PO(1), 1.485 Å; P−C(15), 1.779 Å;
C(15)C(16), 1.314 Å; PO(1)−Ho, 167.0°; O (1)P−C(15)
C(16), −10.14°.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja404457f | J. Am. Chem. Soc. 2013, 135, 13030−1304013033



4 Publications 

 Page 105 
 

  

the observed fast transfer of thiolates to a coordinated
monomer, the opening of dimers by coordination of a
vinylphosphonate becomes rate-limiting (Scheme 5), as
underlined by the lengthened initiation period and lower I*
of the more stable [Cp2Lu(StBu)]2 dimer in comparison to its
Y analogue (Table 2, entries 5 and 11). For the more stable
alkoxy dimers (e.g., [Cp2Ln(OiPr)]2), this limitation was
observed also for the stronger coordinating vinylphosphonates
as an incomplete reaction with DEEP to form Cp2Ln(OiPr)-
(DEEP) (Table 2, entries 3 and 9)). Similar to bdsa, StBu end
groups were found to be prone to elimination (Figures S8, S9
in SI). Steric repulsion is a major driving force of the
elimination reaction, as larger monomers, e.g. DIVP, were
found to facilitate this reaction, i.e. StBu end groups could not
be found in ESI MS analysis of produced PDIVP oligomers
(Figure S12 in SI). According to [Cp2YbMe]2, ESI MS analysis
of DEVP oligomers produced with strongly basic CH2TMS
initiators revealed an initiation by deprotonation of the acidic
α-CH of the vinylphosphonate. The low initiator efficiencies of
both Me and CH2TMS initiators (Tables 1 and 2) show that
deprotonation of α-acidic monomers is a slow and thus
unsuitable form of initiation for REM-GTP.

The above results show that the initiation of vinyl-
phosphonate REM-GTP with unbridged rare earth metal-
locenes (Cp2LnX) follows a complex reaction pathway
(Scheme 5). Depending on the nature of X, initiation can
either proceed via an abstraction of the acidic α-CH of the
vinylphosphonate (e.g., for X = Me, CH2TMS), via nucleophilic
transfer of X to a coordinated momoner (e.g., for X = Cp, SR)
or via a monomer (i.e., donor)-induced ligand-exchange
reaction forming Cp3Ln in equilibrium (e.g., for X = Cl,
OR), which serves as the active initiating species. Each of the
reaction steps (Scheme 5) can be rate-limiting, and different
initiations may also occur simultaneously (e.g., for X =
N(SiMe2H)2). Only nucleophilic transfer was found to ensure
a homogeneous initiation of REM-GTP of vinylphosphonates,
as the occurring initiation by deprotonation using the common
strongly basic methyl, CH2TMS, or hydride initiators18−21 is
rather slow.

Propagation Mechanism. The investigations on the
initiation mechanism revealed that Cp2LnX-initiated vinyl-
phosphonate polymerizations are generally mediated by a
Cp2Ln unit. Nevertheless, the observed normalized activities
TOF/I* of different bis(cyclopentadienyl) complexes with
identical metal centers are not the same (Tables 1 and 2). For

Table 2. DEVP Polymerization Results for Cp2LnX Catalystsa

catalyst
reaction
time conversionb/%

init.
periodc Mn

d/kDa
PDI

(Mw/Mn) I*d/%
TOFb/I*
/h−1 end groupe

extent of ligand
exchangef/%

[Cp2YCl]2 6 h 70 100 min 740 1.31 9.3 3700 Cp 15

Cp2Y(bdsa)(thf) 3 h 95 15 min 1040 1.27 9.0 7200 Cp, bdsa
(olefinic)g

3

[Cp2Y(OiPr)]2 30 h 26 2.5 h 1070 1.20 2.4 2000 Cp <0.5 (10)h

Cp2Y(OAr)(thf) 30 h − − − − − − − <0.5

[Cp2Y(StBu)]2 3 min 100 5 s 150 1.18 65 69000 StBu (olefinic)g 4

Cp2Y(CH2TMS)(thf) 40 min 88 5 min 510 1.45 17 10000 olefinic 5

[Cp2LuCl]2 1.5 h 93 7 min 780 1.34 11.7 20500 Cp 3

Cp2Lu(bdsa)(thf) 3 h 96 20 min 1350 1.20 7.0 21000 Cp, bdsa
(olefinic)g

1

[Cp2Lu(OiPr)]2 30 h 52 9 h 1270 1.18 4.0 600 Cp <0.5 (<1)h

Cp2Lu(OAr)(thf) 30 h <1 − − − − − − <0.5

[Cp2Lu(StBu)]2 1.5 min 100 15 s 210 1.27 47 220000 StBu (olefinic)g 2

Cp2Lu(CH2TMS)(thf) 30 min 92 5 min 1130 1.38 8.0 39000 olefinic 1
aToluene, 30 °C, monomer-to-catalyst ratio 600:1. bDetermined by 31P NMR spectroscopic measurement. cInitiation period, reaction time until 3%
conversion is reached. dDetermined by GPC-MALS, I* = Mth/Mn, Mth = 600 × MMon × conversion. eDetermined by ESI MS. fConversion of
Cp2LnX for addition of 5 equiv of DEEP, determined from 1H NMR spectroscopic signals of Cp2LnX(DEEP) and Cp3Ln(DEEP).

gOlefinic chain
ends formed by end group elimination. hNumber in brackets: extent of dimer opening for addition of 5 equiv of DEEP, determined from 1H NMR
spectroscopic signals of Cp2Ln(OiPr)(DEEP) and DEEP.

Scheme 5. Initiation of Vinylphosphonate GTP Using Unbridged Rare Earth Metallocenes (Cp2LnX) via Deprotonation of the
Acidic α-CH, Nucleophilic Transfer of X, or a Monomer-Induced Ligand-Exchange Reaction Forming Cp3Ln(DAVP)
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ideal living polymerizations, i.e. living polymerizations for
which the initiation rate is considerably faster than the
propagation rate, I* is mainly determined by an initial initiator
deactivation and therefore does not change during the course of
polymerization. REM-GTP of vinylphosphonates is very fast
and therefore primarily limited by an inefficient initiation
reaction. Thus, the initiator efficiency I* is significantly
increasing during polymerization. Consequently, for a proper
comparison of the catalytic activity, I* has to be determined
throughout the whole reaction. Better normalization results are
yielded, if the initiator efficiency at the maximum rate of
monomer conversion I*t is used instead of this efficiency at the
end of the reaction (Figure 6).

For the very fast polymerization of DEVP, the maximum rate
is typically observed for a conversion of approximately 15−40%
(Figure 6). Thus, temperature (it is not possible to completely
remove the reaction heat from the system) and viscosity effects
cannot be entirely excluded, especially for high monomer
concentrations. As GTP is sensitive to protic impurities and
since GPC analysis needs to be performed with the aliquots
taken in order to determine I*t, there is also a lower
concentration limit for reliable kinetic analysis. In our study,
we found that 2.5−10 vol % monomer concentrations in
toluene are ideal.
The general rate law for catalyzed polymerizations reads

= × ×r k [Cat] [Mon]m n
(1)

For a meaningful kinetic analysis, we use the maximum rate
of conversion, the present active catalyst concentration [Cat*],
and the residual monomer concentration [Mon]. In accordance
with a living-type polymerization, we calculate these concen-
trations following

* = × *I[Cat ] [Cat]0 t (2)

and

= × − C[Mon] [Mon] (1 )0 (3)

with the overall catalyst concentration [Cat]0, the initial
monomer concentration [Mon]0, the conversion C, and

* = × ×I M C M([Mon] /[Cat] ) /t Mon 0 0 n (4)

with the monomer molar mass MMon and the number-averaged
molecular weight Mn at the given reaction time t as determined
via absolute analysis using GPC-MALS. This normalization

with the initiator efficiency I*t addresses both inefficient
initiation and catalyst deactivation due to (protic) impurities.
As the initiator efficiency depends on concentration and

monomer-to-catalyst ratio, the active catalyst concentration
cannot be exactly predicted. Thus, for the determination of the
reaction orders, first, the initial monomer concentration is kept
constant to determine the order in catalyst m. For different
concentrations of the same catalyst at otherwise identical
reaction conditions, the maximum rate is consistently reached
at similar conversion. Therefore, the residual monomer
concentration is also assumed to be constant, and ln(r) is
plotted against ln([Cat*]) yielding a reaction order of m = 1 for
every evaluated catalyst (Figures 7 and S16 and Tables S1 and
S2 in SI). Consequently, rare earth metal-mediated vinyl-
phosphonate GTP follows a monometallic propagation
according to the mechanism previously shown for (meth)-
acrylic monomers (Scheme 1a).

In order to verify the corresponding RDS, the monomer
order n is determined by the following:

* = ×r k/[Cat ] [Mon]n (5)

by plotting ln(r/[Cat*]) against ln([Mon]).
The viscosity of the reaction mixture is strongly affected by

the initial monomer concentration, thus making a reliable
determination of the monomer reaction order difficult. Only
catalysts with high initiator efficiency, I*t, allow kinetic analysis
of the monomer order, as they both yield lower-molecular
weight polymers and exhibit their maximum rate for rather low
conversions (below 30%). Moreover, an initial heterogeneous
polymerization is observed for fast initiating complexes with
poor solubility in toluene, such as Cp3Ln. Accordingly, Cp3Tm
allows determination of the catalyst order for DEVP polymer-
ization, as it dissolves completely during an initiation period of
approximately one minute, providing initiator efficiencies I*t of
13−21% (Figure 7 and Table S1 in SI). However, for these low
initiator efficiencies, a reliable determination of monomer
orders is not possible. In addition, catalyst orders for DIVP
polymerization may not be obtained using Cp3Ln due to an
occurring initial heterogeneous polymerization.
For this purpose, a better soluble complex with higher

initiator efficiency is necessary. [Cp2Y(StBu)]2 was used as it
dissolves instantly upon monomer addition and reaches
initiator efficiencies I*t of 35−54% and 57−86% in the case
of DEVP and DIVP polymerization, respectively (Tables S2−
S5 in SI). Using this thiolato yttrocene, the order in catalyst for
DIVP polymerization could be determined as m = 1, showing

Figure 6. Conversion-reaction time plot for polymerization of DEVP,
change of I*t during the reaction, and corresponding normalized TOFs
(8.6 mg [Cp2Y(StBu)]2, 7.5 vol % DEVP in toluene (20 mL), 30 °C).

Figure 7. Determination of catalyst order (Cp3Tm, 5 vol % DEVP in
toluene, 30 °C).
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that increase of the monomer steric demand does not lead to a
change of the propagation mechanism (Figure 8, Table S3 in
SI). Determination of the monomer order according to
equation (5) yields n = 1 for polymerization of both DEVP
and DIVP (Figures 9, S17, Tables S4, S5 in SI). These results
show that rare earth metal-mediated vinylphosphonate GTP
follows a monometallic Yasuda-type polymerization mecha-
nism, with an SN2-type associative displacement of the polymer
phosphonate ester by a monomer as the RDS as depicted in
Scheme 2b. Whether the addition of vinylphosphonate occurs
via a back-side or front-side attack, i.e. via chain-retention or
chain migratory mechanism, may not be verified this way. For
this purpose, studies on the stereospecifity of CS- or C1-
symmetric catalysts and/or theoretical calculations need to be
performed. Such studies are currently underway in our
laboratories.
Still, these results provide no explanation of the origin of the

influence of metal radii and steric demand of monomers on the
catalytic activity. For this purpose, temperature-dependent
kinetic analysis was performed to determine activation
enthalpies ΔH⧧ and entropies ΔS⧧ according to the Eyring
equation

= −Δ × + Δ +
⧧ ⧧

k T H R T S R kln( / ) / 1/ / ln( /h)B (6)

with the rate constant k, the temperature T, the gas constant R,
the Boltzmann constant kB, and the Planck constant h. Plotting
ln(k/T) against 1/T yields the activation enthalpy and entropy
of the RDS (Figure 10).
These experiments were performed for the metal centers Lu,

Tm, Y, and Tb (in order of increasing metal ionic radius52) as

well as for the monomers DEVP and DIVP (Table 3 and
Figures S6−S12 in SI, Figures 10 and S18−S23 in SI).
Contradicting the reactivity order of different rare earth metals
for MMA polymerization previously reported by Yasuda et al.
(Sm > Y > Yb > Lu),23 vinylphosphonate GTP is accelerated by
a decreasing ionic radius of the metal center (see also ref 14).
Surprisingly, for both monomers, ΔH⧧ was found not to be
affected by the metal ionic radius (within the limits of
experimental accuracy of ∼1−2 kJ mol−1). Thus, enthalpic
effects, e.g. the Ln−(OP) bond strength as a function of the
Lewis acidity and the metallacycle ring strain as a function of
the radius of the metal center, therefore do not determine the
activity of different rare earth metals for vinylphosphonate
GTP. In fact, different activation barriers ΔG⧧ were found to be
a result of a change of −TΔS⧧, which was found to decrease
linearly with decreasing metal ionic radius (Table 3, Figure 11).

Figure 8. Determination of catalyst order ([Cp2Y(StBu)]2, 12.5 vol %
DIVP in toluene, 30 °C.

Figure 9. Determination of monomer order ([Cp2Y(StBu)]2, 2.5−10
vol % DEVP in toluene, 30 °C).

Figure 10. Eyring plot for [Cp2Y(StBu)]2-initiated DEVP (10 vol %)
polymerization in toluene (−7 to 52 °C, ΔH⧧ = 38.3 kJ mol−1, ΔS⧧ =
−88.6 J (mol K)−1).

Table 3. Activation Enthalpy ΔH
⧧ and Entropy ΔS

⧧

Dependence on Ionic Radius and Monomer Steric Demand

DEVP DIVP

metal
center

radius/
pma

ΔH⧧/
kJ mol−1

ΔS⧧/
J (K mol)−1

ΔH⧧/
kJ mol−1

ΔS⧧/
(J K mol)−1

Tb 106.3 38.5 −102 41.3 −124

Y 104.0 38.3 −88.6 40.7 −112

Tm 102.0 39.1 −82.8 − −

Lu 100.1 38.7 −73.6 42.0 −99.1
aLn3+ ionic radius.52

Figure 11. Activation enthalpy (red squares) and entropy (blue
diamonds) for DEVP polymerization using Cp2LnX catalysts in
dependence of the metal ionic radius.
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An increase of monomer steric demand leads to an increase of
both ΔH⧧ and −TΔS⧧ (Table 3). Hereby, at room temper-
ature, the change of ΔS⧧ has a larger effect on the propagation
rate (ΔΔH⧧

≈ 3 kJ mol−1, −TΔΔS⧧ ≈ 7 kJ mol−1 for DEVP vs
DIVP).
Importantly, a recent study on statistical copolymerization of

different DAVPs revealed that the rate of vinylphosphonate
GTP is mainly determined by the steric demand of the growing
chain end, not by the added monomer.16 Taking these
considerations into account, the following mechanistic
conclusions on rare earth metal-mediated GTP of vinyl-
phosphonates can be drawn:
(1) The steric demand of the incoming monomer only shows

minor influence on the propagation rate. Ziegler et al.28 have
shown coordinative-anionic polymerization of MA to proceed
via a pentacoordinated intermediate with its formation by
coordination of MA as the RDS. In the corresponding
transition state, the metal−(OC) bond to the incoming
monomer is much longer than the metal−(OC) bond to the
polymer ester. In the present case, assuming REM-GTP of
DAVP also proceeds over a pentacoordinated intermediate, the
longer Ln−(OP) bond in the corresponding transition state
leads to a relatively small steric demand of the added
vinylphosphonate in comparison to the growing chain end.
The resulting minor effect of the steric demand of the added
monomer on the propagation rate is in accordance with our
observations (vide supra), thus providing initial evidence for the
associative displacement to proceed over two transition states
via a pentacoordinated intermediate (Scheme 6).
(2) Smaller metal centers destabilize the propagation ground

state by a more confined arrangement of the eight-membered
metallacycle according to the higher steric constraints caused by
shorter Ln−Cp, Ln−(O−P) and Ln−(OP) bonds. Contra-
dicting to our expectation, the destabilization of the ground
state is not of enthalpic (i.e., ring strain or the Ln−(OP)
bond strength), but of entropic nature (i.e., rotational and
vibrational limitations in the eight-membered metallacycle). In
the transition state, the Ln−(OP) polymer phosphonate
ester bond is lengthened, thus compensating part of the steric
stress induced by the coordination of a vinylphosphonate
monomer. This effect is larger for a stronger destabilization of
the ground state, i.e. for smaller metal centers. Accordingly, we

also expect an acceleration of vinylphosphonate REM-GTP by
the introduction of sterically more demanding ligand systems
(e.g., Cp*2 instead of Cp2). Such studies are currently
underway in our laboratories
(3) Higher steric demand of the growing polymer chain end

(i.e., sterically more demanding side chains) leads to a relative
destabilization of the transition state by both enthalpic and
entropic effects, with the latter having the larger impact on the
activation barrier. In comparison to the propagation ground
state, the incoming monomer increases the steric crowding at
the metal center (Scheme 6), leading to higher steric
constraints within the eight-membered metallacycle, however,
with the actual monomer size playing only a minor role (vide
supra). In contrast, larger metallacycle side chains induce a
stronger increase of rotational and vibrational restrictions in the
RDS, thus destabilizing the transition state.
In summary, the propagation rate of vinylphosphonate GTP

is mainly determined by the change of rotational and
vibrational restrictions within the eight-membered metallacycle
in the RDS as a function of the steric demand of the
metallacycle side chains and the steric crowding at the metal
center. In previous mechanistic studies on coordinative-anionic
polymerization of (meth)acrylates, entropic effects have been
largely disregarded,27,28,32,36−40 even if Eyring plots were
conducted.37 In contrast to (meth)acrylates, the constitution
of DAVP is tetrahedral and DAVPs are sterically more
demanding. Therefore, rotational limitations and thus entropic
effects are believed to have a stronger effect on DAVP than for
(meth)acrylate GTP. However, taking into account the drastic
effect of the metal radius and the monomer size on the
activation entropy for vinylphosphonate GTP, also for
(meth)acrylic monomers, experimental studies on activation
entropies and theoretical studies on the free energy surface with
a separate investigation of enthalpic and entropic effects may
provide useful insight into the mechanism of monometallic rare
earth metal/group 4 metallocenium cation-mediated GTP.
In case of coordinative-anionic polymerizations, it is well-

established that the metal center has to remain easily accessible
in order to ensure high activities. The current study and the
present activity trend for vinylphosphonate GTP (smaller metal
centers yield highly active catalysts) questions the general
applicability of this concept. This conclusion is in line with

Scheme 6. Elemental Steps of Rare Earth-Mediated GTP of Vinylphosphonatesa

aThe rate-limiting step is an SN2-type associative displacement of the polymer phosphonate ester by a vinylphosphonate monomer, presumably via a
pentacoordinated intermediate.
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previous observations by Chen et al.,40 which have found that
an increase of steric crowding at the active site not only yields
higher stereospecifity and a suppression of side reactions but
also an acceleration of the propagation. Hence, in order to
obtain high activity, the steric crowding of the catalyst needs to
be well-adjusted: high enough to ensure sufficient destabiliza-
tion of the eight-membered metallacycle ground state and to
prohibit unfavored side reactions (e.g., site epimerization) and
small enough to still facilitate an SN2-type associative
displacement of the polymer ester by an incoming monomer.

■ CONCLUSION

In this contribution, the first detailed mechanistic studies on
both initiation and propagation of rare earth metal-mediated
GTP of vinylphosphonates have been presented. During the
course of our study, we were able to isolate the DEVP adducts,
Cp2LnCl (DEVP), providing the first X-ray crystallographic
proof for vinylphosphonate coordination at the active site via
the oxygen of the phosphonate moiety, and thus further
supporting the hypothesis of GTP mechanism taking place. We
have shown that the reactive α-CH and the use of unbridged
rare earth metallocenes lead to a complex initiation network for
vinylphosphonate GTP. Depending on the nature of the
initiating ligand, initiation can either proceed via abstraction of
the acidic α-CH of the vinylphosphonate, via transfer of a
nucleophilic ligand to a coordinated monomer, or via a
monomer (i.e., donor)-induced ligand-exchange reaction
forming Cp3Ln in equilibrium. We found the applied initiators,
especially traditionally used strongly basic methyl, CH2TMS, or
hydride initiators, to suffer from different limitations, thus
restricting their efficient use to selected monomers only.
Therefore, rare earth metal-based GTP catalysts still require
further development of versatile initiating ligands for an
efficient application to a variety of monomers.
A detailed kinetic analysis of DAVP REM-GTP has been

complicated by a very fast polymerization reaction in
combination with a comparatively slow initiation. Thus, the
overall reaction rate is influenced by both initiation and
propagation. In this contribution, we have shown a general
differential approach to separately analyze the propagation
reaction for such living polymerizations. Time-resolved analysis
of monomer conversion and molecular weights of the formed
polymers allows the determination of the initiator efficiency
throughout the whole reaction. Using this normalization
method, rare earth metal-mediated GTP was shown to follow
a monometallic Yasuda-type polymerization mechanism, with
an SN2-type associative displacement of the polymer
phosphonate ester by a monomer as the RDS. The activation
entropy ΔS⧧ of the RDS is strongly affected by the metal radius
and the monomer size, whereas these parameters show only
minor influence on the activation enthalpy ΔH⧧. As the steric
demand of the added monomer shows only a minor influence
on the propagation rate, the associative displacement is very
likely to proceed over two transition states via a pentacoordi-
nated intermediate. In order to support the mechanistic
conclusions drawn in this contribution, further studies with a
modified ligand architecture (especially C1- and Cs-symmetric
complexes) as well as theoretical calculations are currently
underway.

■ EXPERIMENTAL SECTION

General. All reactions were carried out under argon atmosphere
using standard Schlenk or glovebox techniques. All glassware was heat

dried under vacuum prior to use. Unless otherwise stated, all chemicals
were purchased from Sigma-Aldrich, Acros Organics, or ABCR and
used as received. Toluene, thf and pentane were dried using an
MBraun SPS-800 solvent purification system. Hexane, isopropanol,
tert-butylthiol and DEEP were dried over 3 Å molecular sieves.
Cp3Ln,

53 [Cp2LnCl]2,
54 [Cp2YbMe]2,

55 Cp*2LuCl(thf),
56 NaCp,57

Li(bdsa),58 the precursor complexes Ln(bdsa)3(thf)2 and Ln-
(CH2TMS)3(thf)2,

58,59 as well as the monomers DEVP and DIVP49

were prepared according to literature procedures. Monomers were
dried over calcium hydride and distilled prior to use.

NMR spectra were recorded on a Bruker AV-300 or AV-500C
spectrometer. 1H-, 13C-, and 29Si NMR spectroscopic chemical shifts δ
are reported in ppm relative to tetramethylsilane. δ (1H) is calibrated
to the residual proton signal, δ (13C) to the carbon signal, and δ (29Si)
to the deuterium signal of the solvent. 31P NMR spectroscopic
chemical shifts are reported in ppm relative to and calibrated to 85%
aqueous H3PO4. Deuterated solvents were obtained from Deutero or
Eurisotop and dried over 3 Å molecular sieves. Elemental analyses
were measured at the Laboratory for Microanalytics at the Institute of
Inorganic Chemistry at the Technische Universitaẗ München. ESI MS
analytical measurements were performed with methanol solutions on a
Varian 500-MS spectrometer, using 70 keV in the positive ionization
mode. IR spectra were recorded under argon atmosphere on a Bruker
Vertex 70 spectrometer with a Bruker Platinum ATR setup and the
integrated MCT detector. Samples were applied as thf solution or
Et2O suspension and measured after evaporation of the solvent. GPC
was carried out on a Varian LC-920 equipped with two analytical PL
Polargel M columns. As eluent, a mixture of 50% thf, 50% water, and 9
g L−1 tetrabutylammonium bromide (TBAB) was used in the case of
PDEVP; for PDIVP analysis, the eluent was thf with 6 g L−1 TBAB.
Absolute molecular weights have been determined online by
multiangle light-scattering (MALS) analysis using a Wyatt Dawn
Heleos II in combination with a Wyatt Optilab rEX as concentration
source.

Complex Synthesis. General Procedure for Synthesis of
Cp2Ln(bdsa)(thf). Two equivalents of freshly distilled cyclopentadiene
are added to a toluene solution of 1equiv of Ln(bdsa)3(thf)2 (∼0.25
M). The resulting solution is stirred overnight at 110 °C in a pressure
Schlenk vessel, the solvent and formed 1,1,3,3-tetramethyldisilazane
are removed in vacuo, and the resulting solid is recrystallized from
toluene at −35 °C.

General Procedure for Synthesis of Cp2Ln(CH2TMS)(thf). Two
equivalents of freshly distilled cyclopentadiene are added to a toluene
solution of 1 equiv of Ln(CH2TMS)3(thf)2 (∼0.25 M). The resulting
solution is stirred overnight at rt, the solvent and formed
tetramethylsilane are removed in vacuo, and the resulting solid is
recrystallized from toluene/hexane at −35 °C.

General Procedure for Synthesis of Cp2LnX. One equivalent of a
stem solution of XH in toluene (∼5 wt %) is added dropwise to a
toluene solution of 1 equiv of Cp2Ln(bdsa)(thf) (∼0.1 M). The
resulting mixture is stirred overnight at rt, and the solvent and formed
1,1,3,3-tetramethyldisilazane are removed in vacuo, yielding pure
product in quantitative yield.

For characterization of the synthesized organometallic compounds,
see the Supporting Information.

Single-Crystal X-ray Structure Determinations. Cp3Y(DEEP):
crystal data: formula C21H30O3PY; Mr = 450.33; crystal color and
shape: colorless fragment, crystal dimensions: 0.18 mm × 0.41 mm ×

0.51 mm; crystal system: monoclinic; space group: P21/n (no. 14); a =
11.5091 Å (4), b = 8.2872 (3) Å, c = 22.6167 (8) Å, β = 101.516 (2)°;
V = 2113.72 (13) Å3 ; Z = 4; μ (Mo Kα) = 2.851 mm−1; ρcalcd = 1.415
g cm−3; θ-range = 1.84−25.36°; data collected: 75310; independent
data [Io > 2σ(Io)/all data/Rint]: 3531/3849/0.041; data/restraints/
parameter: 3849/0/238; R1[Io > 2σ(Io)/all data]: 0.0446/0.0485;
wR2[Io > 2σ(Io)/all data]: 0.1182/0.1211; GOF = 1.074; Δρmax/min:
2.98/−0.86 eÅ−3.

Cp2HoCl(DEVP): crystal data: formula C16H23ClHoO3P; Mr =
494.69; crystal color and shape: colorless fragment; crystal dimensions:
0.18 mm × 0.51 mm × 0.64 mm; crystal system: orthorhombic; space
group: Pna21 (no. 33); a = 20.7465 (6) Å, b = 11.7265 (4) Å, c =
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7.8125 (3) Å; V = 1900.66 (11) Å3 ; Z = 4; μ (Mo Kα) = 4.395 mm−1;
ρcalcd = 1.729 g cm−3; θ-range = 1.96−25.42°; data collected: 51428;
independent data [Io > 2σ(Io)/all data/Rint]: 3484/3487/0.044; data/
restraints/parameter: 3487/1/202; R1[Io > 2σ(Io)/all data]: 0.0144/
0.0145; wR2[Io > 2σ(Io)/all data]: 0.0369/0.0369; GOF=1.197;
Δρmax/min: 0.91/−0.73 eÅ−3.
Cp2YbCl(DEVP): crystal data: formula C16H23ClO3PYb; Mr =

502.80; crystal color and shape: colorless fragment, crystal dimensions:
0.18 mm × 0.51 mm × 0.53 mm; crystal system: orthorhombic; space
group: Pna21 (no. 33); a = 20.7504 (7) Å, b = 11.7361 (4) Å, c =
7.8075 (3) Å; V = 1901.35 (12) Å3 ; Z = 4; μ (Mo Kα) = 5.151 mm−1;
ρcalcd = 1.757 g cm−3; θ-range =1.96−25.36°; data collected: 46215;
independent data [Io > 2σ(Io)/all data/Rint]: 3449/3461/0.053; data/
restraints/parameter: 3461/1/201; R1[Io > 2σ(Io)/all data]: 0.0142/
0.0143; wR2[Io > 2σ(Io)/all data]: 0.0373/0.0374; GOF = 1.088;
Δρmax/min: 0.70/−0.55 eÅ−3.
For detailed information, see Supporting Information. CCDC

930675 (Cp3Y(DEEP)), CCDC 930674 (Cp2HoCl(DEVP)), and
CCDC 930673 (Cp2YbCl(DEVP)) contain the supplementary
crystallographic data for this compound. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif or via https://www.ccdc.cam.ac.
uk/services/structure_deposit/.
Oligomerization. Five equivalents of DEVP are added to 1 equiv

of catalyst in toluene. The resulting mixture is stirred for 2 h at room
temperature and quenched by addition of MeOH or acidified (37 wt %
HClaq) MeOH. Volatiles were removed under reduced pressure, and
the residue was extracted with MeOH. For end group analysis, ESI-MS
measurements of the methanolic extract were performed.
Coordination of DEEP. To a solution/suspension of 1 equiv of

Cp2LnX or Cp3Ln in C6D6 0.5, 1, 2, or 5 equiv of a stem solution of
DEEP in C6D6 is added, respectively. The resulting mixture is
transferred into an NMR tube. 1H NMR spectroscopic shifts of the
formed adducts (signals of Cp and X) are determined for addition of 5
equiv of DEEP. 1H and 31P NMR spectroscopic shifts of coordinated
DEEP are determined for addition of 0.5 equiv of DEEP, respectively.
The extent of ligand exchange (Table 2) is determined from the
integral ratio of the 1H NMR spectroscopic signals of the
cyclopentadienyl protons of formed Cp3Ln(DEEP) and Cp2LnX-
(DEEP) for addition of 5 equiv of DEEP. For NMR spectroscopic
characterization of the formed phosphonate adducts, see Supporting
Information.
Activity Measurements and Kinetic Analysis. For activity

measurements, the stated amount of catalyst (15−50 μmol) is
dissolved/suspended in 20 mL of toluene, and the reaction mixture is
thermostatted to the desired temperature. Then, the stated amount of
monomer (3.5−13 mmol) is added. During the course of the
measurement, the temperature is monitored with a digital
thermometer, and aliquots (0.5 mL) are taken and quenched by
addition to deuterated methanol (0.2 mL). After the stated reaction
time, the reaction is quenched by addition of MeOD (0.5 mL). The
reaction is carried out in an MBraun Glovebox under argon
atmosphere to take aliquots every 6−10 s at the beginning of the
measurement. For each aliquot, the conversion is determined by 31P
NMR spectroscopy and the molecular weight of the formed polymer
by GPC-MALS analysis.
For kinetic analysis, the maximum rate is determined from the

maximum slope of the conversion-reaction time plot. I*t is defined as
the given initiator efficiency at the inflection point of the conversion-
reaction time plot. In case an aliquot was taken at or sufficiently close
to the inflection point the initiator efficiency determined for this
aliquot is used as I*t; if this is not the case, I*t is determined as the
average of the initiator efficiencies of the aliquots taken directly before
and after this inflection point. The conversion used for calculation of
the residual monomer concentration is determined accordingly. Error
bars are calculated from the following uncertainties: Δ[Cat]0 = 0.1 mg,
Δ[Mon]0 = 0.05 mL (in case of DEVP) or 0.05 g (in case of DIVP),
ΔC = 3%, ΔT = 2 K, and a 5% relative uncertainty for the
determination of the maximum slope and I*t.
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ESI MS analysis of DAVP oligomers, detailed information for
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Garching bei München, October 2010.
(47) Qian, Y.; Bala, M. D.; Yousaf, M.; Zhang, H.; Huang, J.; Sun, J.;
Liang, C. J. Organomet. Chem. 2002, 188, 1.
(48) Observation of lower molecular weight fragments with m/z = n
× MMon + MNa has been previously observed for initiation with Cp3Ln,
and can be attributed to chain scission during ESI MS analysis as these
fragments are not observed for analysis by MALDI-ToF MS.
(49) Leute, M. Ph.D. Thesis, Universitaẗ Ulm, 2007.
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WACKER
Lehrstuhl für Makromolekulare Chemie, Technische Universität München, 

Lichtenbergstraße 4, 85748 Garching 

 

������
�����
����������
��	���� �������
�������������	�

��!"#$	�%#
��%&�Yield: 15.5 g colorless crystals (36.8 mmol, 75%). 1H NMR (C6D6, 298 

K, 300 MHz): δ = 0.34 (d, 12H, 3
 (H
H) = 3.0 Hz, Si
C�3), 1.15 (m, 4H, THF
�I), 3.36 (m, 

4H, THF
�II), 4.28 (m, 2H, Si
�), 6.13 (s, 10H, Cp
�). 13C NMR (C6D6, 300 K, 125 MHz): δ 

= 3.4 (s, Si
!H3), 25.2 (s, THF
!I), 71.9 (s, THF
!II), 110.7 (s, Cp
!). 29Si NMR (C6D6, 

300K, 100 MHz):  δ = 
25.4 (s). IR (cm
1): 3674, 3566, 3087, 2974, 2885, 2704, 2083, 2046, 

1645, 1458, 1439, 1369, 1346, 1241, 1175, 1059, 1032, 1009, 913, 872, 778, 766, 699. EA: 

calculated: C 51.05, H 7.62, N 3.31; found: C 50.83, H 7.63, N 3.27. 

��!'�#$	�%#
��%&�Yield: 9.5 g colorless crystals (18.6 mmol, 78%). 1H NMR (C6D6, 298 

K, 300 MHz): δ = 0.37 (d, 12H, 3
 (Si
H) = 3.1 Hz, Si
C�3), 1.23 (m, 4H, THF
�I), 3.35 (m, 

4H, THF
�II), 4.28 (m, 2H, Si
�), 6.11 (s, 10H, Cp
�). 13C NMR (C6D6, 298 K, 75 MHz): δ 

= 3.5 (s, Si
!H3), 25.3 (s, THF
!I), 72.2 (s, THF
!II), 110.3 (s, Cp
!). 29Si NMR (C6D6, 298 

K, 60 MHz):  δ = 
23.7 (s). IR (cm
1): 3561, 3090, 2954, 2707, 2098, 2049, 1438, 1249, 1179, 

1011, 906, 875, 779, 735. EA: calculated: C 42.42, H 6.33, N 2.75; found: C 41.90, H 6.29, N 

2.91.   

��!�$#$	�%#
��%&�Yield: 1.95 g colorless crystals (3.9 mmol, 70%). IR (cm
1): 3666, 3085, 

2974, 2886, 2705, 2107, 2045, 1636, 1458, 1439, 1369, 1346, 1243, 1175, 1059, 1033, 1010, 

879, 777, 763, 688. EA: calculated: C 43.80, H 6.54, N 2.84; found: C 43.79, H 6.70, N 2.78. 
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��!"#�(!���%#
��%&�Yield: 5.4 g colorless needles (14.3 mmol, 65%). 1H NMR (C6D6, 

300 K, 500 MHz): δ = 
0.67 (d, 2H, 2 (Y
H) = 3.5 Hz, Si
C�2), 0.43 (s, 9H, Si
C�3), 0.92 (m, 

4H, THF
�I), 2.95 (m, 4H, THF
�II), 6.12 (s, 10H, Cp
�). 13C NMR (C6D6, 300 K, 125 

MHz): δ = 4.8 (s, Si
!H3), 24.9 (s, THF
!I), 25.4 (d, 1
 (Y
C) = 42.5 Hz, Si
!H2), 71.2 (s, 

THF
!II), 110.4 (s, Cp
!). 29Si NMR (C6D6, 300K, 100 MHz):  δ = 
3.0 (s). IR (cm
1): 3674, 

3559, 3087, 2955, 2893, 2707, 1638, 1459, 1438, 1422, 1368, 1345, 1287, 1248, 1011, 861, 

766, 696. EA: calculated: C 57.13, H 7.72; found: C 57.21, H 7.85. 

��!'�#�(!���%#
��%&�Yield: 5.5 g beige solid (11.9 mmol, 78%). 1H NMR (C6D6, 300 K, 

500 MHz): δ = 
0.76 (s, 2H, Si
C�2), 0.43 (s, 9H, Si
C�3), 0.89 (m, 4H, THF
�I), 2.91 (m, 

4H, THF
�II), 6.06 (s, 10H, Cp
�). 13C NMR (C6D6, 300 K, 125 MHz): δ = 5.0 (s, Si
!H3), 

24.9 (s, THF
!I), 27.3 (s, Si
!H2), 71.5 (s, THF
!II), 109.8 (s, Cp
!). 29Si NMR (C6D6, 

300K, 100 MHz):  δ = 
0.8 (s). IR (cm
1): 3563, 3091, 2953, 2896, 2710, 1459, 1439, 1420, 

1287, 1248, 1122, 1013, 859, 775, 695. EA: calculated: C 46.55, H 6.29; found: C 45.93, H 

6.10. 

)��!"# ���%*!&�Yield: 230 mg white powder (0.83 mmol). 1H NMR (THF
d8, 298 K, 300 

MHz): δ = 1.25 (d, 6H, 3
 (H
H) = 6.0 Hz, C�3), 3.84 (sp, 1H, 3

 (H
H) = 6.0 Hz, O


C�(CH3)2), 6.20 (s, 10H, Cp
�). 13C NMR (THF
d8, 298 K, 75 MHz): δ = 28.8 (s, !H3), 

68.6 (s, O
!H(CH3)2),), 112.1 (s, Cp
!). IR (cm
1): 3092, 2960, 2926, 2836, 1653, 1459, 

1379, 1368, 1329, 1254, 1157, 1118, 1011, 952, 811, 793, 782, 768, 752. EA: calculated: C 

56.13, H 6.16; found: C 55.92, H 5.98. 

)��!'�# ���%*!&�Yield: 150 mg beige powder (0.42 mmol). 1H NMR (C6D6, 298 K, 300 

MHz): δ = 0.87 (d, 6H, 3
 (H
H) = 6.1 Hz, C�3), 3.49 (sp, 1H, 3

 (H
H) = 6.1 Hz, O


C�(CH3)2), 6.12 (s, 10H, Cp
�). 13C NMR (C6D6, 300 K, 125 MHz): δ = 28.2 (s, !H3), 68.3 

(s, O
!H(CH3)2),), 110.8 (s, Cp
!). IR (cm
1): 3096, 3071, 2965, 2926, 2842, 1662, 1459, 

1381, 1367, 1331, 1257, 1158, 1117, 1010, 951, 818, 796, 786, 754, 676. EA: calculated: C 

42.87, H 4.70; found: C 42.17, H 4.50. 

��!"# #�+(!#�(,%,%#
��%&�Yield: 200 mg yellow crystals (0.47 mmol). 1H NMR (C6D6, 

300 K, 500 MHz): δ = 1.06 (m, 4H, THF
�I), 2.29 (s, 6H, ortho
C�3), 2.38 (s, 3H, para
C�3), 

3.24 (m, 4H, THF
�II), 6.13 (s, 10H, Cp
�), 7.03 (s, 2H, Ar
�). 13C NMR (THF
d8, 300 K, 

125 MHz): δ = 18.9 (s, ortho
!H3), 21.0 (s, para
!H3), 26.7 (s, THF
!I), 68.5 (s, THF
!II), 

111.2 (s, Cp
!), 123.8 (para
!Ar
CH3), 125.4 (ortho
!Ar
CH3), 129.4 (s, !ArH), 161.0 (d, 
2
 (Y
C) = 5.2 Hz, !Ar
O). IR (cm
1): 3086, 2958, 2910, 2854, 1648, 1608, 1478, 1426, 1312, 

1266, 1229, 1197, 1160, 1013, 856, 828, 772, 741. EA: calculated: C 64.79, H 6.86; found: C 

64.75, H 6.99. 
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��!'�# #�+(!#�(,%,%#
��%&�Yield: 210 mg yellow crystals (0.42 mmol). 1H NMR (C6D6, 

298 K, 300 MHz): δ = 1.05 (m, 4H, THF
�I), 2.27 (s, 6H, ortho
C�3), 2.39 (s, 3H, para
C�3), 

3.25 (m, 4H, THF
�II), 6.07 (s, 10H, Cp
�), 7.04 (s, 2H, Ar
�). 13C NMR (THF
d8, 300 K, 

125 MHz): δ = 19.0 (s, ortho
!H3), 21.0 (s, para
!H3), 26.7 (s, THF
!I), 68.5 (s, THF
!II), 

110.9 (s, Cp
!), 124.1 (para
!Ar
CH3), 125.2 (ortho
!Ar
CH3), 129.5 (s, !ArH), 162.5 (s, !Ar


O). IR (cm
1): 3089, 2957, 2915, 2857, 1647, 1607, 1479, 1427, 1313, 1267, 1227, 1198, 

1160, 1012, 856, 831, 778, 741. EA: calculated: C 53.91, H 5.70; found: C 53.29, H 5.55. 

)��!"#��-�%*!&�Yield: 2.92 g white powder (9.45 mmol). 1H NMR (THF
d8, 300 K, 500 

MHz): δ = 1.41 (s, 9H, C�3), 6.11 (s, 10H, Cp
�). 13C NMR (THF
d8, 300 K, 125 MHz): δ = 

38.8 (s, !H3), 43.3 (s, S
!(CH3)3), 111.4 (s, Cp
!). IR (cm
1): 3088, 2960, 2925, 2853, 1654, 

1568, 1452, 1437, 1416, 1360, 1261, 1146, 1093, 1014, 793, 765. EA: calculated: C 54.55, H 

6.21, S 10.40; found: C 54.89, H 6.38, S 9.84. 

)��!'�#��-�%*!&�Yield: 1.25 g white powder (3.22 mmol). 1H NMR (THF
d8, 300 K, 500 

MHz): δ = 1.42 (s, 9H, C�3), 6.06 (s, 10H, Cp
�). 13C NMR (THF
d8, 300 K, 125 MHz): δ = 

38.7 (s, !H3), 43.5 (s, S
!(CH3)3), 110.5 (s, Cp
!). IR (cm
1): 3084, 2955, 2924, 2854, 1655, 

1577, 1458, 1376, 1360, 1261, 1096, 1013, 795, 768. EA: calculated: C 42.64, H 4.86, S 8.13; 

found: C 42.79, H 4.93, S 7.75. 

)��!�$#��-�%*!&�Yield: 0.45 g bright yellow powder (1.20 mmol). IR (cm
1): 3088, 2952, 

2924, 2852, 1650, 1579, 1453, 1437, 1416, 1375, 1360, 1256, 1146, 1060, 1010, 806, 765. 

EA: calculated: C 44.45, H 5.06, S 8.48; found: C 44.21, H 4.94, S 7.95. 

��,"#.���%&�
1H NMR (C6D6, 298 K, 300 MHz): δ = 0.78 (dt, 3H, 3

 (P
H) = 20.8 Hz, 
3
 (H
H) = 7.7 Hz, P
CH2
C�3), 0.92 (t, 6H, 3

 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.22 (dq, 2H, 
2
 (P
H) = 17.6 Hz, 3

 (H
H) = 7.7 Hz, P
C�2
CH3), 3.68 (m, 4H, P
O
C�2
CH3), 6.07 (s, 

15H, Cp
�). 31P NMR (C6D6, 298 K, 121 MHz): δ = 35.3 (d, 2 (Y
P) = 10.4 Hz).�

��,'�#.���%&�
1H NMR (C6D6, 298 K, 300 MHz): δ = 0.77 (dt, 3H, 3

 (P
H) = 20.8 Hz, 
3
 (H
H) = 7.5 Hz, P
CH2
C�3), 0.91 (t, 6H, 3

 (H
H) = 7.0 Hz, P
O
CH2
C�3), 1.23 (dq, 2H, 
2
 (P
H) = 17.9 Hz, 3

 (H
H) = 7.7 Hz, P
C�2
CH3), 3.69 (m, 4H, P
O
C�2
CH3), 6.05 (s, 

15H, Cp
�). 31P NMR (C6D6, 298 K, 121 MHz): δ = 35.8 (s). 

��!"��#.���%&�
1H NMR (C6D6, 298 K, 300 MHz): δ = 0.72 (dt, 3H, 3

 (P
H) = 21.1 Hz, 
3
 (H
H) = 7.6 Hz, P
CH2
C�3), 0.90 (t, 6H, 3

 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.27 (dq, 2H, 
2
 (P
H) = 18.3 Hz, 3

 (H
H) = 7.6 Hz, P
C�2
CH3), 3.74 (m, 4H, P
O
C�2
CH3), 6.33 (s, 

10H, Cp
�). 31P NMR (C6D6, 298 K, 121 MHz): δ = 36.0 (s). 
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��!'���#.���%&�
1H NMR (C6D6, 298 K, 300 MHz): δ = 0.70 (dt, 3H, 3

 (P
H) = 21.2 Hz, 
3
 (H
H) = 7.7 Hz, P
CH2
C�3), 0.89 (t, 6H, 3

 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.27 (dq, 2H, 
2
 (P
H) = 18.3 Hz, 3

 (H
H) = 7.7 Hz, P
C�2
CH3), 3.75 (m, 4H, P
O
C�2
CH3), 6.28 (s, 

10H, Cp
�). 31P NMR (C6D6, 298 K, 121 MHz): δ = 36.7 (s). 

��!"#$	�%#.���%&�
1H NMR (C6D6, 298 K, 300 MHz): δ = 0.42 (d, 12H, 3

 (H
H) = 3.0 

Hz, Si
C�3), 0.76 (dt, 3H, 3
 (P
H) = 20.9 Hz, 3

 (H
H) = 7.6 Hz, P
CH2
C�3), 0.89 (t, 6H, 
3
 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.34 (dq, 2H, 2 (P
H) = 18.1 Hz, 3 (H
H) = 7.7 Hz, P
C�2


CH3), 3.72 (m, 4H, P
O
C�2
CH3), 4.60 (m, 2H, Si
�), 6.28 (s, 10H, Cp
�). 31P NMR (C6D6, 

298 K, 121 MHz): δ = 33.8 (d, 2 (Y
P) = 11.2 Hz). 

��!'�#$	�%#.���%&�
1H NMR (C6D6, 298 K, 300 MHz): δ = 0.45 (d, 12H, 3

 (H
H) = 2.9 

Hz, Si
C�3), 0.74 (dt, 3H, 3
 (P
H) = 21.0 Hz, 3

 (H
H) = 7.6 Hz, P
CH2
C�3), 0.88 (t, 6H, 
3
 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.33 (dq, 2H, 2 (P
H) = 18.1 Hz, 3 (H
H) = 7.6 Hz, P
C�2


CH3), 3.71 (m, 4H, P
O
C�2
CH3), 4.66 (m, 2H, Si
�), 6.26 (s, 10H, Cp
�). 31P NMR (C6D6, 

298 K, 121 MHz): δ = 34.8 (s). 

��!"#�(!���%#.���%&�
1H NMR (C6D6, 300 K, 500 MHz): δ = 
0.62 (d, 2H, 2

 (Y
H) = 

3.4 Hz, Si
C�2), 0.48 (s, 9H, Si
C�3), 0.63 (dt, 3H, 3
 (P
H) = 21.0 Hz, 3

 (H
H) = 7.7 Hz, P


CH2
C�3), 0.81 (t, 6H, 3
 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.07 (dq, 2H, 2

 (P
H) = 18.1 Hz, 
3
 (H
H) = 7.7 Hz, P
C�2
CH3), 3.51 (m, 4H, P
O
C�2
CH3), 6.28 (s, 10H, Cp
�). 31P NMR 

(C6D6, 300 K, 202 MHz): δ = 34.7 (d, 2 (Y
P) = 11.0 Hz). 

��!'�#�(!���%#.���%&�
1H NMR (C6D6, 300 K, 500 MHz): δ = 
0.72 (s, 2H, Si
C�2), 

0.50 (s, 9H, Si
C�3), 0.63 (dt, 3H, 3 (P
H) = 21.1 Hz, 3 (H
H) = 7.6 Hz, P
CH2
C�3), 0.80 (t, 

6H, 3 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.07 (dq, 2H, 2
 (P
H) = 18.1 Hz, 3

 (H
H) = 7.6 Hz, P


C�2
CH3), 3.51 (m, 4H, P
O
C�2
CH3), 6.23 (s, 10H, Cp
�). 31P NMR (C6D6, 300 K, 202 

MHz): δ = 35.5 (s). 

��!"# ���%#.���%&�
1H NMR (C6D6, 300 K, 500 MHz): δ =  1.28 (d, 6H, 3

 (H
H) = 5.9 

Hz, C�3), 4.28 (m, 1H, O
C�(CH3)2), 6.32 (s, 10H, Cp
�). Due to incomplete reaction of 

DEEP with [Cp2Y(O�Pr)]2 and exchange of free and coordinated DEEP, 1H and 31P NMR 

spectroscopic signals of coordinated DEEP could not be determined. 

For addition of DEEP to�)��!'�# ���%*!, no reaction was observed.� 

��!"# #�+(!#�(,%,%#.���%&�
1H NMR (C6D6, 300 K, 500 MHz): δ = 0.71 (dt, 3H, 3

 (P


H) = 21.0 Hz, 3
 (H
H) = 7.6 Hz, P
CH2
C�3), 0.82 (t, 6H, 3

 (H
H) = 7.1 Hz, P
O
CH2
C�3), 

1.18 (dq, 2H, 2
 (P
H) = 17.9 Hz, 3

 (H
H) = 7.6 Hz, P
C�2
CH3), 2.39 (s, 6H, ortho
C�3), 

2.41 (s, 3H, para
C�3), 3.61 (m, 4H, P
O
C�2
CH3), 6.28 (s, 10H, Cp
�), 7.07 (s, 2H, Ar
�). 
31P NMR (C6D6, 300 K, 202 MHz): δ = 35.2 (d, 2 (Y
P) = 8.1 Hz). 
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��!'�# #�+(!#�(,%,%#.���%&�
1H NMR (C6D6, 300 K, 500 MHz): δ = 0.73 (dt, 3H, 3 (P


H) = 20.9 Hz, 3
 (H
H) = 7.6 Hz, P
CH2
C�3), 0.84 (t, 6H, 3

 (H
H) = 7.1 Hz, P
O
CH2
C�3), 

1.22 (dq, 2H, 2
 (P
H) = 17.9 Hz, 3

 (H
H) = 7.6 Hz, P
C�2
CH3), 2.39 (s, 6H, ortho
C�3), 

2.43 (s, 3H, para
C�3), 3.65 (m, 4H, P
O
C�2
CH3), 6.23 (s, 10H, Cp
�), 7.09 (s, 2H, Ar
�). 
31P NMR (C6D6, 300 K, 202 MHz): δ = 35.9 (s). 

��!"#��-�%#.���%&�
1H NMR (C6D6, 300 K, 500 MHz): δ = 0.74 (dt, 3H, 3

 (P
H) = 20.9 

Hz, 3
 (H
H) = 7.7 Hz, P
CH2
C�3), 0.90 (t, 6H, 3

 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.29 (dq, 

2H, 2
 (P
H) = 18.1 Hz, 3

 (H
H) = 7.7 Hz, P
C�2
CH3), 1.81 (s, 9H, C�3), 3.77 (m, 4H, P
O


C�2
CH3), 6.33 (s, 10H, Cp
�). 31P NMR (C6D6, 300 K, 202 MHz): δ = 35.1 (s). 

��!'�#��-�%#.���%&�
1H NMR (C6D6, 300 K, 500 MHz): δ = 0.73 (dt, 3H, 3

 (P
H) = 21.1 

Hz, 3
 (H
H) = 7.6 Hz, P
CH2
C�3), 0.89 (t, 6H, 3

 (H
H) = 7.1 Hz, P
O
CH2
C�3), 1.28 (dq, 

2H, 2
 (P
H) = 18.1 Hz, 3

 (H
H) = 7.7 Hz, P
C�2
CH3), 1.79 (s, 9H, C�3), 3.77 (m, 4H, P
O


C�2
CH3), 6.28 (s, 10H, Cp
�). 31P NMR (C6D6, 300 K, 202 MHz): δ = 36.0 (s). 

 

 

 ����������
�����/�������
	 

 

 

0������ �12�ESI MS spectrum of DEVP oligomers produced with [Cp2YbMe]2. One major 

series of peaks is evident: m/z = n × "Mon + "Na (red); "Mon = 164, no apparent end group. 
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0�������!2�ESI MS spectrum of DEVP oligomers produced with [Cp2YCl]2. One major series 

of peaks is evident: m/z = n × "Mon + 66 + "Na (red); "Mon = 164, end groups: "Cp + "H = 

66. Peaks at m/z = 351 and 515 are attributed to fragmentation (black). 

 

 

0������ �,2� ESI MS spectrum of DEVP oligomers produced with [Cp2LuCl]2. One major 

series of peaks is evident: m/z = n × "Mon + 66 + "Na (red); "Mon = 164, end groups: "Cp + 

"H = 66. Peaks at m/z = 351, 515, 679, 843 and 1007 are attributed to fragmentation (black). 
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0������ �32� ESI MS spectrum of DEVP oligomers produced with Cp2Lu(bdsa)(thf). One 

major series of peaks is evident: m/z = n × "Mon + 66 + "Na (red); "Mon = 164, end groups: 

"Cp + "H = 66. Peaks at m/z = 351, 515, 679 and 843 are attributed to fragmentation (black). 

 

 

0������ �42� ESI MS spectrum of DEVP oligomers produced with Cp2Lu(bdsa)(thf). One 

major series of peaks is evident: m/z = n × "Mon + "Na (red); "Mon = 164, no apparent end 

groups. 
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0�������+2�ESI MS spectrum of DEVP oligomers produced with [Cp2Y(O�Pr)]2. Two major 

series of peaks are evident: m/z = n × "Mon + 66 + "H (red), m/z = n × "Mon + 66 + "Na 

(blue); "Mon = 164, end groups: "Cp + "H = 66. Peaks at m/z = 351 and 515 are attributed to 

fragmentation. 

 

0�������52�ESI MS spectrum of DEVP oligomers produced with [Cp2Lu(O�Pr)]2. Two major 

series of peaks are evident: m/z = n × "Mon + 66 + "H (red), m/z = n × "Mon + 66 + "Na 

(blue); "Mon = 164, end groups: "Cp + "H = 66. 
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0�������62�ESI MS spectrum of DEVP oligomers produced with [Cp2YS�Bu]2. Two major 

series of peaks are evident: m/z = n × "Mon + "Na (red), m/z = n × "Mon + 90 + "Na (blue); 

"Mon = 164, end groups: "S�Bu + "H = 90. 

 

 

0�������72�ESI MS spectrum of DEVP oligomers produced with [Cp2LuS�Bu]2. Two major 

series of peaks are evident: m/z = n × "Mon + "Na (red), m/z = n × "Mon + 90 + "Na (blue); 

"Mon = 164, end groups: "S�Bu + "H = 90. 
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0�������182�ESI MS spectrum of DEVP oligomers produced with Cp2Y(CH2TMS)(thf). Two 

major series of peaks are evident: m/z = n × "Mon + "Na (red), m/z = n × "Mon + 66 + "Na 

(blue); "Mon = 164, end groups: "Cp + "H = 66. 

 

 

0�������112�ESI MS spectrum of DEVP oligomers produced with Cp2Lu(CH2TMS)(thf). One 

major series of peaks is evident: m/z = n × "Mon + "Na (red); "Mon = 164, no apparent end 

group. 
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0�������1!2�ESI MS spectrum of DIVP oligomers produced with [Cp2YS�Bu]2. Two major 

series of peaks are evident: m/z = n × "Mon + "H (red), m/z = n × "Mon + "Na (red); "Mon = 

192, no apparent end group. 
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Data were collected on an X
ray single crystal diffractometer equipped with a CCD detector 

(Bruker APEX II, κ−CCD), a rotating anode (Bruker AXS, FR591) with MoKα radiation (λ = 

0.71073 Å), and a graphite monochromator by using the SMART software package.1 The 

measurements were performed on a single crystal coated with perfluorinated ether. The 

crystal was fixed on the top of a glass fiber and transferred to the diffractometer. The crystal 

was frozen under a stream of cold nitrogen. A matrix scan was used to determine the initial 

lattice parameters. Reflections were merged and corrected for Lorenz and polarization effects, 

scan speed, and background using SAINT.2 Absorption corrections, including odd and even 

ordered spherical harmonics were performed using SADABS.2 Space group assignments were 

based upon systematic absences, � statistics, and successful refinement of the structures. 

Structures were solved by direct methods with the aid of successive difference Fourier maps, 

and were refined against all data using WinGX7 based on SIR
92.3 If not mentioned 

otherwise, non
hydrogen atoms were refined with anisotropic displacement parameters. 

Methyl hydrogen atoms were refined as part of rigid rotating groups, with C–H = 0.98 Å and 

�iso(H) = 1.5�eq(C). Other H atoms were placed in calculated positions and refined using a 

riding model, with methylene and aromatic C–H distances of 0.99 and 0.95 Å, respectively, 

and Uiso(H) = 1.2;Ueq(C).  Full
matrix least
squares refinements were carried out by minimizing 

Σ�(Fo
2
Fc

2)2 with SHELXL
975 weighting scheme. Neutral atom scattering factors for all 

atoms and anomalous dispersion corrections for the non
hydrogen atoms were taken from 

#����������	�$��	�%�&��!�%��		������.4 Images of the crystal structures were generated by 

PLATON.6 




��������


��!(���#.���%: Extinction Correction. The correct enantiomere is proved by Flack's 

 Parameter.�

��!"$��#.���%&  The correct enantiomere is proved by Flack's Parameter.
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0�������1,2 Ortep drawing drawing of compound Cp3Y(DEEP) with 50% ellipsoids.6 
 

 
Operator: *** Herdtweck *** 
Molecular Formula: C21 H30 O3 P Y 
Crystal Color / Shape Colorless fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 
 0.18 × 0.41 × 0.51  mm 
Molecular Weight: 450.33 a.m.u. 
F000:  936 
Systematic Absences: h0l: h+l≠2n;  0k0: k≠2n 
Space Group: Monoclinic � 21/� (I.T.
No.: 14) 
Cell Constants: Least
squares refinement of 9637 reflections with the programs 

"APEX suite" and "SAINT" [1,2]; theta range 1.84° < θ < 25.36°; 

Mo(Kα ); λ = 71.073 pm 
 � = 1150.91(4) pm 
 � = 828.72(3) pm β = 101.516(2)° 
 � = 2261.67(8) pm 
 ' = 2113.72(13); 106 pm3; ( = 4; )calc = 1.415 g cm
3; Mos. = 0.72 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating 

anode; graphite monochromator; 50 kV; 40 mA; λ = 71.073 pm; 

Mo(Kα ) 
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Temperature: (
150±1) °C; (123±1) K 
Measurement Range: 1.84° < θ < 25.36°;  h: 
13/13,  k: 
9/9,  l:  
27/27 
Measurement Time: 2 × 5 s per film 
Measurement Mode: measured: 13 runs; 8565 films / scaled: 13 runs; 8565 films 
 ϕ− and ω−movement; Increment: �ϕ/�ω = 0.50°; dx = 55.0 mm 
LP 
 Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi
scan; during scaling; � = 2.851 mm
1 [2] 
 Correction Factors: Tmin = 0.3668 Tmax = 0.7452 
Reflection Data: 79021 reflections were integrated and scaled 
 3711 reflections systematic absent and rejected  
 75310 reflections to be merged 
 3849 independent reflections 
 0.041 Rint: (basis *�

2) 
 3849 independent reflections (all) were used in 

refinements 
 3531 independent reflections with #� > 2σ(#�) 
 99.7 % completeness of the data set 
 238 parameter full
matrix refinement 
 16.2 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 26 Non
hydrogen atoms with anisotropic displacement 
  parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all 

non
hydrogen atoms, not all of the hydrogen positions could be 
determined from the highest peaks. For this reason, the hydrogen 
atoms were placed in calculated positions (dC
H = 95, 98, 99 pm). 
Isotropic displacement parameters were calculated from the parent 
carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were included 
in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: �


1 = σ2(*o
2)+(a*P)2+b*P 

 with a: 0.0637; b: 5.8032; P: [Maximum(0 or *o
2)+2**c

2]/3 

Shift/Err: Less than 0.001 in the last cycle of refinement: 

Resid. Electron Density: +2.98 e0;


 /Å

3; 
0.86 e0;


 /Å

3 

R1: Σ(||*o|
|*c||)/Σ|*o| 
[*o > 4σ(*o); N=3531]:  = 0.0446 
[all reflctns; N=3849]:  = 0.0485 
wR2: [Σ�(*o

2
*c
2)2/Σ�(*o

2)2]1/2 
[*o > 4σ(*o); N=3531]:  = 0.1182 
[all reflctns; N=3849]:  = 0.1211 
Goodness of fit: [Σ�(*o

2
*c
2)2/(NO
NV)]1/2 = 1.074 

Remarks: Refinement expression   Σ�(*o
2
*c

2)2 
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0�������132 Ortep drawing drawing of compound Cp2HoCl(DEVP) with 50% ellipsoids.6 
 
 
Operator: *** Herdtweck *** 
Molecular Formula: C16 H23 Cl Ho O3 P 

Crystal Color / Shape Colorless fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 
 0.18 × 0.51 × 0.64  mm 
Molecular Weight: 494.69 a.m.u. 
F000:  968 
Systematic Absences: 0kl: k+l≠2n;  h0l: h≠2n;  00l: l≠2n 
Space Group: Orthorhombic � ��21 (I.T.
No.: 33) 
Cell Constants: Least
squares refinement of 9797 reflections with the programs 

"APEX suite" and "SAINT" [1,2]; theta range 1.96° < θ < 25.42°; 

Mo(Kα ); λ = 71.073 pm 
 � = 2074.65(6) pm 
 � = 1172.65(4) pm 
 � = 781.25(3) pm 
 ' = 1900.66(11); 106 pm3; ( = 4; )calc = 1.729 g cm
3; Mos. = 0.70 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating 

anode; graphite monochromator; 50 kV; 40 mA; λ = 71.073 pm; 

Mo(Kα ) 
Temperature: (
150±1) °C; (123±1) K 
Measurement Range: 1.96° < θ < 25.42°;  h: 
24/25,  k: 
14/14,  l:  
9/9 
Measurement Time: 2 × 5 s per film 
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Measurement Mode: measured: 11 runs; 4738 films / scaled: 11 runs; 4738 films 
 ϕ− and ω−movement; Increment: �ϕ/�ω = 0.50°; dx = 45.0 mm 
LP 
 Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
Absorption Correction: Multi
scan; during scaling; � = 4.395 mm
1 [2] 
 Correction Factors: Tmin = 0.2508 Tmax = 0.7452 
Reflection Data: 53506 reflections were integrated and scaled 
 2077 reflections systematic absent and rejected  
 1 obvious wrong intensity and rejected  
 51428 reflections to be merged 
 3487 independent reflections 
 0.044 Rint: (basis *�

2) 
 3487 independent reflections (all) were used in 

refinements 
 3484 independent reflections with #� > 2σ(#�) 
 99.4 % completeness of the data set 
 202 parameter full
matrix refinement 
 17.3 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 22 Non
hydrogen atoms with anisotropic displacement 
  parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all 

non
hydrogen atoms, not all of the hydrogen positions could be 
determined from the highest peaks. For this reason, the hydrogen 
atoms were placed in calculated positions (dC
H = 95, 98, 99 pm). 
Isotropic displacement parameters were calculated from the parent 
carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were included 
in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  *c (korr) = k*c[1+ 0.001 ; ε ; *c

2; λ3/sin(2Θ)]
1/4  SHELXL
97 [5] 
 ε refined to ε = 0.0024(2) 
 
Weighting Scheme: �


1 = σ2(*o
2)+(a*P)2+b*P 

 with a: 0.0091; b: 1.7395; P: [Maximum(0 or *o
2)+2**c

2]/3 

 
Shift/Err: Less than 0.001 in the last cycle of refinement: 
 

Resid. Electron Density: +0.91 e0;


 /Å

3; 
0.73 e0;


 /Å

3 

 
R1: Σ(||*o|
|*c||)/Σ|*o| 
[*o > 4σ(*o); N=3484]:  = 0.0144 
[all reflctns; N=3487]:  = 0.0145 
 
wR2: [Σ�(*o

2
*c
2)2/Σ�(*o

2)2]1/2 
[*o > 4σ(*o); N=3484]:  = 0.0369 
[all reflctns; N=3487]:  = 0.0369 
Goodness of fit: [Σ�(*o

2
*c
2)2/(NO
NV)]1/2 = 1.197 

Flack's Parameter : + = 0.07(1) 
Remarks: Refinement expression   Σ�(*o

2
*c
2)2 
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0�������142 Ortep drawing drawing of compound Cp2YbCl(DEVP) with 50% ellipsoids.6 
 
 
Operator: *** Herdtweck *** 
Molecular Formula: C16 H23 Cl O3 P Yb 

Crystal Color / Shape Colorless fragment 
Crystal Size Approximate size of crystal fragment used for data collection: 
 0.18 × 0.51 × 0.53  mm 
Molecular Weight: 502.80 a.m.u. 
F000:  980 
Systematic Absences: 0kl: k+l≠2n;  h0l: h≠2n;  00l: l≠2n 
Space Group: Orthorhombic � ��21 (I.T.
No.: 33) 
Cell Constants: Least
squares refinement of 9735 reflections with the programs 

"APEX suite" and "SAINT" [1,2]; theta range 1.96° < θ < 25.36°; 

Mo(Kα ); λ = 71.073 pm 
 � = 2075.04(7) pm 
 � = 1173.61(4) pm 
 � = 780.75(3) pm 
 ' = 1901.35(12); 106 pm3; ( = 4; )calc = 1.757 g cm
3; Mos. = 0.40 
Diffractometer: Kappa APEX II (Area Diffraction System; BRUKER AXS); rotating 

anode; graphite monochromator; 50 kV; 40 mA; λ = 71.073 pm; 

Mo(Kα ) 
Temperature: (
120±1) °C; (153±1) K 
Measurement Range: 1.96° < θ < 25.36°;  h: 
24/24,  k: 
14/14,  l:  
9/9 
Measurement Time: 2 × 5 s per film 
Measurement Mode: measured: 13 runs; 4857 films / scaled: 13 runs; 4857 films 
 ϕ− and ω−movement; Increment: �ϕ/�ω = 0.50°; dx = 45.0 mm 
LP 
 Correction: Yes [2] 
Intensity Correction No/Yes; during scaling [2] 
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Absorption Correction: Multi
scan; during scaling; � = 5.151 mm
1 [2] 
 Correction Factors: Tmin = 0.3291 Tmax = 0.7452 
Reflection Data: 48470 reflections were integrated and scaled 
 2255 reflections systematic absent and rejected  
 46215 reflections to be merged 
 3461 independent reflections 
 0.053 Rint: (basis *�

2) 
 3461 independent reflections (all) were used in 

refinements 
 3449 independent reflections with #� > 2σ(#�) 
 99.3 % completeness of the data set 
 201 parameter full
matrix refinement 
 17.2 reflections per parameter 
Solution: Direct Methods [3]; Difference Fourier syntheses 
Refinement Parameters: In the asymmetric unit: 
 22 Non
hydrogen atoms with anisotropic displacement 

parameters 
Hydrogen Atoms: In the difference map(s) calculated from the model containing all 

non
hydrogen atoms, not all of the hydrogen positions could be 
determined from the highest peaks. For this reason, the hydrogen 
atoms were placed in calculated positions (dC
H = 95, 98, 99 pm). 
Isotropic displacement parameters were calculated from the parent 
carbon atom (UH = 1.2/1.5 UC). The hydrogen atoms were included 
in the structure factor calculations but not refined. 

Atomic Form Factors: For neutral atoms and anomalous dispersion [4] 
Extinction Correction:  no 
Weighting Scheme: �


1 = σ2(*o
2)+(a*P)2+b*P 

 with a: 0.0125; b: 1.2304; P: [Maximum(0 or *o
2)+2**c

2]/3 

Shift/Err: Less than 0.002 in the last cycle of refinement: 

Resid. Electron Density: +0.70 e0;


 /Å

3; 
0.55 e0;


 /Å

3 

R1: Σ(||*o|
|*c||)/Σ|*o| 
[*o > 4σ(*o); N=3449]:  = 0.0142 
[all reflctns; N=3461]:  = 0.0143 
wR2: [Σ�(*o

2
*c
2)2/Σ�(*o

2)2]1/2 
[*o > 4σ(*o); N=3449]:  = 0.0373 
[all reflctns; N=3461]:  = 0.0374 
Goodness of fit: [Σ�(*o

2
*c
2)2/(NO
NV)]1/2 = 1.088 

Flack's Parameter : + = 0.08(1) 
Remarks: Refinement expression   Σ�(*o

2
*c
2)2 
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��$����12 Determination of catalyst order (Cp3Tm, 5vol% DEVP, toluene, 30 °C) 

)��
*�

=�����'
�1�

� 0�

=�
�1�

�>
�

=?�

� 0=�>
�

=�
�1�

��#)��
>*%� ��
��

=����'
�1
�	
�1�

��#��
�%�

0.54 9100 17 54000 
2.39 1.38E
03 
6.59 
0.82 10000 18 56000 
1.91 2.34E
03 
6.06 
1.09 9000 17 53000 
1.69 2.73E
03 
5.90 
1.36 8600 16 54000 
1.53 3.26E
03 
5.73 
1.63 11000 21 52000 
1.07 4.87E
03 
5.32 
2.17 7000 13 54000 
1.27 4.22E
03 
5.47 
2.72 6700 13 52000 
1.04 5.04E
03 
5.29 

 

 

��$����!2 Determination of catalyst order ([Cp2Y(S�Bu)]2, 5vol% DEVP, toluene, 30 °C) 

)��
*�

=�����'
�1�

� 0�

=�
�1�

�>
�

=?�

� 0=�>
�

=�
�1�

��#)��
>*%� ��
��

=����'
�1
�	
�1�

��#��
�%�

0.95 19900 44 45000 
0.87 5.29E
03 
5.24 
1.09 20600 43 48000 
0.76 6.18E
03 
5.09 
1.36 19700 41 48000 
0.58 7.43E
03 
4.90 
1.63 19000 39 49000 
0.45 8.58E
03 
4.76 
1.90 18000 39 46000 
0.30 9.55E
03 
4.65 
2.17 16400 35 47000 
0.28 9.84E
03 
4.62 
2.44 15400 35 44000 
0.16 1.07E
02 
4.54 

 

 

 

0�������1+2�Determination of catalyst order ([Cp2Y(S�Bu)]2, 5vol% DEVP, toluene, 30 °C). 
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��$����,2 Determination of catalyst order ([Cp2Y(S�Bu)]2, 12.5vol% DIVP, toluene, 30 °C) 

)��
*�

=�����'
�1�

� 0�

=�
�1�

�>
�

=?�

� 0=�>
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��#)��
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=����'
�1
�	
�1�

��#��
�%�

1.63 1520 70 2170 0.13 6.85E
04 
7.29 
1.90 1380 62 2230 0.16 7.31E
04 
7.22 
2.17 1480 67 2210 0.37 8.93E
04 
7.02 
2.44 1640 74 2220 0.59 1.11E
03 
6.80 
2.72 1710 74 2310 0.70 1.29E
03 
6.65 
2.99 1760 78 2260 0.85 1.45E
03 
6.54 
3.26 1840 78 2360 0.93 1.66E
03 
6.40 

 

 

��$����32 Determination of monomer order ([Cp2Y(S�Bu)]2, DEVP, toluene, 30 °C) 

)���*8�

=����'
�1�

)��
*�

=�����'
�1
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� 0�
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=����'
�1
�	
�1
�

��#��
�=)��
>*%�

0.163 1.09 8300 36 23000 20 0.130 2.50E
03 1.85 
0.223 1.09 12900 45 29000 29 0.158 3.79E
03 2.04 
0.260 1.09 14700 38 39000 23 0.200 4.43E
03 2.37 
0.325 1.09 20600 44 47000 27 0.237 6.18E
03 2.56 
0.390 1.09 32000 54 60000 19 0.316 8.80E
03 2.70 
0.488 1.09 26700 40 67000 19 0.395 8.05E
03 2.92 
0.651 1.09 45000 51 88000 28 0.469 1.36E
02 3.20 

 

 

��$����42 Determination of monomer order ([Cp2Y(S�Bu)]2, DIVP, toluene, 30 °C) 

)���*8�

=����'
�1�

)��
*�

=�����'
�1
�

� 0�

=�
�1
�

�>
�

=?�
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�
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�

��/2���
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=����'
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�

��#��
�=)��
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0.195 1.09 610 86 710 12.8 0.170 1.82E
04 
1.64 
0.260 1.09 660 76 870 10.2 0.233 1.99E
04 
1.43 
0.325 1.39 950 79 1200 12.3 0.285 3.66E
04 
1.10 
0.390 1.09 760 57 1330 5.5 0.369 2.29E
04 
1.00 
0.480 2.17 1230 68 1810 8.7 0.438 7.47E
04 
0.68 
0.520 2.17 1230 69 1780 7.9 0.479 7.39E
04 
0.71 
0.650 2.72 1710 74 2310 12.0 0.572 1.29E
03 
0.44 
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0������ �152�Determination of monomer order ([Cp2Y(S�Bu)]2, 3
12.5vol% DIVP, toluene, 

30 °C). 

 

 

��$��� �+2 Temperature
dependent kinetics for Cp2Y
catalyzed DEVP polymerization (1.09 

mmol L
1 [Cp2Y(S�Bu)]2, 0.651 mol L
1 DEVP, toluene) 

��

=A�
�

� 0�

=�
�1�

�>
�
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� 0=�>
�

=�
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���@��	�����
�

��/2���
��=?�

��
��

=����'
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�1�

1=��
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�1�
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7 3400 64 5300 34 1.02E
03 3.76E
03 
4.36 
3 8950 67 13400 32 2.67E
03 3.62E
03 
3.51 

13 14500 58 25000 24 4.37E
03 3.49E
03 
3.02 
23 25900 54 48000 26 7.80E
03 3.38E
03 
2.38 
33 44000 54 81000 28 1.33E
02 3.27E
03 
1.85 
42 53000 47 110000 21 1.59E
02 3.17E
03 
1.65 
52 90000 49 180000 25 2.72E
02 3.08E
03 
1.14 
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��$����52 Temperature
dependent kinetics for Cp2Tb
catalyzed DEVP polymerization (1.09 

mmol L
1 [Cp2Y(S�Bu)]2, 0.325 mol L
1 DEVP, toluene) 
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21 1640 40 4100 10 5.00E
04 3.40E
03 
4.32 
33 6000 70 8570 18 1.81E
03 3.27E
03 
3.54 
40 7920 61 13000 13 2.38E
03 3.19E
03 
3.21 
51 12600 61 20700 12 3.78E
03 3.08E
03 
2.79 
62 19600 69 28000 22 5.89E
03 2.98E
03 
2.38 
71 26000 69 37700 36 7.83E
03 2.91E
03 
1.93 

 

 

 

0������ �162 Eyring
plot for [Cp2Tb(S�Bu)]2
initiated DEVP (5vol%) polymerization in 

toluene (21 – 70 °C, ZH‡ = 38.0 kJ mol
1, ZS‡ = 
104 J (mol K)
1). 
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��$����62 Temperature
dependent kinetics for Cp2Tm
catalyzed DEVP polymerization (1.09 

mmol L
1 Cp3Tm, 0.325 mol L
1 DEVP, toluene) 
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1 730 13 5600 41 2.21E
04 3.67E
03 
3.51 
10 1900 15 13600 37 5.65E
04 3.53E
03 
2.82 
21 4500 18 25000 34 1.34E
03 3.40E
03 
2.22 
32 9000 19 47000 38 2.72E
03 3.28E
03 
1.54 
42 15800 20 79000 40 4.75E
03 3.17E
03 
1.04 
55 26400 26 100000 48 7.94E
03 3.05E
03 
0.68 
61 51000 27 190000 39 1.53E
02 2.99E
03 
0.24 

 

 

0�������172 Eyring
plot for Cp3Tm
initiated DEVP (5vol%) polymerization in toluene (
1 – 

61 °C, ZH‡ = 39.1 kJ mol
1, ZS‡ = 
82.8 J (mol K)
1). 
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��$����72 Temperature
dependent kinetics for Cp2Lu
catalyzed DEVP polymerization (1.09 

mmol L
1 [Cp2Lu(S�Bu)]2, 0.325 mol L
1 DEVP, toluene) 
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14 8500 15 61000 37 2.55E
03 3.48E
03 
1.33 
23 16600 17 98000 29 4.99E
03 3.38E
03 
0.93 
33 33000 19 165000 29 9.85E
03 3.27E
03 
0.40 
43 67000 22 300000 30 2.02E
02 3.16E
03 0.16 
53 84000 24 350000 49 2.53E
02 3.07E
03 0.58 
63 141000 23 600000 42 4.25E
02 2.97E
03 0.98 

 

 

 

0������ �!82 Eyring
plot for [Cp2Lu(S�Bu)]2
initiated DEVP (5vol%) polymerization in 

toluene (14 – 63 °C, ZH‡ = 38.7 kJ mol
1, ZS‡ = 
73.6 J (mol K)
1). 
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��$����182 Temperature
dependent kinetics for Cp2Tb
catalyzed DIVP polymerization (2.17 

mmol L
1 [Cp2Y(S�Bu)]2, 0.651 mol L
1 DIVP, toluene) 
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24 120 44 270 2.0 7.23E
05 3.37E
03 
7.83 
31 250 62 400 2.7 1.49E
04 3.29E
03 
7.46 
40 400 58 690 2.1 2.44E
04 3.19E
03 
6.94 
47 500 52 960 2.5 3.01E
04 3.12E
03 
6.64 
58 880 54 1630 2.8 5.29E
04 3.02E
03 
6.14 
67 1380 54 2560 3.9 8.35E
04 2.94E
03 
5.70 

 

 

 

0������ �!12 Eyring
plot for [Cp2Tb(S�Bu)]2
initiated DIVP (12.5vol%) polymerization in 

toluene (23 – 67 °C, ZH‡ = 41.3 kJ mol
1, ZS‡ = 
124 J (mol K)
1). 
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 S26

��$����112 Temperature
dependent kinetics for Cp2Y
catalyzed DIVP polymerization (2.17 

mmol L
1 [Cp2Y(S�Bu)]2, 0.651 mol L
1 DIVP, toluene) 
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10 350 65 530 9.9 2.09E
04 3.53E
03 
7.02 
21 760 67 1130 8.2 4.59E
04 3.40E
03 
6.32 
30 1460 71 2060 8.0 8.79E
04 3.30E
03 
5.76 
41 2460 71 3460 9.4 1.48E
03 3.18E
03 
5.26 
50 3530 73 4840 8.5 2.13E
03 3.09E
03 
4.96 
59 5600 74 7570 11.9 3.36E
03 3.01E
03 
4.51 
69 10600 74 14300 11.8 6.37E
03 2.92E
03 
3.90 

 

 

 

0������ �!!2 Eyring
plot for [Cp2Y(S�Bu)]2
initiated DIVP (12.5vol%) polymerization in 

toluene (10 – 69 °C, ZH‡ = 40.7 kJ mol
1, ZS‡ = 
112 J (mol K)
1). 
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 S27

��$����1!2 Temperature
dependent kinetics for Cp2Lu
catalyzed DIVP polymerization (1.09 

mmol L
1 [Cp2Y(S�Bu)]2, 0.325 mol L
1 DIVP, toluene) 
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5.97 
21 560 46 1220 24 1.69E
04 3.40E
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5.38 
32 2000 86 2330 25 6.01E
04 3.28E
03 
4.75 
42 3100 65 4770 23 9.46E
04 3.17E
03 
4.08 
51 4500 70 6430 23 1.34E
03 3.08E
03 
3.83 
59 8400 89 9400 23 2.54E
03 3.01E
03 
3.46 
70 14800 82 18000 21 4.45E
03 2.91E
03 
2.87 

 

 

 

0������ �!,2 Eyring
plot for [Cp2Lu(S�Bu)]2
initiated DIVP (6.25vol%) polymerization in 

toluene (11 – 70 °C, ZH‡ = 42.0 kJ mol
1, ZS‡ = 
99.1 J (mol K)
1). 
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4.3.1 Abstract 

Within the scope of this chapter it will be shown that the synthesis of RE conjugated enolate-type 

initiating ligands via protonolysis of classical α-C–H-acidic substrates is not a suitable preparative method 

due to decomposition and other side reactions. However, the σ-bond metathesis reaction of RE 

hydrocarbyls (–CH2TMS) and sym-collidine was found to proceed rapidly (depending on the used RE 

metal center), gives stable metallocene derivatives, and established a route towards highly efficient and 

versatile initiators for the REM-GTP of vinylphosphonates. Accordingly, 2,4,6-trimethylpyridyl 

bis(cyclopentadienyl) RE metal complexes exhibit unprecedented initiation rates for RE metal-mediated 

dialkyl vinylphosphonate polymerization and facilitate an efficient initiation for a broad scope of Michael 

acceptor-type monomers. The high initiator efficiencies and activities are attributed to a mechanistic 

match between the initiation and propagation reaction mechanism and an obtained crystal structure of 

(C5H5)2Y(CH2(C5H2Me2N)) indicates a partly conjugated system for the activated methylene group.  
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helped completing the complex characterization. 
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Polymerization of Polar Monomers
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ABSTRACT: Rare earth metals show high activities toward C−
H bond activation of heteroaromatic substrates and even
methane. In this work, we demonstrate the suitability of this
synthetic approach to rare earth metallocenes and show the
applicability of the resulting complexes as highly efficient
initiators for rare earth metal-mediated group transfer polymer-
ization. Bis(cyclopentadienyl)(4,6-dimethylpyridin-2-yl)methyl lanthanide complexes exhibit unprecedented initiation rates for
rare earth metal-mediated dialkyl vinylphosphonate polymerization and facilitate an efficient initiation for a broad scope of
Michael acceptor-type monomers.

S ince the first reports on living polymerizations of acrylic
monomers using early transition metal initiators by Collins,

Ward,1 and Yasuda et al.2 in 1992, researchers have devoted
their efforts in the optimization of reaction conditions and
initiator efficiency and the extension of this method to a variety
of (meth)acrylates and (meth)acrylamides.3 With respect to the
propagation mechanism, this type of polymerization is
recognized as coordinative-anionic or coordination−addition
polymerization, and due to its similarity to silyl ketene acetal-
initiated group transfer polymerization, it is also referred to as
transition metal-mediated GTP.3d,4 Rare earth metal-mediated
group transfer polymerization (REM-GTP) is of particular
interest, as recent publications have shown that its applicability
is not limited to common acrylic monomers, but also facilitates
the polymerization of several other monomer classes, i.e.,
dialkyl vinylphosphonates (DAVP), 2-isopropylene-2-oxazoline
(IPOx), and 2-vinylpyridine (2VP).4b,5 Moreover, our group
reported on the development of a surface-initiated group
transfer polymerization (SI-GTP) mediated by rare earth metal
catalysts allowing the perfect decoration of substrates with
polymer brushes of specific functionality.6 Recently, the
modification of silicon nanoparticles to form thermoresponsive
and photoluminescent hybrid materials using SI-GTP was
published.7

The applicability of REM-GTP to new monomers enables
the precise synthesis of tailor-made functional materials, as this
polymerization method combines the advantages of both living
ionic and coordinative polymerizations. According to its highly
living character, REM-GTP leads to strictly linear polymers
with very narrow molecular weight distribution (PDI < 1.1),
exhibits a linear increase of the average molar mass upon
monomer conversion, and allows the synthesis of block
copolymers as well as the introduction of chain end
functionalities.3 The coordination of the growing chain end at

the catalyst suppresses side reactions and allows stereospecific
polymerization as well as activity optimization by variation of
both the metal center and the catalyst ligand sphere.3,4b

REM-GTP initiation usually proceeds via nucleophilic
transfer of a strongly basic ligand, e.g., hydride, methyl, or
CH2TMS, to a coordinated monomer (Scheme 1a; this is not
the case for divalent rare earth metal centers, for which redox
initiation occurs).3d,8

Accordingly, for zirconocene systems, a variety of strategies
for the synthesis of enolate initiators, which follow a faster
initiation mechanism over an eight-electron process (Scheme
1b), has been presented.3d,9 Surprisingly, only little effort was
devoted to the development of new initiating species for rare

Special Issue: Mike Lappert Memorial Issue

Received: November 20, 2014
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Scheme 1. Possible Initiation Reactions for REM-GTP of
DAVP: Nucleophilic Transfer via a (a) 6e− or (b) 8e−

Process and (c) Deprotonation of the Acidic α-CH
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earth metal-based catalysts, which would in turn allow the
introduction of novel chain end functionalities.
In previous work, we have shown that late lanthanide

metallocenes are highly active catalysts for DAVP polymer-
ization.5c However, in detailed mechanistic studies we found
that the traditionally used strongly basic methyl and CH2TMS
initiators lead to an inefficient, slow initiation by deprotonation
of the acidic α-CH (Scheme 1c).10 Other initiating groups, such
as sterically crowded Cp3Ln complexes and thiolato complexes
[Cp2Ln(StBu)]2, were found to efficiently initiate DAVP
polymerization; however, further development of Cp3Ln
complexes is limited and thiolate end groups were found to
be prone to elimination.10 Moreover, these complexes are not
suitable initiators for sterically less demanding or weaker
coordinating monomers such as IPOx or 2VP.5f,10

Accordingly, the development of new initiators for REM-
GTP, which facilitate an efficient initiation for a broad scope of

monomers and which lead to a stable end group functionaliza-
tion via a C−C bond, is still of current interest. Inspired by the
use of enolate-type initiators in zirconium-mediated GTP, our
group focused on the development of enolate or enamide
initiators (Scheme 2) in order to facilitate an initiation over an
eight-electron process. Such initiators simulate the active
propagating species and bypass the ineffective initiation step
starting from the alkyl initiator.

As synthetic routes via salt metathesis from lithium enolates
and rare earth metal chlorides and via thermolysis of alkyl
complexes in the presence of tetrahydrofuran are restricted to
selected systems only,11 we decided to investigate the
accessibility of rare earth enolates via α-CH-deprotonation of
the respective carbonyls (or oxazoline/phosphonate) by amide
and alkyl precursors Cp2Ln(bdsa)(thf) and Cp2Ln(CH2TMS)-

(thf) (bdsa = bis(dimethylsilylamide, N(SiMe2H)2). We first
evaluated the reaction between Cp2Ln(bdsa)(thf) and acetone
resulting in the quantitative formation of Cp2Ln(N-
(SiMe2OiPr)(SiMe2H)) by hydrosilylation of the carbonyl
moiety.
Surprisingly, the more reactive Cp2Ln(CH2TMS)(thf)

precursor leads to no reaction with a large variety of substrates
up to elevated reaction temperatures, at which decomposition
was observed, revealing a pronounced kinetic limitation for the
protonolysis reaction. Only with isobutyrophenone the
formation of the corresponding alkoxide from the nucleophilic
attack of the alkyl ligand was observed.
Despite numerous attempts and the use of different

precursor complexes and substrates, the formation of enolate
rare earth complexes by protonolysis of classical α-CH-acidic
substrates could not be facilitated. This is in agreement with
literature results, where full conversions for alkyl ligands were
observed in NMR-scale reaction, but only low yields of the
corresponding enolate were achieved, due to the formation of
side products.11,12 A similar approach to functionalize rare earth
metal alkyl complexes is to use the high activity of group 3
elements for σ-bond metathesis.13 The C−H activation of
pyridines14 and other heteronuclear15 and also internal
alkynes16 was well studied by Teuben et al. Recently, Mashima
et al. reported on the introduction of chain end functionality for
2VP polymerization by initial C−H bond activation of
nonclassical CH-acidic substrates via alkylyttrium-mediated σ-
bond metathesis.5d,17 In order to evaluate the applicability of
this approach to rare earth metallocenes, we reacted Cp2Y-
(CH2TMS)(thf) with 2,4,6-trimethylpyridine in toluene
solution, yielding the desired Cp2Y(CH2(C5H2Me2N)) after
stirring at room temperature for 30 min (Scheme 3).
The synthesis of Cp2Y(CH2(C5H2Me2N)) from

Cp2YCH2TMS(thf) and sym-collidine is quantitative within
30 min, and no difference in activity or molecular weight for the
polymerization of DEVP was observed for the isolated complex
or an in situ generated catalyst (see Figure S1). Interestingly, σ-
bond metathesis and synthesis of the smaller lutetium cation
was not nearly as active as for the larger yttrium analogon.
Cp2Lu(CH2(C5H2Me2N)) had to be stirred overnight for
complete conversion and was recrystallized for purification.
Therefore, an in situ activation is possible only for Cp2Y-
(CH2(C5H2Me2N)).
The (4,6-dimethylpyridin-2-yl)methyl ligand can coordinate

to the metal center in the form of both a carbanion and an

Scheme 2. Attempted Synthesis of Enolate and Enamide
Rare Earth Metallocene Initiators via Deprotonation of
Classical α-CH-Acidic Substrates

Figure 1. Conversion-reaction time plot for the polymerization of
DEVP using Cp2Y(CH2(C5H2Me2N)) (7.4 mg catalyst, 10 vol %
DEVP in 20 mL of toluene, 30 °C).

Figure 2. Linear increase of the number-averaged molecular weight
during DEVP polymerization using Cp2Y(CH2(C5H2Me2N)) and
corresponding polydispersity (7.4 mg catalyst, 10 vol % DEVP in 20
mL of toluene, 30 °C).
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enamide (Figure 4). Accordingly, initiation of DAVP polymer-
ization could occur via all three routes presented in Scheme 1.
ESI-MS analysis of produced DEVP oligomers shows a chain
end functionalization by (4,6-dimethylpyridin-2-yl)methyl and
does not provide any evidence for initial deprotonation
(Scheme 1, Figure S5), which is in accordance with the
observed high initiation rates. The crystal structure of
Cp2Y(CH2(C5H2Me2N)) (Figure 3) shows the formation of

dimers and indicates a partial double bond character of the
C1−C2 bond (1.456(5) Å) compared to the nonactivated C6−
C8 methyl group (1.504(5) Å). This is in agreement with
crystal structure data of similar ortho-alkylpyridines.18 From
experimental data, initiation by nucleophilic transfer is evident;
whether it proceeds via a six- or eight-electron process may be
revealed only by theoretical calculations.

In order to verify the suitability of these complexes as
initiators for REM-GTP, we carried out polymerization
experiments with diethyl vinylphosphonate (DEVP). Hereby,
for the first time using a Cp2LnX initiator, polymerization of
DEVP could be facilitated without observation of an initiation
period (Figure 1, Table 1). Kinetic measurements revealed a
linear increase of the number-averaged molecular weight upon
conversion, narrow polydispersity throughout the whole
reaction, and activities comparable to those observed for the
corresponding thiolato complexes (Figure 2, Table 1).10 In
contrast to the previously applied thiolato complexes, the
initiator efficiency of the yttrium complex remains constant
throughout the whole polymerization (Figure 1), indicating the
initiator efficiency of 68% to be mainly a result of an initial
deactivation by impurities (e.g., water). Whereas thiolates are
not stable and eliminate during vinylphosphonate polymer-
ization, (4,6-dimethylpyridin-2-yl)methyl initiators form a
stable C−C bond. The stable end group is important to
prevent unwanted side reactions from olefinic chain ends and
opens up new approaches for polymeric surface modifications.
The formed dimer of Cp2Y(CH2(C5H2Me2N)) does not
hamper the initiation and facilitates the propagation with a
high initiator efficiency. In the case of the lutetium compound a
significant drop of I* is observed. This is attributed to a more
stable dimer and the general high polymerization activity. In
such cases, the propagation rate surpasses the dissolving of the
dimer by coordination and fewer complexes initiate. For
thiolato compounds dimers prevent the coordination of IPOx
or 2VP completely and no polymerization occurs. Moreover,
(4,6-dimethylpyridin-2-yl)methyl complexes initiate the poly-
merization of not only vinyl phosphonates but also IPOx, even
though only materials with rather broad polydispersity could be
obtained, indicating a slow and nonuniform initiation (Table
1). Nevertheless, the described complexes are the first systems

Table 1. Comparison of Cp2Ln(CH2(C5H2Me2N)) Initiators for the REM-GTP of DEVP and IPOx (Toluene, 30 °C)5f,10

catalyst monomer [Mon]0/ [Cat]0 init. perioda Mn
b [kDa] PDIb I*t

b [%] I*b [%] TOFc [h−1] TOF/I*t [h
−1]

Cp2Y(CH2(C5H2Me2N)) DEVP 600 − 140 1.02 73 68 59 400 81 000

[Cp2Y(StBu)]2 DEVP 600 5 s 150 1.18 46 65 44 000 96 000

Cp2Lu(CH2(C5H2Me2N)) DEVP 600 − 480 1.13 16 21 46 000 300 000

[Cp2Lu(StBu)]2 DEVP 600 15 s 210 1.27 35 47 103 000 290 000

[Cp2YbMe]2 DEVP 600 80 s 910 1.52 54 11 4300 8000

Cp2Y(CH2(C5H2Me2N)) IPOx 200 −

d 20 1.26 −

d 89 −

d
−

d

Cp2Lu(CH2(C5H2Me2N)) IPOx 200 −

d 38 1.39 −

d 59 −

d
−

d

[Cp2YbMe]2 IPOx 200 − 21 1.04 −

e 95 380 −

e

aInitiation period, reaction time until 3% conversion is reached. bDetermined by GPC-MALS, I *t = Mth/Mn, Mth = [Mon]0/[Cat]0 × MMon ×

conversion (I *t at the maximum rate, I * at the end of the reaction). cDetermined by 31P (DEVP) or 1H (IPOx) NMR spectroscopic measurement.
dNot determined due to incomplete conversion (Yield = 80% (Y), 75% (Lu)). eNot determined.

Scheme 3. Synthesis of Cp2Ln(CH2(C5H2Me2N)) via C−H
Bond Activation by σ-Bond Metathesis

Figure 3. ORTEP drawing of Cp2Y(CH2(C5H2Me2N)) with 50%
ellipsoids. All H atoms have been omitted for clarity. Selected bond
distances (Å) and angles (deg): C1C2, 1.456(5); C6C8,
1.504(5); Y1C1, 2.641(4); Y1C1C2, 87.2(2); N1C2C1,
115.1(3).

Figure 4. Coordination of the heteroaromatic initiator to the metal as
carbanion or enamide and proposed eight-membered-ring transition
state for the initiation of DEVP.
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exhibiting high initiator efficiencies for both DAVP and IPOx
polymerization.
In conclusion, we have shown that σ-bond metathesis gives

highly efficient initiators for REM-GTP via C−H bond
activation of 2,4,6-trimethylpyridine. The rate of the σ-bond
metathesis depends heavily on the size of the used metal, and in
the case of yttrium also the in situ preparation of (4,6-
dimethylpyridin-2-yl)methyl initiators is possible. The obtained
catalysts show high activities and no initiation period.
Accordingly, the molecular weight of PDEVP increases linearly
with monomer conversion and the polydispersity remains
remarkably narrow. We attribute the living character to a
mechanistic match between initiation and propagation, both
following an eight-electron process. Further studies to apply
initiators from C−H activation to new catalysts for a
stereospecific polymerization of polar monomers are currently
under way.
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Material and Methods 

All reactions were carried out under argon atmosphere using standard Schlenk or glovebox 

techniques. All glassware was heat dried under vacuum prior to use. Unless otherwise stated, all 

chemicals were purchased from Sigma-Aldrich, Acros Organics or ABCR and used as received. 

Toluene, THF and pentane were dried using an MBraun SPS-800 solvent purification system. 

Hexane was dried over 3 Å molecular sieve. Li(bdsa),1 the precursor complexes Ln(bdsa)3(thf)2,1 

Ln(CH2TMS)3(thf)2,2 Cp2Ln(bdsa)(thf)3 and Cp2Ln(CH2TMS)(thf)3 as well as DEVP4 were 

prepared according to literature procedures. Monomers were dried over calcium hydride and 

destilled prior to use. NMR spectra were recorded on a Bruker AVIII-300 or AV-500C spectrometer. 

1H, 13C and 29Si NMR spectroscopic chemical shifts δ are reported in ppm relative to 

tetramethylsilane. δ(1H) is calibrated to the residual proton signal, δ(13C) to the carbon signal and 

δ(29Si) to the deuterium signal of the solvent. 31P NMR spectroscopic chemical shifts are reported in 

ppm relative to and calibrated to 85% aqueous H3PO4. Deuterated solvents were obtained from 

Eurisotop or Sigma Aldrich and dried over 3Å molecular sieve. Elemental analyses were measured at 

the Laboratory for Microanalytics at the Institute of Inorganic Chemistry at the Technische 

Universität München. ESI MS analytical measurements were performed with methanol solutions on 

a Varian 500-MS spectrometer in positive ionization mode. 
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  Complex Synthesis 

General procedure for the synthesis of Cp2LnX: 

1 eq of a stem solution of XH in toluene (ca. 5 w%) is added dropwise to a toluene solution of 1 eq of 

Cp2Ln(bdsa)(thf) or Cp2Ln(CH2TMS)(thf) (ca. 0.1 M) at room temperature. The resulting 

mixture is stirred for the stated reaction time, the solvent and formed 1,1,3,3- 

tetramethyldisilazane/SiMe4 are removed in vacuo. 

Cp2Lu(N(SiMe2OiPr)(SiMe2H)): Following the general procedure, the reaction mixture was 

stirred over night. Yield: 190 mg white powder (0.39 mmol, quantitative). 1H NMR (C6D6, 300 K, 

500 MHz): δ = 0.08 (s, 6H, Si(OiPr)(CH3)2), 0.27 (d, 6H, 3J(H-H) = 3.0 Hz, SiH(CH3)2), 0.73 (d, 

6H, 3J(H-H) = 6.2 Hz, CH(CH3)2), 3.50 (sp, 1H, 3J(H-H) = 6.2 Hz, O-CH(CH3)2), 4.89 (sp, 1H, 

3J(H-H) = 3.0 Hz, Si-H), 6.15 (s, 10H, Cp-H). 13C NMR (C6D6, 300 K, 125 MHz): δ = 2.5 (s, 

Si(CH3)2), 3.2 (s, Si(CH3)2), 24.9 (s, CH(CH3)2), 68.7 (s, OCH(CH3)2), 111.6 (s, Cp-C). 29Si 

NMR (C6D6, 300K, 100 MHz): δ = 24.5 (s), 45.7 (s).  

Cp2Y(CH2(C5H2Me2N)): Following the general procedure, the reaction mixture was stirred for 30 

minutes. Yield: 320 mg yellow powder (0.9 mmol, quantitative). 1H NMR (C6D6, 292 K, 300 MHz): 

δ = 1.79 (s, 3H, CH3), 2.83 (s, 3H, CH3), 2.44 (s, 2H, CH2), 5.80 (s, 1H, Pyr-CH), 6.05 (s, 10H, Cp-

H), 6.41 (s, 1H, Pyr-CH). 13C NMR (C6D6, 298 K, 125 MHz): δ = 21.1 (s, CH3), 23.9 (s, CH3), 40.7 

(d, CH2, 1JY-C = 12.5 Hz), 111.2 (s, Cp-C), 112.3 (s, Pyr-CH), 118.5 (s, Pyr-CH), 148.0 (s, Pyr-Cqu), 

155.8 (s, Pyr-Cqu), 167.4 (s, Pyr-Cqu). Anal. Calcd for YC20H18N∙0.2thf: C, 63.84; H, 6.16; N, 3.96. 

Found: C, 63.93; H, 6.08; N, 4.00. 

Cp2Lu(CH2(C5H2Me2N)): Following the general procedure, the reaction mixture was stirred over 

night. Yield: 174 mg yellow powder (0.4 mmol, 32 %, recrystallized from toluene/pentane). 1H NMR 

(C6D6, 298 K, 300 MHz): δ = 1.74 (s, 3H, CH3), 1.82 (s, 3H, CH3), 2.39 (s, 2H, CH2), 5.68 (s, 10H, 

Pyr-CH), 6.04 (s, 1H, Cp-H), 6.49 (s, 1H, Pyr-CH). 13C NMR (C6D6, 298 K, 125 MHz): δ = 20.9 (s, 

CH3), 23.7 (s, CH3), 37.8 (s, CH2), 110.7 (s, Cp-C), 114.7 (s, Pyr-CH), 120.2 (s, Pyr-CH), 149.5 (s, 

Pyr-Cqu), 156.1 (s, Pyr-Cqu), 168.5 (s, Pyr-Cqu). Anal. Calcd for LuC20H18N: C, 50.83; H, 4.74; N, 

3.29. Found: C, 49.18; H, 4.86; N, 2.72. 
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  Oligomerization 

5 eq of the respective monomer are added to 1 eq of catalyst in toluene. The resulting mixture is 

stirred for 2 hours at room temperature and quenched by addition of MeOH. Volatiles were removed 

under reduced pressure and the residue is extracted with MeOH. For end group analysis, ESI-MS 

measurements of the methanolic extract are performed. 

 

Activity measurements 

For activity measurements, the stated amount of catalyst (15-50 μmol) is dissolved in 20mL of 

toluene and the reaction mixture is thermostated to the desired temperature. Then, the stated 

amount of DEVP (3.5-13 mmol) is added. During the course of the measurement, the temperature is 

monitored with a digital thermometer and aliquots (0.5 mL) are taken and quenched by addition to 

deuterated methanol (0.2 mL). After the stated reaction time, the reaction is quenched by addition of 

MeOD (0.5 mL). The reaction is carried out in an MBraun Glovebox under argon atmosphere to 

take aliquots every 6-10 seconds at the beginning of the measurement. For each aliquot, the 

conversion is determined by 31P NMR spectroscopy, the molecular weight of the formed polymer by 

GPC-MALS analysis. 

 

Molecular Weight Determination 

GPC was carried out on a Varian LC-920 equipped with two PL Polargel columns. As eluent a 

mixture of 50% THF, 50% water, and 9 g L-1 tetrabutylammonium bromide (TBAB) was used. 

Absolute molecular weights have been determined online by multiangle light scattering (MALS) 

analysis using a Wyatt Dawn Heleos II in combination with a Wyatt Optilab rEX as concentration 

source. 
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Table S1. Polymerization results for the REM-GTP of 2VP (toluene, 30 °C)5 

Catalyst Monomer 
[Mon]0/ 

[Cat]0 
Init. 

perioda 
Mn

b 
[kDa] 

PDIb 
I*t

 b
  

[%] 

I*b  

[%] 

TOFc  

[h-1] 
TOF/I*t [h-1] 

Cp2Y(CH2(C5H2Me2N) 2VP 100 - e 13 1.01 - e 80 - e - e 

Cp2Lu(CH2(C5H2Me2N) 2VP 100 - e 38 1.08 - e 28 - e - e 

[Cp2YbMe]2 2VP 100 - e 14 1.01 - e 75 44 - e 
aInitiation period, reaction time until 3% conversion is reached, bdetermined by GPC-MALS, I *t = Mth/Mn, Mth = [Mon]0/[Cat]0 × MMon × conversion 

(I *t at the maximum rate, I * at the end of the reaction), cdetermined by 31P (DEVP) or 1H (IPOx) NMR spectroscopic measurement, enot determined. 

 

 

 

Figure S1: Conversion-reaction time plot for the polymerization of DEVP using in situ generated Cp2Y(CH2(C5H2Me2N)), (7.4 mg 
catalyst, 10vol% DEVP in 20 mL toluene, 30 °C). 
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Figure S2: Conversion-reaction time plot for the polymerization of DEVP using in situ generated Cp2Y(CH2(C5H2Me2N)), (7.4 mg 
catalyst, 10vol% DEVP in 20 mL toluene, 30 °C). 

 

Figure S3. Conversion-reaction time plot for the polymerization of DEVP using Cp2Lu(CH2(C5H2Me2N)), (9.2 mg catalyst, 10vol% 
DEVP in 20 mL toluene, 30 °C). 
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Figure S4: Conversion-reaction time plot for the polymerization of DEVP using Cp2Lu(CH2(C5H2Me2N)), (9.2 mg catalyst, 10vol% 
DEVP in 20 mL toluene, 30 °C). 

 

 

 

 
Figure S5. ESI MS spectrum of DEVP oligomers produced with Cp2Y(CH2(C5H2Me2N)). 
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  SC-XRD determination (CCDC 1031228) 

A yellow fragment-like specimen of C36H40N2Y2, approximate dimensions 0.324 mm x 0.327 

mm x 0.405 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured on a Bruker Kappa APEX II CCD system equipped with a graphite 

monochromator and a Mo fine-focus tube (λ = 0.71073 Å). 

 

Figure S6. Ortep drawing with 50% ellipsoids for  Cp2Y(CH2(C5H2Me2N)). 

A total of 1392 frames were collected. The total exposure time was 23.20 hours. The frames 

were integrated with the Bruker SAINT software package using a narrow-frame algorithm. 

The integration of the data using a monoclinic unit cell yielded a total of 34217 reflections to 

a maximum θ angle of 25.35° (0.83 Å resolution), of which 5737 were independent (average 

redundancy 5.964, completeness = 100.0%, Rint = 10.40%, Rsig = 8.18%) and 3937 (68.62%) 

were greater than 2σ(F2). The final cell constants of a = 11.9223(4) Å, b = 22.3436(8) Å, c = 

12.7820(4) Å, β = 113.273(2)°, volume = 3127.91(19) Å3, are based upon the refinement of 

the XYZ-centroids of 3701 reflections above 20 σ(I) with 5.032° < 2θ < 46.07°. Data were 

corrected for absorption effects using the multi-scan method (SADABS). The ratio of 

minimum to maximum apparent transmission was 0.643. The calculated minimum and 

maximum transmission coefficients (based on crystal size) are 0.3140 and 0.3790.  

 

The structure was solved and refined using the Bruker SHELXTL Software Package in 

conjunction with SHELXLE, using the space group P 1 21/n 1, with Z = 4 for the formula 
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  unit, C36H40N2Y2. The final anisotropic full-matrix least-squares refinement on F2 with 517 

variables converged at R1 = 3.83%, for the observed data and wR2 = 7.00% for all data. The 

goodness-of-fit was 0.997. The largest peak in the final difference electron density synthesis 

was 0.381 e-/Å3 and the largest hole was -0.493 e-/Å3 with an RMS deviation of 0.090 e-/Å3. 

On the basis of the final model, the calculated density was 1.441 g/cm3 and F(000), 1392 e-.  

Chemical formula C36H40N2Y2 

Formula weight 678.52 

Temperature 123(2) K 

Wavelength 0.71073 Å 

Crystal size 0.324 x 0.327 x 0.405 mm 

Crystal habit yellow fragment 

Crystal system Monoclinic 

Space group P 1 21/n 1 

Unit cell dimensions a = 11.9223(4) Å α = 90° 

 
b = 22.3436(8) Å β = 113.273(2)° 

 
c = 12.7820(4) Å γ = 90° 

Volume 3127.91(19) Å3 
 

Z 4 

Density (calculated) 1.441 g/cm3 

Absorption coefficient 3.719 mm-1 

F(000) 1392 

 

Diffractometer Bruker Kappa APEX II CCD 

Radiation source fine-focus tube, Mo  

Theta range for data collection 1.82 to 25.35° 

Index ranges -14<=h<=14, -26<=k<=26, -15<=l<=15 

Reflections collected 34217 

Independent reflections 5737 [R(int) = 0.1040] 

Coverage of independent reflections 100.0% 

Absorption correction multi-scan 

Max. and min. transmission 0.3790 and 0.3140 

Structure solution technique direct methods 

Structure solution program SHELXS-97 (Sheldrick, 2008) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-97 (Sheldrick, 2008) and SHELXLE (Huebschle. 2011) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 5737 / 0 / 517 

Goodness-of-fit on F2 0.997 

Final R indices 3937 data; I>2σ(I) R1 = 0.0383, wR2 = 0.0609 

 
all data R1 = 0.0802, wR2 = 0.0700 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0251P)2] 
where P=(Fo

2+2Fc
2)/3 

Largest diff. peak and hole 0.381 and -0.493 eÅ-3 

R.M.S. deviation from mean 0.090 eÅ-3 
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4.4.1 Abstract 

This chapter shows the first report on ligand induced steric crowding for the REM-GTP of 

vinylphosphonates. Several initiators with increased steric demand of the coordinated ligand sphere and 

decreased size of the catalytically active metal center are prepared using salt metathesis and the effects of 

the modifications on molecular mass, propagation rate, initiation delay, and molecular mass distribution 

are monitored via activity measurements using a normalization method for living polymerizations, and a 

correlation between steric crowding and activity is presented. In previous studies the thermodynamic 

parameters were determined for the REM-GTP of vinylphosphonates using simple (C5H5)2LnX 

complexes with different RE metal centers and changes in activity were found to be only determined by 

entropic effects (see Chapter 4.2). The thermodynamic parameters of 2VP polymerization by 

2-methoxyethylaminobis(phenolate)yttrium catalysts are presented in Chapter 4.8 and recently Dongmei 

Cui et al. studied the influence of the cation size for the styrene polymerization via cationic RE 

complexes.305 In the work of Cui et al., no normalization method was used due to occurring chain transfer 

reactions, however, the experimental thermodynamic results are supported by the calculated energy gaps 

of the HOMO of styrene and the LUMO of corresponding complexes.305 

In this chapter, the temperature-dependent kinetic analyses are performed for several methyl-, 

trimethylsilyl-, and tetramethylcyclopentadienyl-substituted complexes to determine the activation 

enthalpies ΔH‡ and entropies ΔS‡ according to the Eyring equation. For (C5Me4H)3Ln complexes (Ln = 

Sm, Tb, Y), a change in the reaction enthalpy ΔH‡ is observed compared to un- and monosubstituted 

compounds. The metal−monomer and metal−poly(phosphonate ester) bond distances are found to be 

prolonged for the pentacoordinated intermediate. Single sterically demanding groups such as −TMS were 

found to have a negative effect on the activity. This decrease of activity was addressed to a high energy 

barrier due to entropic effects and the high amount of rotation and vibration for such large and heavy 

substituents. In contrast to this result, the single methyl groups of (C5H4Me)3Y sufficiently destabilize the 

pentacoordinate intermediate and facilitate the propagation. [(C5H4TMS)2SmH]2 and 

[(C5H3TMS2)2SmH]2 were previously reported to produce syndiotactic PMMA, however, in this study all 

obtained poly(vinylphosphonate)s were considered atactic. 

The first author Benedikt S. Soller was supported by second authors Qian Sun in performing the 

temperature dependent kinetic measurements, Stephan Salzinger in interpreting the experimental results, 

and the crystallographers Christian Jandl and Alexander Pöthig in completing the complex 

characterization. 
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ABSTRACT: This contribution presents the first rare earth metal-
mediated group transfer polymerization of vinylphosphonates from
substituted cyclopentadienyl rare earth catalysts. Several initiators with
increased steric demand of the coordinated ligand sphere and decreased
size of the catalytically active metal center are prepared using salt
metathesis. The effects of the modifications on molecular mass,
propagation rate, initiation delay, and molecular mass distribution are
monitored via activity measurements using a normalization method for
living polymerizations, and the correlation between steric crowding and
activity is presented. Temperature-dependent kinetic analyses are
performed for several methyl-, trimethylsilyl-, and tetramethylcyclo-
pentadienyl-substituted complexes to determine the activation enthalpies
ΔH‡ and entropies ΔS‡ according to the Eyring equation. For (C5Me4H)3Ln complexes (Ln = Sm, Tb, Y), a change in the
reaction enthalpy ΔH‡ is observed compared to un- and monosubstituted compounds. The metal−monomer and metal−
poly(phosphonate ester) bond distances are found to be prolonged for the pentacoordinated intermediate.

■ INTRODUCTION

Alterations of the ligand sphere and the metal−ligand
interaction and the introduction of sterically demanding or
less demanding groups are ubiquitous methods in homoge-
neous catalysis. Such modifications are able to tune the
characteristics of catalytically active systems and change specific
properties such as stability, activity, and/or selectivity.1

Therefore, ligand design and changes of the metal center are
one of the main techniques in organometallic chemistry,
enabling researchers and companies to access a wide range of
catalytic reactions.2−5

In addition to their use in organic synthesis, rare earth (RE)
elements are well-known for their high activities in the
polymerization catalysis of polar vinyl monomers.6 The living
polymerization of methyl methacrylate (MMA) using RE
metals or group 4 initiators was first reported in 1992 by two
independent groups.7,8 Yasuda et al. used the neutral single
component [(C5Me5)2SmH]2 samarocene.7 The produced
PMMA showed a high syndiotacticity of up to 95%, and the
polymerization rate was found to increase with cation size (Sm
> Y > Yb > Lu).9 In the following years, RE metal-mediated
group transfer polymerization (REM-GTP) was applied to a
variety of (meth)acrylates, (meth)acrylamides, and the precise
synthesis of block copolymer structures.6,10−13

The scope of monomers accessible for REM-GTP has
recently been extended to N-coordinating monomers such as 2-
vinylpyridine or 2-isopropenyl-2-oxazoline (Figure 1).14−17 As
functional groups provide interesting material properties, the
application of polymerization techniques to new monomers is
one of the main areas in polymer research. Phosphorus-
containing materials, especially those comprising of phospho-
nate moieties, have gained significant interest in research and
industry because of their wide range of possible applications
from proton-conducting materials to the usage in the
biomedical field.18−23 Vinylphosphonates belong to the
simplest phosphorus-containing monomers; however, studies
on their corresponding material properties were hampered by
their poor polymerizability using classic polymerization
methods.24,25

Flame-retardant coating and additives of poly(dialkyl
vinylphosphonate)s (PDAVP) and poly(ditolyl vinylphospho-
nate) have been tested for their use as halogen-free flame-
retardants for polycarbonate.26 Poly(diethyl vinylphosphonate)
(PDEVP) shows amphiphilic behavior and is soluble in organic
solvents and water. Therefore, upon heating, aqueous PDEVP
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solutions have a lower critical solution temperature (LCST)
close to the physiological range.27 Furthermore, PDEVP
copolymers with dimethyl vinylphosphonate or di-n-propyl
vinylphosphonate show a highly tunable LCST over the entire
temperature range of water from 5 to 92 °C.28 Additionally,
REM-GTP can be applied for the modification of silicon
surfaces or polystyrene particles using a surface-initiated group
transfer polymerization procedure.29,30 Furthermore, the
modification of silicon nanoparticles to form thermoresponsive
and photoluminescent hybrid materials via surface-initiated
group transfer polymerization was conducted.31 Recently,
Cp2Ln(CH2(C5H2Me2N)) (Ln = Y, Lu) complexes with
(4,6-dimethylpyridin-2-yl)methyl initiators have been reported
as efficient catalysts without an initiation period.32 The absence
of an initiation delay is attributed to an eight-membered ring
transition state for the initiation, mechanistically matching the
propagation.6,33−35

Our group previously used simple ytterbium complexes
(Cp2YbMe and Cp2YbCl) to prepare high molecular weight
PDEVP and PDEVP-b-PMMA block copolymers, indicating a
propagation via a repeated conjugate addition of the Michael-
type monomer.36 The mechanism of REM-GTP of vinyl-
phosphonates was further elucidated in 2013; experimental
results point toward a Yasuda-type polymerization mechanism
with an SN2-type associative displacement of the polymer
phosphonate ester by a monomer as the rate-determining
step.37 The rate of vinylphosphonate REM-GTP accelerates as
the size of the metal center for late lanthanides decreases.27,37

The change in propagation rate has been elucidated via
temperature-dependent activity measurements of unsubstituted
Cp3Ln or Cp2LnStBu (Ln = Tb, Y, Tm, Lu) catalysts using the
Eyring equation; the propagation rate was found to be mainly
determined by the activation entropy and not by the activation
enthalpy.37 Recently, higher activities with smaller RE metals
were reported for syndioselective styrene polymerizations and
supported by Eyring analyses and DFT simulation.38 The
observed influence of the metal cation radius was attributed to
lower LUMO orbitals, facilitating monomer coordination to the
metal center.38

Herein, we present the polymerization of DEVP from
substituted tris(cyclopentadienyl) RE initiators resulting in high
to moderate activities and high initiator efficiencies (Chart 1).
To date, a systematic approach to sterically crowded lanthanide
metallocenes for the polymerization of vinylphosphonates has
not been reported. The presented complexes are obtained via
salt metathesis reaction in tetrahydrofuran from 3 equiv of the
corresponding potassium cyclopentadienide and the RE
trichloride or a modification, as described in the Experimental
Section.

■ RESULTS AND DISCUSSION

In this study, the metals Sm, Tb, and Y (in order of decreasing
ionic radii) were used to investigate early (Sm) and late (Tb)
lanthanides. Furthermore, the RE yttrium was chosen as its
cation size is in between the lanthanides dysprosium and
holmium, the paramagnetic core allows NMR studies, and
several substituted tris(cyclopentadienyl) yttrium complexes
are accessible. The synthesis of substituted tris(cyclo-
pentadienyl)lutetium compounds is hindered by steric effects
or solubility restrictions as Lu is the smallest RE cation.39−42

Cyclopentadienyl ligands are not basic enough to deproto-
nate vinylphosphonate monomers; therefore, an initiation by
nucleophilic transfer occurs either via six- or eight-membered
ring transition state, the latter imitating the propagation
transition state (Scheme 1). Cyclopentadienyl-based ligands
are generally known as strong, stable, and often inert ligands;
however, they show a variety of different coordination modes.43

Phosphonate esters are two electron-donating species and are
therefore supposed to strengthen the η1-(σ)-character of the
metal−Cp bond through coordination, resulting in a
nucleophilic transfer to a coordinated monomer. This
conclusion is supported by studies performed by Evans with
sterically crowded (C5Me5)3Ln complexes (Ln = La, Ce, Pr,
Nd, Sm), for which an equilibrium between η5- and η1-(C5Me5)
metal bonding was proposed.44−46

Despite the various possible modifications of metallocene
ligands used for RE elements in the literature,47,48 to date only
the influence of the metal center size has been investigated for
the polymerization of vinylphosphonates, and no modifications

Figure 1. Overview of polar monomers accessible for the repeated conjugate addition polymerization via REM-GTP.

Chart 1. Molecular Structure of Monosubstituted and
Tetramethyl-Substituted Cp3Ln Catalysts Used for the
Polymerization of DEVP in This Studya

aFor (C5H4Me)3Y(thf), the coordinated THF solvent molecule is
omitted for clarity.
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of the Cp ligand sphere have been reported.27,37,49 Rabe et al.
used nonmetallocene Ln(NSiHMe2)3(thf)2 precursor systems
for the REM-GTP of DEVP, resulting in very broad molecular
mass distributions and incomplete conversions.50 2-Methoxy-
ethylaminobis(phenolate)yttrium initiators are highly active
catalysts for the polymerization of 2VP (TOF = 1100 h−1).16

However, for vinylphosphonates, such complexes show an
inverted behavior resulting in significantly lower activities
(TOF = 42 h−1 for DIVP, TOF = 480 h−1 for DEVP).
Therefore, in this contribution, we wanted to investigate the
influence of the metal ion radii of early lanthanides and the
impact of sterically demanding substituents for several
tris(cyclopentadienyl) RE metallocene initiators.
Impact of the Ligand Sphere. All polymerizations were

conducted with 300 or 600 equiv of monomer at 30 °C in 5 or
10 vol % toluene solutions. All kinetic data were normalized
using the initiator efficiency I*t at the maximum rate of
monomer conversion as I*t changes for different conversions
(Figure 2). The used normalization method also reduces the
influence of protic impurities (e.g., water in the monomer) and
gives consistent values for TOF/I*t (Table S6).37

Unsubstituted Cp3Ln initiators of the lanthanides Dy−Lu
were previously used for the polymerization of DEVP.27 The
RE complex Cp3Y has not been tested for the polymerization of
vinylphosphonates; however, its properties are similar to those
of the lanthanides Cp3Dy and Cp3Ho due to the similar cation
radius (vide supra). Cp3Y shows a long initiation period of 20

min, and quantitative conversion is reached after 60 min (Table
1). To our delight, the introduction of a single methyl
substituent for (C5MeH4)3Y(thf) results in a significant
reduction of the initiation period along with higher initiator
efficiency and activity (Figure 2). The overall polymerization
time of DEVP via (C5MeH4)3Y(thf) (2.5 min) is in fact faster
than the overall initiation period of the unsubstituted Cp3Y (20
min, Table 1).
Interestingly, the introduction of the sterically more

demanding trimethylsilyl group for (C5H4TMS)3Y results in a
significant decrease of the activity and an increase of the
polymerization time with a narrow molecular mass distribution
at room temperature. We attribute the lower activity of
(C5H4TMS)3Y to a hindered coordination of the monomer due
to steric repulsion, resulting in an overall slower propagation
rate. However, DEVP polymerization via (C5H4TMS)3Y starts
instantly and is the only example to date of a substituted Cp3Ln
complex without (measurable) initiation delay. Only the
unsubstituted, highly active Cp3Lu was previously reported
with no initiation period, whereas the Cp3Ln complex of the
adjacent ytterbium shows a distinct initiation period of a few
seconds.27

The yttrium catalysts used herein show a decrease in
molecular mass attributed to an increased initiator efficiency for
higher steric crowding of the ligand sphere. Furthermore, the
obtained values for the polydispersity are also dependent on the
used ligand and the molecular mass distribution decreases with
increasing steric demand (PDI: Cp3Y > (C5H4Me)3Y(thf) >
(C5H4TMS)3Y ≈ (C5Me4H)3Y).

Extension of Vinylphosphonate REM-GTP to Larger
Metal Centers. The Cp3Ln metallocenes of the early
lanthanides (Sm−Gd) were previously found to be inactive
for the polymerization of vinylphosphonates.27,51 One of our
goals was to create active early lanthanide complexes for the
REM-GTP of vinylphosphonates via steric crowding of the
ligand sphere because such complexes can be easily synthesized
or, in some cases, are commercially available. In a first attempt,
(C5H4TMS)3Sm was synthesized and tested for DEVP
polymerization (Table 1). After stirring overnight at room
temperature, polymeric materials were obtained and charac-
terized via GPC-MALS. However, the values for I* were
drastically lower, and the activities were insufficient to perform
further kinetic measurements. After a crystal structure was
obtained (Figure S1), (C5H4TMS)3Sm was discarded for all
activity measurements in this work. Nevertheless,
(C5H4TMS)3Sm is one of the first early RE metallocenes
shown to be active for vinylphosphonate polymerization.
Using the tetramethyl-substituted (C5Me4H)3Sm complex

resulted in a significant increase in activity compared to
(C5H4TMS)3Sm. Instead, of stirring overnight, DEVP polymer-
ization was nearly quantitative after 120 min (Table 1, Figures
S65−S76), and the initiator efficiencies I* and I*t were found
to be adequate using a large early lanthanide metal center.
Terbium belongs to the late lanthanides and its size is
intermediate between Sm and Y; therefore, it was chosen for
further investigations. The activities, initiator efficiencies, and
molecular mass distribution were found to gradually improve
from the Sm metal center to the Y metal center (Table 1).
However, contrary to (C5H4TMS)3Y and in agreement with the
results for Tb, the sterically crowded (C5Me4H)3Y catalyst
shows an initiation period of a few seconds and remarkably
high initiator efficiencies (Table 1, Figures S35−S48). The I* of
86% (for Y) and 85% (for Tb) are the highest initiator

Scheme 1. Nucleophilic Transfer of a Cp Ligand to DEVP
via a Six- or Eight-Membered Ring Intermediate Followed by
a Propagation via Repeated Conjugate Addition of the
Polymer Chain to the Coordinated DEVP

Figure 2. Conversion−reaction time plot for the polymerization of
DEVP (10 vol %) in toluene with (C5H4Me)3Y(thf) as initiator.
Change of the initiator efficiency I*t vs I* over the reaction time and
the corresponding normalized TOFs.
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efficiencies reported in the literature and are mostly a result of
remaining water deactivating the catalyst during initiation. By
cooling a concentrated toluene solution to −35 °C, single
crystals of (C5Me4H)3Y were obtained and analyzed via X-ray
diffraction (Figure 3).

The high solubilities of (C5Me4H)3Ln and (C5H4TMS)3Y
complexes in aromatic solvents further facilitate a uniform
initiation, whereas unsubstituted Cp3Ln initiators only start
dissolving in toluene af ter monomer addition. As already
previously described for Cp3Ln catalysts (vide supra), the
activities and initiator efficiencies increase with decreasing size
of the metal center for sterically demanding ligand systems. For
(C5Me4H)3Ln complexes, the polymerization rates and initiator
efficiencies increase with decreasing size of the metal center (Y
> Tb > Sm, Table 1), and a correlation between the living
character of the polymerization and the used metal center can
be established by plotting the molecular weight Mn against the
conversion (see Supporting Information). These results are
contrary to those obtained for the polymerization of MMA via
(C5Me5)2LnX initiators, in which the reaction velocity

increased as the metal center size increased (Sm > Y > Yb >
Lu).9

Microstructure of PDEVP. One goal of this work was to
evaluate ligand systems for the stereoregular polymerization of
vinylphosphonates. In the literature, [(C5H4TMS)2SmMe]2
and [(C5H3TMS2)2SmMe]2 have been reported to produce
highly syndiotactic PMMA ([rr] = 72%−90%) compared to
PMMA obtained from [(C5Me5)2SmH]2 ([rr] = 80%−92%).52

Interestingly, in this study, the microstructures of all PDEVP
samples produced from substituted Cp ligands were found to
be atactic (Figure S3). The methylene signal area of acrylic
monomers can show either diad or tetrad sequences, whereas
the corresponding methine region and 31P NMR signals result
in triads or pentads.53 The splitting of the broad phosphorus
signals in five domains is observed in Figure S3; however, the
peaks cannot be separated without using peak deconvolution
methods. As a tetrad sequence is excluded for phosphorus, a
splitting into pentads with several unresolved signals seems
possible. However, more measurements and a comparison with
stereoregular poly(vinylphosphonate) samples are needed to
further elucidate these assumptions and to establish a method
to determine the tacticities of poly(vinylphosphonate)s via 31P
NMR. 1H NMR spectra give less information due to broad and
overlapping methylene and methine signals, and high-
resolution 13C measurements of the backbone area are difficult
to obtain in D2O due to the high viscosities and
thermoresponsive behavior of aqueous PDEVP solutions.49

Rabe et al. reported the synthesis of PDEVPs with molecular
masses between 65 and 84 kDa using readily available
Ln(bdsa)3(thf)2 (Ln = La, Nd, Sm) precursor complexes,
resulting in broad polydispersities, [mm] contents up to 79%,
and conversions below 80%.50 To date, this contribution is the
only work on stereoregular PDEVP; however, [mm] triads were
not quantified using isolated peaks due to overlapping or poorly
resolved signals.50 Despite our expectations, the herein
obtained PDEVP samples must be considered atactic.37,49

Determination of Thermodynamic Parameters. To
further understand the measured activities for substituted
tris(cyclopentadienyl) RE complexes and the obtained (atactic)
microstructures, temperature-dependent activity measurements
were conducted according to the Eyring equation:

= −Δ × + Δ +
‡ ‡

k T H R T S R k hln( / ) / 1/ / ln( / )B (1)

Plotting ln(k/T) against 1/T results in the activation enthalpy
(ΔH‡) and entropy (ΔS‡) of the rate-determining step of the

Table 1. DEVP Polymerization Results for Tris(cyclopentadienyl) RE Initiatorsa

catalyst monomer
[Mon]0/
[Cat]0

reaction time
[min]

init.
periodb

convc

[%]
Mn

d

[kDa] PDId
I*t

c

[%]
I*d

[%]
TOFb

[h−1]
TOF/I*t
[h−1]

Cp3Sm DEVP 600 overnight traces inactive inactive

(C5H4TMS)3Sm DEVP 300 overnight 95 385 1.51 13

(C5Me4H)3Sm DEVP 600 120 5 min 99 210 1.17 14 46 700 4800

Cp3Tb DEVP 600 overnight traces inactive inactive

(C5Me4H)3Tb DEVP 600 25 70 s >99 116 1.06 47 85 5100 11000

Cp3Y DEVP 600 60 20 min >97 720 1.26 12 14 2600 21000

(C5H4Me)3Y(thf) DEVP 600 2.5 10 s >99 188 1.20 30 52 29000 95000

(C5H4TMS)3Y DEVP 600 9 >99 145 1.12 61 67 14000 21000

(C5Me4H)3Y DEVP 600 6 15 s >99 115 1.05 66 86 13000 19000

Cp3Lu DEVP 600 0.5 >99 210 1.13 42 47 >125000 >265000
aToluene, 30 °C, 10 vol % for monomer-to-catalyst ratio 600:1, 5 vol % for monomer-to-catalyst ratio 300:1. bInitiation period, reaction time until
3% conversion is reached. cConversion, determined by 31P NMR spectroscopic measurement. dDetermined by GPC-MALS, I* = Mth/Mn, Mth =
eq(monomer) × MMon × conversion (I *t at the maximum rate, I* at the end of the reaction).

Figure 3. ORTEP drawing of (C5Me4H)3Y with 50% ellipsoids. All H
atoms have been omitted for clarity. Selected bond distances (Å) and
angles (deg): Y1C1, 2.6350(17); C2C6, 1.518(3); C1−Y1−C1a,
120.0.
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pentacoordinated transition state. These temperature-depend-
ent activity measurements were conducted for all substituted
tris(cyclopentadienyl) RE complexes with the exception of
(C5H4TMS)3Sm, which was not reactive enough for kinetic
analyses. All activity measurements and the resulting TOFs
were normalized using the initiator efficiency I*t to exclude
inaccurate results due to changes in initiator efficiencies with
longer polymerization times and higher conversions. These
measurements were performed for all substituted RE metal-
locenes presented in this work and the results are summarized
in Table 2.

To our surprise, the catalysts (C5H4Me)3Y(thf) and
(C5H4TMS)3Y do not show a change of ΔH‡ when compared
to unsubstituted metallocenes.37 Therefore, changes in activity
between the differently un- and monosubstituted complexes are
only a result of entropic reasons. In fact, (C5H4Me)3Y(thf) is
similar in entropy and activity with the previously studied
[Cp2YStBu]2.

37 We attribute the matching enthalpy ΔH‡ for
the monosubstituted complexes (C5H4Me)3Y(thf) and
(C5H4TMS)3Y and unsubstituted RE metallocenes to the
high flexibility of the single substituents and the large steric
demand of the eight-membered ring transition state of the
propagation. Therefore, a single substituent is unlikely to be
found near the active center due to the sterically crowded
pentacoordinate intermediate (Figure 4). An arrangement and
conformation of the substituent in the largest spacious distance
to the metallacycle and coordinated monomer appears favored
(Figure 4).
Additionally, for the monosubstituted complexes, an increase

of steric crowding does not result in higher activities for
(C5H4TMS)3Y. Detailed studies for other (C5H4TMS)3Ln

catalysts are restricted due to low activities (i.e., Sm, Table 1) or
the hindered synthesis of smaller metal centers (i.e., Lu, vide
supra). Furthermore, no explanation was given for the
significant differences in activity between (C5H4TMS)3Sm
and (C5Me4H)3Sm. Therefore, we conducted temperature-
dependent activity measurements for the (C5Me4H)3Ln
systems. The η1 character of the (C5Me4H)3Ln monomer
adduct is supposed to be further strengthened, facilitating a fast
and efficient initiation (vide supra).
For the first time, a change of the activation enthalpy term

ΔH‡ is observed for (C5Me4H)3Ln catalysts (Table 2).
Contrary to single substituents, the methyl groups of the
C5Me4H ligand cannot all rearrange in maximal distance from
the active center, resulting in higher steric crowding. Therefore,
in the transition state the Ln−(O−P) and Ln−(OP) bond
distances are lengthened to partly compensate the sterically
demanding pentacoordinate intermediate. Despite the change
of the enthalpy term ΔH‡ for this ligand system, the changes of
the activation barrier between the different (C5Me4H)3Ln
metal centers are only determined by ΔS‡ and are found to
decrease linearly with decreasing cation size (Table 2 and
Figure 5).

According to results from the temperature-dependent activity
measurements and the obtained changes in enthalpy and
entropy, the following conclusions are drawn regarding REM-
GTP of DEVP:
The increased steric demand induced by single substituents is

compensated by rearranging the spacious groups in maximum
distance from the active site. For (C5Me4H)3Ln complexes,
such a rearrangement is not possible in the same extend;
therefore, changes in enthalpy and bond lengths are observed.
Smaller metal centers destabilize the propagation ground

state by a more confined arrangement of the eight-membered
metallacycle according to the higher steric constraints caused by
shorter Ln−Cp, Ln−(O−P), and Ln−(OP) bonds. The
destabilization of the ground state is not of enthalpic in origin
(i.e., ring strain or the Ln−(OP) bond strength) but instead
is entropic in nature (i.e., rotational and vibrational limitations
in the eight-membered metallacycle). In the transition state, the
Ln−(OP) polymer phosphonate ester bond is lengthened,

Table 2. Dependence of the Activation Enthalpy ΔH
‡ and

Entropy ΔS
‡ as a Function of Ionic Radius and Ligand

Sphere

DEVP

catalyst
cation sizea

[pm]
ΔH‡

[kJ mol−1]
ΔS‡

[J (mol K)−1]

(C5H4Me)3Y(thf) 104.0 38.6 −84.9

(C5H4TMS)3Y 104.0 38.5 −99.0

(C5Me4H)3Y 104.0 50.8 −56.8

(C5Me4H)3Tb 106.3 50.6 −63.7

(C5Me4H)3Sm 109.8 50.4 −74.1
aLn3+ ionic radius taken from ref 54 for CN = 6. Hollemann, A. F.,
Wiberg, E., Wiberg, N., Eds.; Lehrbuch der Anorganischen Chemie
(Textbook of Inorganic Chemistry, Engl. Transl.); Walter de Gruyter &
Co.: Berlin, 2007.

Figure 4. Differences in steric crowding for trimethylsilyl- or
tetramethyl-substituted cyclopentadienyl RE catalysts, resulting in
different bond distances.

Figure 5. Activation enthalpy (red triangles) and entropy (blue
squares) for DEVP polymerization using (C5Me4H)3Ln (Ln = Sm, Tb,
Y) catalysts in dependence of the metal ionic radius.
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thus compensating part of the steric stress induced by the
coordination of a vinylphosphonate monomer. This effect is
larger for a stronger destabilization of the ground state, i.e., for
smaller metal centers.
The performed temperature-dependent activity measure-

ments also provide an explanation for the different DEVP
po lymer i z a t ion behav io r o f (C 5Me 4H) 3Sm and
(C5H4TMS)3Sm. For unsubstituted and monosubstituted Cp-
based complexes, the enthalpic term ΔH‡ is unaffected by the
metal radius or substitution; therefore, changes in the activation
energy are of entropic nature only. However, for (C5Me4H)3Ln
initiators, the enthalpy term increases and entropic effects have
a reduced impact on the overall activation energy barrier. Thus,
for (C5Me4H)3Ln catalysts, in the transition state the
Ln−(OP) polymer bond distances are prolonged. The
higher DEVP polymerization velocity for (C5Me4H)3Sm is
therefore attributed to a smaller entropic contribution to the
energy barrier. In contrast, for (C5H4TMS)3Sm, the entropic
contributions dominate the lower enthalpy term ΔH‡ and
rotational and vibrational degrees of freedom in the eight-
membered metallacycle are restricted by the large TMS
substituents and low activities are observed. On the other
hand, the high enthalpy ΔH‡ term for (C5Me4H)3Y is partly
compensated by the low entropy term, resulting in a slightly
higher activity for (C5H4TMS)3Y.
For substituted cyclopentadienyl RE catalysts, an increased

influence of the entropy term is seen for the activation energy
barrier when compared to unsubstituted cyclopentadienyl
systems. This is attributed to the higher entropic rotational
and vibrational influence of large substituents (i.e., TMS)
compared to single Cp-H protons. For the (C5Me4H)3Ln
systems, the entropic impact of the four methyl substituents is
neglected by the overall loss of rotational and vibrational
degrees of freedom in the sterically constrained pentacoordi-
nate intermediate, resulting in comparatively low ΔS‡ entropy
terms.
These results are in line with previous observations by Chen

et al., which found an increased steric demand at the active
metal center; this increased steric demand not only results in
higher stereospecifities or the suppression of side reactions but
also accelerates the propagation rate for MMA polymer-
izations.55 Therefore, in order to obtain high polymerization
velocities and conversions, the steric demand at the active site
needs to be well-adjusted: enough sterically crowded to induce
a sufficient destabilization of the eight-membered metallacycle
ground state and adequate enough to allow the SN2-type
associative displacement of the polymer ester by an incoming
monomer.37,55

■ CONCLUSION

In this work, we have shown that REM-GTP of vinyl-
phosphonates is not restricted to late RE metal metallocenes
and that DAVPs with narrow molecular mass distributions can
be obtained from sterically crowded RE metal complexes. The
elements of the RE metals offer an outstanding access for
adjusting the ligand−metal interactions due to the similar
behavior of RE elements and the steady, gradual course of the
ionic radii of lanthanides within the sixth period. In this work,
the steric demand of the active site was regulated by varying the
metal center or by introducing substituents at the ligand with
different sizes. As a result of the metal−ligand interactions, the
herein studied catalysts vary in their properties ranging from
inert (Cp3Ln, Ln = Tb, Sm) to highly active ((C5H4Me)3Y-

(thf)). (C5Me4H)3Sm is the first example for DAVP REM-GTP
using early lanthanocenes, and in general the activities of DEVP
REM-GTP accelerate with decreasing cation size. Furthermore,
the polymerization behaviors of (C5Me4H)3Ln complexes differ
from un- or monosubstituted RE metallocenes. The penta-
coordinated intermediates of these complexes exhibit length-
ened metal-monomer bond lengths, resulting in a higher
enthalpy ΔH‡ term and are partly compensated by lower ΔS‡

contributions to the activation barrier. From the temperature-
dependent experimental results and theoretical conclusions, the
differences in reactivities between (C5Me4H)3Ln and
(C5H4TMS)3Ln for Ln = Sm and Y can be explained.
No influence on the microstructure of PDEVP is seen from

the used metal center or the coordinating ligand sphere. All
polymers prepared in this study have the same (i.e., atactic)
microstructure. The precise stereoregular polymerization of
vinyl phosphonates is still an unmet challenge. Therefore, for a
stereoregular polymerization of vinylphosphonates, other ligand
systems need to be evaluated to investigate the material
properties of stereoregular poly(vinylphosphonate ester)s or
poly(vinylphosphonic acid). With respect to the results of this
work, rigid (i.e., bridged and sterically crowded) catalyst
systems need to be evaluated for the synthesis of stereoregular
poly(vinylphosphonate)s.

■ EXPERIMENTAL SECTION

General. All reactions were carried out under an argon atmosphere
using standard Schlenk or glovebox techniques. All glassware was heat
dried under vacuum prior to use. Unless otherwise stated, all chemicals
were purchased from Sigma-Aldrich or Alpha Aesar and used as
received. Toluene, THF, and pentane were dried using an MBraun
SPS-800 solvent purification system. Hexane was dried over 4 Å
molecular sieve. Mesitylene was dried over activated aluminum oxide
and stored under an argon atmosphere over 4 Å molecular sieve.
(C5Me4H)3Tb and (C5Me4H)3Sm were obtained according to
literature procedures or purchased from Sigma-Aldrich.56,57 DEVP,
KC5H4TMS, and (C5H4TMS)3Y were prepared according to literature
procedures.40,58,59 DEVP was dried over calcium hydride for several
weeks and distilled prior to use. NMR spectra were recorded on a
Bruker AVIII-300 or AV-500C spectrometer. 1H, 13C, and 29Si NMR
spectroscopic chemical shifts δ are reported in ppm relative to
tetramethylsilane. δ(1H) is calibrated to the residual proton signal,
δ(13C) to the carbon signal, and δ(29Si) to the deuterium signal of the
solvent. 31P NMR spectroscopic chemical shifts are reported in ppm
relative to and calibrated to 85% aqueous H3PO4. Deuterated solvents
were obtained from Sigma-Aldrich and dried over 3 Å molecular sieve.
Elemental analyses were measured at the Laboratory for Micro-
analytics at the Institute of Inorganic Chemistry at the Technische
Universitaẗ München.

Activity Measurements. For activity measurements, the stated
amount of catalyst (21.7 μmol) is dissolved in 20 mL of toluene, and
the reaction mixture is thermostated to the desired temperature. Then,
the stated amount of DEVP (13 mmol, 10 vol %) is added. During the
course of the measurement, the temperature is monitored with a
digital thermometer and aliquots (0.5 mL) are taken and quenched by
addition to deuterated methanol (0.2 mL). After the stated reaction
time, the reaction is quenched by addition of MeOD (0.5 mL). The
reaction is carried out in an MBraun Glovebox under an argon
atmosphere to take aliquots every 6−10 s at the beginning of the
measurement. For each aliquot, the conversion is determined by 31P
NMR spectroscopy and the molecular weight of the formed polymer
by GPC-MALS analysis.

Molecular Weight Determination. GPC was carried out on a
Varian LC-920 equipped with two PL Polargel columns. As eluent a
mixture of 50% THF, 50% water, and 9 g L−1 tetrabutylammonium
bromide (TBAB) was used. Absolute molecular weights have been
determined online by multiangle light scattering (MALS) analysis
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using a Wyatt Dawn Heleos II in combination with a Wyatt Optilab
rEX as concentration source.
Complex Synthesis. KC5H4Me. Commercial methylcyclo-

pentadiene dimer contains up to 10% cyclopentadiene. If not purified,
this will lead to major purity problems for derived organometallic
compounds, particularly for those containing several C5H4Me ligands.
Therefore, the crude methylcyclopentadiene dimer was purified by
repeated cracking and distillation using a 40 cm Vigreux column. The
first ∼10% of the distillate is discarded, and ∼70% of the remainder is
collected. The methylcyclopentadiene is redistilled using the same
experimental setup until a product purity of >99% is obtained.
Purified methylcyclopentadiene dimer (60 mL) is placed in a

250 mL Schlenk flask with a metal reflux condenser, potassium (3.31 g,
84.6 mmol) is added at room temperature, and the experimental setup
is heated to 150 °C overnight. The produced hydrogen gas is released
via an overpressure valve on top of the reflux condenser. The mixture
is filtered using a Schlenk frit and washed two times with 50 mL of
pentane. The product is obtained as a white pyrophoric solid (7 g,
59.2 mmol, 70%). 1H NMR (300 MHz, 293 K, thf-d8): δ 5.28 (m, 4H,
C5H4Me), 2.08 (s, 3H, C5H4Me).
KC5Me4H. was synthesized following an adapted literature

procedure.40 In a 250 mL Schenk flask, tetramethylcyclopentadiene
(4.75 g, 38.9 mmol) is dissolved at 0 °C in pentane. A 55 mL toluene
solution of potassium bis(trimethylsilyl)amide (7.90 g, 39.6 mmol) is
added dropwise, and the suspension is allowed to warm to room
temperature overnight. The white suspension is filtered, and the
residue is washed three times with 40 mL of pentane. The remaining
solvents are removed under vacuum, and KC5Me4H is obtained as a
white pyrophoric powder (5.80 g, 36.1 mmol, 93%). 1H NMR
(300 MHz, 293 K, thf-d8): δ 4.88 (s, 1H, C5Me4H), 1.90 (s, 6H,
C5Me4H), 1.84 (s, 6H, C5Me4H).
(C5H4Me)3Y(thf). was synthesized following an adapted literature

procedure.41 In an argon-filled glovebox, YCl3 (0.44 g, 2.23 mmol) is
suspended in 30 mL of THF and KC5H4Me (8.31 g, 7.03 mmol) is
added stepwise. The colorless mixture is sealed in a 100 mL side arm
Schlenk flask and stirred at room temperature overnight. The solvent
is removed under vacuum from the resulting pale yellow mixture, and
the obtained solids are stirred in 20 mL of toluene at 80 °C for 1 h.
The mixture is filtered to remove gray-white insoluble material,
presumably KCl and excess KC5H4Me. Removal of toluene under
vacuum yields (C5H4Me)3Y(thf) as a pale yellow microcrystalline solid
(533 mg, 1.34 mmol, 60%). 1H NMR (300 MHz, 293 K, thf-d8): δ
5.79 (t, 6H, C5H4Me), 5.63 (t, 6H, C5H4Me), 3.61 (m, 4H, α-thf),
2.16 (s, 9H, C5H4Me) 1.77 (m, 4H, β-thf). 13C NMR (75 MHz, 293 K,
thf-d8): δ 118.1 (C5H4Me), 115.2 (C5H4Me), 108.3 (C5H4Me), 68.2
(α-thf), 26.4 (β-thf), 15.4 (C5H4Me). Anal. Calcd for C22H29OY: C,
66.33; H, 7.34. Found: C, 66.02; H 7.30.
(C5Me4H)3Y. In an argon-filled glovebox, YCl3 (344 mg, 1.76 mmol)

is suspended in 15 mL of THF and KC5Me4H (890 mg, 5.55 mmol) is
added stepwise. The colorless mixture is sealed in a 50 mL side arm
Schlenk flask and stirred at room temperature overnight. The solvent
is removed under vacuum from the resulting yellow mixture, and the
obtained solids are stirred in 22 mL of mesitylene at 150 °C overnight.
The solvent is removed under vacuum, and the mixture is filtered to
remove gray-white insoluble material, presumably KCl and excess
KC5Me4H. Removal of mesitylene under vacuum yields (C5Me4H)3Y
as a pale yellow microcrystalline solid (580 mg, 1.28 mmol, 73%).
Single crystals of (C5Me4H)3Y suitable for X-ray diffraction were
grown from a 0.05 M toluene solution and cooling to −35 °C in a
glovebox freezer. 1H NMR (300 MHz, 293 K, C6D6): δ 6.04 (s, 3H,
C5Me4H), 2.03 (s, 18H, C5Me4H), 1.83 (s, 18H, C5Me4H).

13C NMR
(75 MHz, 293 K, C6D6): δ 124.1 (C5Me4H), 114.4 (d, C5Me4H),
113.8 (d, C5H4Me), 26.4 (C5Me4H), 15.4 (C5Me4H). Anal. Calcd for
C27H39Y: C, 71.67; H, 8.64. Found: C, 71.57; H 8.74.
(C5H4TMS)3Sm. was synthesized following an adapted literature

procedure.60 In an argon-filled glovebox, SmCl3 (128 mg, 0.50 mmol)
is suspended in 7 mL of toluene and KC5H4TMS (273 mg,
1.55 mmol) is added stepwise. The colorless mixture is sealed in a
25 mL side arm Schlenk flask and heated to reflux overnight. The
solvent is removed under vacuum from the resulting yellow mixture,

and the obtained solids are stirred in hexane for 1 h under reflux. The
mixture is filtered to remove gray-white insoluble material, presumably
KCl and excess KC5H4TMS. Removal of hexane under vacuum yields
(C5H4TMS)3Sm as an orange microcrystalline solid (194 mg,
0.36 mmol, 69%). Orange crystals of (C5H4TMS)3Sm suitable for
X-ray diffraction were grown from a concentrated pentane solution at
−35 °C by slowly evaporating the solvent to dryness. Anal. Calcd for
C24H39Si3Sm: C, 51.27; H, 6.99. Found: C, 51.38; H 7.08.
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Material and Methods 

All reactions were carried out under argon atmosphere using standard Schlenk or glovebox 

techniques. All glassware was heat dried under vacuum prior to use. Unless otherwise stated, 

all chemicals were purchased from Sigma-Aldrich or Alpha Aesar and used as received. 

Toluene, THF and pentane were dried using an MBraun SPS-800 solvent purification system. 

Hexane was dried over 3 Å molecular sieve. Mesitylene was dried over activated aluminum 

oxide and stored under argon atmosphere over 4 Å molecular sieve. DEVP was prepared 

according to literature procedures.1 Monomers were dried over calcium hydride for several 

weeks and distilled prior to use. NMR spectra were recorded on a Bruker AVIII-300 or AV-

500C spectrometer. 1H, 13C and 29Si NMR spectroscopic chemical shifts δ are reported in ppm 

relative to tetramethylsilane. δ(1H) is calibrated to the residual proton signal, δ(13C) to the 

carbon signal and δ(29Si) to the deuterium signal of the solvent. 31P NMR spectroscopic 

chemical shifts are reported in ppm relative to and calibrated to 85% aqueous H3PO4. 

Deuterated solvents were obtained from Sigma Aldrich and dried over 3Å molecular sieve. 

Elemental analyses were measured at the Laboratory for Microanalytics at the Institute of 

Inorganic Chemistry at the Technische Universität München.  

 

Activity Measurements 

For activity measurements, the stated amount of catalyst (15-50 mol) is dissolved in 20 mL 

of toluene and the reaction mixture is thermostated to the desired temperature. Then, the 

stated amount of DEVP (3.5-13 mmol) is added. During the course of the measurement, the 

temperature is monitored with a digital thermometer and aliquots (0.5 mL) are taken and 

quenched by addition to deuterated methanol (0.2 mL). After the stated reaction time, the 

reaction is quenched by addition of MeOD (0.5 mL). The reaction is carried out in an MBraun 

Glovebox under argon atmosphere to take aliquots every 6-10 seconds at the beginning of the 

measurement. For each aliquot, the conversion is determined by 31P NMR spectroscopy, the 

molecular weight of the formed polymer by GPC-MALS analysis. 
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Molecular Weight Determination 

GPC was carried out on a Varian LC-920 equipped with two PL Polargel columns. As eluent 

a mixture of 50% THF, 50% water, and 9 g L-1 tetrabutylammonium bromide (TBAB) was 

used. Absolute molecular weights have been determined online by multiangle light scattering 

(MALS) analysis using a Wyatt Dawn Heleos II in combination with a Wyatt Optilab rEX as 

concentration source. 

 

Crystallographic Data 

General: 

Data were collected on an X-ray single crystal diffractometer equipped with a CCD detector 

(APEX II, CCD), a rotating anode FR591 and a Montel mirror optic by using the SMART 

software package.2 The measurements were performed on single crystals coated with 

perfluorinated ether. The crystals were fixed on the top of a glass fiber and transferred to the 

diffractometer. Crystals were frozen under a stream of cold nitrogen. A matrix scan was used 

to determine the initial lattice parameters. Reflections were merged and corrected for Lorenz 

and polarization effects, scan speed, and background using SAINT.3 Absorption corrections, 

including odd and even ordered spherical harmonics were performed using SADABS.3 Space 

group assignments were based upon systematic absences, E statistics, and successful 

refinement of the structures. Structures were solved by direct methods with the aid of 

successive difference Fourier maps,4 and were refined against all data using the APEX 2 

software2 in conjunction with SHELXL-97 or SHELXL-20145 and SHELXLE6. Methyl 

hydrogen atoms were refined as part of rigid rotating groups, with a C–H distance of 0.98 Å 

and Uiso(H) = 1.5·Ueq(C). Other H atoms were placed in calculated positions and refined using a 

riding model, with methylene and aromatic C–H distances of 0.99 and 0.95 Å, respectively, 

and Uiso(H) = 1.2·Ueq(C). If not mentioned otherwise, non-hydrogen atoms were refined with 

anisotropic displacement parameters. Full-matrix least-squares refinements were carried out 

by minimizing Σw(Fo
2-Fc

2)2 with SHELXL-975 weighting scheme. Neutral atom scattering 

factors for all atoms and anomalous dispersion corrections for the non-hydrogen atoms were 

taken from International Tables for Crystallography.7 Images of the crystal structures were 

generated with PLATON.8 
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(C5H4TMS)3Sm (CCDC 1421923) 

 

 

Figure S1. ORTEP drawing of (C5H4TMS)3Sm with 50% ellipsoids. All H atoms have been omitted for clarity.  

 

diffractometer operator C. Jandl 
scanspeed 10 s per frame 
dx 60 mm 
2959 frames measured in 8 data sets 
phi-scans with delta_phi = 0.5 
omega-scans with delta_omega = 0.5 
 

Crystal data 

Mr = 562.18 Dx = 1.404 Mg m−3 

Orthorhombic, Pbca Melting point: unknown 

Hall symbol: -P 2ac 2ab Mo Kα radiation,  = 0.71073 Å 

a = 8.2756 (4) Å Cell parameters from 9740 reflections 

b = 22.2510 (12) Å θ = 2.7–28.2° 

c = 28.8955 (15) Å µ = 2.35 mm−1 

V = 5320.8 (5) Å3 T = 123 K 

Z = 8 Fragment, orange 

F(000) = 2296 0.34 × 0.26 × 0.15 mm 
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Radiation source: rotating anode FR591 4521 reflections with i > 2σ(i) 

MONTEL optic monochromator Rint = 0.066 

Detector resolution: 16 pixels mm-1 θmax = 26.4°, θmin = 1.8° 

phi– and ω–rotation scans h = −10 8 

Absorption correction: multi-scan  
SADABS, Bruker, 2008b 

k = −27 27 

Tmin = 0.492, Tmax = 0.746 l = −36 35 

73150 measured reflections 
 

 

Refinement 

Refinement on F 
2 

Secondary atom site location: difference Fourier 
map 

Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 

R[F 
2 > 2σ(F 

2)] = 0.025 H-atom parameters constrained 

wR(F 
2) = 0.056 

W = 1/[Σ2(FO2) + (0.0141P)2 + 5.6531P] 
WHERE P = (FO2 + 2FC2)/3 

S = 1.11 (Δ/σ)max = 0.002 

5439 reflections Δρmax = 1.59 e Å−3 

262 parameters Δρmin = −0.84 e Å−3 

0 restraints Extinction correction: none 

0 constraints Extinction coefficient: - 

Primary atom site location: structure-invariant 
direct methods  

 

Refinement on F2 for ALL reflections except those flagged by the user for potential 
systematic errors. Weighted R-factors wR and all goodnesses of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The observed 
criterion of F2 > 2sigma(F2) is used only for calculating -R-factor-obs etc. and is not relevant 
to the choice of reflections for refinement. R-factors based on F2 are statistically about twice 
as large as those based on F, and R-factors based on ALL data will be even larger. 
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(C5Me4H)3Y (CCDC 1421924) 

 

 

Figure S2. ORTEP drawing of (C5Me4H)3Y with 50% ellipsoids. All H atoms have been omitted for clarity.  

 

Diffractometer operator C. Jandl 
scanspeed 5 s per frame 
dx 35 mm 
6745 frames measured in 20 data sets 
phi-scans with delta_phi = 0.5 
omega-scans with delta_omega = 0.5 
 

Crystal data 

Mr = 452.49 Melting point: unknown 

Trigonal, R  Mo Kα radiation,  = 0.71073 Å 

Hall symbol: -R 3 Cell parameters from 9707 reflections 

a = 15.5307 (5) Å θ = 2.6–25.3° 

c = 16.5820 (5) Å µ = 2.54 mm−1 

V = 3463.8 (3) Å3 T = 123 K 

Z = 6 Fragment, yellow 

F(000) = 1440 0.31 × 0.28 × 0.27 mm 
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Radiation source: rotating anode FR591 1386 reflections with i > 2σ(i) 

Montel mirror optics monochromator Rint = 0.066 

Detector resolution: 16 pixels mm-1 θmax = 25.4°, θmin = 2.0° 

phi– and ω–rotation scans h = −18 18 

Absorption correction: multi-scan  
SADABS, Bruker, 2008b 

k = −18 18 

Tmin = 0.617, Tmax = 0.730 l = −1λ 19 

52479 measured reflections 
 

 

Refinement 

Refinement on F 
2 

Secondary atom site location: difference Fourier 
map 

Least-squares matrix: full 
Hydrogen site location: inferred from 
neighbouring sites 

R[F 
2 > 2σ(F 

2)] = 0.022 H-atom parameters constrained 

wR(F 
2) = 0.063 

W = 1/[Σ2(FO2) + (0.0369P)2 + 4.2713P] 
WHERE P = (FO2 + 2FC2)/3 

S = 1.14 (Δ/σ)max < 0.001 

1424 reflections Δρmax = 0.33 e Å−3 

90 parameters Δρmin = −0.36 e Å−3 

0 restraints Extinction correction: none 

0 constraints Extinction coefficient: - 

Primary atom site location: structure-invariant 
direct methods 
 

 
 

Refinement on F2 for ALL reflections except those flagged by the user for potential 
systematic errors. Weighted R-factors wR and all goodnesses of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The observed 
criterion of F2 > 2sigma(F2) is used only for calculating -R-factor-obs etc. and is not relevant 
to the choice of reflections for refinement. R-factors based on F2 are statistically about twice 
as large as those based on F, and R-factors based on ALL data will be even larger. 
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Comparision of PDEVP Microstructure obtained from substituted Cp3Ln 

Initiators 

 

 

Figure S3. 31P NMR spectra (in D2O, left) and backbone 1H NMR spectra (in D2O, right) of PDEVP produced with different 
rare earth metal centers and different ligand structures. 
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Temperature Dependent Kinetic Studies 

 

Table S1. Temperature-dependent kinetics for (C5H4Me)3Y(thf)-catalyzed DEVP polymerization (1.09 mmol 

L
-1

 (C5H4Me)3Y(thf), 0.651 mol L
-1

 DEVP, toluene) 

T [°C] TOF [h-1] I*t [%] TOF/I*t [h
-1] 

Conversion at 
maximum 

rate 
Rate [mol L-1 s-1] 1/T [K-1] ln(k'/T) 

12 13000 22.0 59000 24.4 2.01E-03 3.51E-03 -2.82 
18 11000 22.4 48000 20.0 3.24E-03 3.44E-03 -2.44 
21 14000 28.2 48000 30.7 4.60E-03 3.40E-03 -2.18 
26 23000 33.1 71000 30.8 7.04E-03 3.34E-03 -1.93 
30 28000 34.9 81000 35.8 8.50E-03 3.30E-03 -1.74 
37 45000 40.4 110000 39.8 1.35E-02 3.22E-03 -1.38 
43 48000 34.1 140000 34.7 1.44E-02 3.16E-03 -1.25 

 

 

 

Figure S4: Result for the Eyring-plot of (C5H4Me)3Y(thf)-initiated DEVP (10 vol %) polymerization in toluene (12 – 43 °C, 
ΔH‡ = 38.6 kJ mol-1, ΔS‡ = -84.9 J (mol K)-1). 
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Figure S5: Conversion-reaction time plot for the polymerization of DEVP using (C5H4Me)3Y(thf) (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 12 °C). 

 

 

Figure S6: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4Me)3Y(thf) 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 12 °C). 
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Figure S7: Conversion-reaction time plot for the polymerization of DEVP using (C5H4Me)3Y(thf) (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 18 °C). 

 

 

Figure S8: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4Me)3Y(thf) 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 18 °C). 
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Figure S9: Conversion-reaction time plot for the polymerization of DEVP using (C5H4Me)3Y(thf) (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 21 °C). 

 

 

Figure S10: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4Me)3Y(thf) 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 21 °C). 
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Figure S11: Conversion-reaction time plot for the polymerization of DEVP using (C5H4Me)3Y(thf) (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 26 °C). 

 

 

Figure S12: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4Me)3Y(thf) 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 26 °C). 
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Figure S13: Conversion-reaction time plot for the polymerization of DEVP using (C5H4Me)3Y(thf) (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 30 °C). 

 

 

Figure S14: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4Me)3Y(thf) 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 30 °C). 
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Figure S15: Conversion-reaction time plot for the polymerization of DEVP using (C5H4Me)3Y(thf) (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 37 °C). 

 

 

Figure S16: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4Me)3Y(thf) 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 37 °C). 
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Figure S17: Conversion-reaction time plot for the polymerization of DEVP using (C5H4Me)3Y(thf) (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 43 °C). 

 

 

Figure S18: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4Me)3Y(thf) 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 43 °C). 
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Table S2. Temperature-dependent kinetics for (C5H4TMS)3Y-catalyzed DEVP polymerization (1.09 mmol L
-1

 

(C5H4TMS)3Y, 0.651 mol L
-1

 DEVP, toluene) 

T [°C] TOF [h-1] I*t [%] TOF/I*t [h
-1] 

Conversion at 
maximum 

rate 
Rate [mol L-1 s-1] 1/T [K-1] ln(k'/T) 

14 6000 75 8500 4.5 1.92E-03 3.48E-03 -4.33 
20 8700 72 12000 10.0 2.52E-03 3.42E-03 -3.98 
23 8200 62 13500 5.0 2.91E-03 3.37E-03 -3.74 
30 14000 61 23000 6.2 4.23E-03 3.30E-03 -3.38 
36 18500 68 27000 8.3 5.56E-03 3.23E-03 -3.20 
44 29500 68 43000 13.2 8.88E-03 3.15E-03 -2.71 
56 47000 67 71000 14.9 1.36E-02 3.04E-03 -2.28 

 

 

 

Figure S19: Result for the Eyring-plot of (C5H4TMS)3Y-initiated DEVP (10 vol %) polymerization in toluene (14 – 56 °C, 
ΔH‡ = 38.5 kJ mol-1, ΔS‡ = -99.0 J (mol K)-1). 

  



4.4 Ligand Induced Steric Crowding in Rare Earth Metal-Mediated Group Transfer Polymerization 
of Vinylphosphonates: Does Enthalpy Matter? 

 Page 186 
 

  

S18 

 

 

Figure S20: Conversion-reaction time plot for the polymerization of DEVP using (C5H4TMS)3Y (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 14 °C). 

 

 

Figure S21: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4TMS)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 14 °C). 
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Figure S22: Conversion-reaction time plot for the polymerization of DEVP using (C5H4TMS)3Y (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 20 °C). 

 

 

Figure S23: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4TMS)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 20 °C). 
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Figure S24: Conversion-reaction time plot for the polymerization of DEVP using (C5H4TMS)3Y (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 23 °C). 

 

 

Figure S25: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4TMS)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 23 °C). 
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Figure S26: Conversion-reaction time plot for the polymerization of DEVP using (C5H4TMS)3Y (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 30 °C). 

 

 

Figure S27: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4TMS)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 30 °C). 
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Figure S28: Conversion-reaction time plot for the polymerization of DEVP using (C5H4TMS)3Y (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 36 °C). 

 

 

Figure S29: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4TMS)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 36 °C). 
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Figure S30: Conversion-reaction time plot for the polymerization of DEVP using (C5H4TMS)3Y (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 44 °C). 

 

 

Figure S31: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4TMS)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 44 °C). 
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Figure S32: Conversion-reaction time plot for the polymerization of DEVP using (C5H4TMS)3Y (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 56 °C). 

 

Figure S33: Number average molecular mass conversion plot for the polymerization of DEVP using (C5H4TMS)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 56 °C). 
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Table S3. Temperature-dependent kinetics for (C5Me4H)3Y-catalyzed DEVP polymerization (1.09 mmol L
-1

 

(C5Me4H)3Y, 0.651 mol L
-1

 DEVP, toluene) 

T [°C] TOF [h-1] I*t [%] TOF/I*t [h
-1] 

Conversion at 
maximum 

rate 
Rate [mol L-1 s-1] 1/T [K-1] ln(k'/T) 

16 3500 37.8 9300 10.0 1.06E-03 3.45E-03 -4.19 
19 5700 49.8 11400 13.5 1.69E-03 3.42E-03 -3.97 
25 9600 51.8 18500 12.1 2.90E-03 3.35E-03 -3.50 
30 13200 52.3 25200 15.4 3.97E-03 3.30E-03 -3.18 
35 16900 39.4 42800 7.2 5.08E-03 3.24E-03 -2.76 
40 23800 53.2 44800 14.7 7.18E-03 3.20E-03 -2.64 
45 31100 44.3 70200 7.2 9.38E-03 3.14E-03 -2.29 

 

 

 

Figure S34: Result for the Eyring-plot of (C5H4Me)3Y-initiated DEVP (10 vol %) polymerization in toluene (16 – 45 °C, 
ΔH‡ = 50.8 kJ mol-1, ΔS‡ = -56.5 J (mol K)-1). 
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Figure S35: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Y (21.7 µmol, 10 vol % DEVP 
in 20 ml toluene, 16 °C). 

 

 

Figure S36: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 16 °C). 
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Figure S37: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Y (21.7 µmol, 10 vol % DEVP 
in 20 ml toluene, 19 °C). 

 

 

Figure S38: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 19 °C). 
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Figure S39: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Y (21.7 µmol, 10 vol % DEVP 
in 20 ml toluene, 25 °C). 

 

 

Figure S40: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 25 °C). 
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Figure S41: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Y (21.7 µmol, 10 vol % DEVP 
in 20 ml toluene, 30 °C). 

 

 

Figure S42: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 30 °C). 
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Figure S43: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Y (21.7 µmol, 10 vol % DEVP 
in 20 ml toluene, 35 °C). 

 

 

Figure S44: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 35 °C). 
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Figure S45: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Y (21.7 µmol, 10 vol % DEVP 
in 20 ml toluene, 40 °C). 

 

 

Figure S46: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 40 °C). 
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Figure S47: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Y (21.7 µmol, 10 vol % DEVP 
in 20 ml toluene, 45 °C). 

 

 

Figure S48: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Y 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 45 °C). 
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Table S4. Temperature-dependent kinetics for (C5Me4H)3Tb-catalyzed DEVP polymerization (1.09 mmol L
-1

 

(C5Me4H)3Tb, 0.326 mol L
-1

 DEVP, toluene) 

T [°C] TOF [h-1] I*t [%] TOF/I*t [h
-1] 

Conversion at 
maximum 

rate 
Rate [mol L-1 s-1] 1/T [K-1] ln(k'/T) 

27 3900 42.4 9200 13.8 5.85E-04 3.33E-03 -4.20 
33 5200 39.0 13300 11.9 7.83E-04 3.27E-03 -3.86 
38 8700 45.0 19300 15.1 1.32E-03 3.21E-03 -3.47 
43 11000 40.0 27500 9.2 1.65E-03 3.17E-03 -3.20 
47 14800 39.5 37500 11.8 2.22E-03 3.12E-03 -2.88 
56 21600 31.2 69200 5.9 3.26E-03 3.04E-03 -2.35 
61 38800 52.9 73300 14.4 5.85E-03 2.99E-03 -2.22 

 

 

 

Figure S49: Result for the Eyring-plot of (C5Me4H)3Tb-initiated DEVP (10 vol %) polymerization in toluene (27 – 61 °C, 
ΔH‡ = 50.6 kJ mol-1, ΔS‡ = -63.7 J (mol K)-1). 
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Figure S50: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Tb (21.7 µmol, 5 vol % DEVP 
in 20 ml toluene, 27 °C). 

 

 

Figure S51: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Tb 
(21.7 µmol, 5 vol % DEVP in 20 ml toluene, 27 °C). 
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Figure S52: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Tb (21.7 µmol, 5 vol % DEVP 
in 20 ml toluene, 33 °C). 

 

 

Figure S53: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Tb 
(21.7 µmol, 5 vol % DEVP in 20 ml toluene, 33 °C). 
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Figure S54: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Tb (21.7 µmol, 5 vol % DEVP 
in 20 ml toluene, 38 °C). 

 

 

Figure S55: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Tb 
(21.7 µmol, 5 vol % DEVP in 20 ml toluene, 38 °C). 
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Figure S56: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Tb (21.7 µmol, 5 vol % DEVP 
in 20 ml toluene, 43 °C). 

 

 

Figure S57: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Tb 
(21.7 µmol, 5 vol % DEVP in 20 ml toluene, 43 °C). 
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Figure S58: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Tb (21.7 µmol, 5 vol % DEVP 
in 20 ml toluene, 47 °C). 

 

 

Figure S59: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Tb 
(21.7 µmol, 5 vol % DEVP in 20 ml toluene, 47 °C). 
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Figure S60: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Tb (21.7 µmol, 5 vol % DEVP 
in 20 ml toluene, 56 °C). 

 

 

Figure S61: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Tb 
(21.7 µmol, 5 vol % DEVP in 20 ml toluene, 56 °C). 
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Figure S62: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Tb (21.7 µmol, 5 vol % DEVP 
in 20 ml toluene, 61 °C). 

 

 

Figure S63: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Tb 
(21.7 µmol, 5 vol % DEVP in 20 ml toluene, 61 °C). 
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Table S5. Temperature-dependent kinetics for (C5Me4H)3Sm-catalyzed DEVP polymerization (1.09 mmol L
-1

 

(C5Me4H)3Sm, 0.651 mol L
-1

 DEVP, toluene) 

T [°C] TOF [h-1] I*t [%] TOF/I*t [h
-1] 

Conversion at 
maximum 

rate 
Rate [mol L-1 s-1] 1/T [K-1] ln(k'/T) 

30 910 25.5 3570 23.3 2.74E-04 3.30E-03 -5.03 
36 1200 21.3 5630 11.9 3.52E-04 3.23E-03 -4.76 
42 1650 25.4 6500 17.8 4.98E-04 3.18E-03 -4.54 
46 2000 20.0 10000 16.4 6.08E-04 3.13E-03 -4.13 
51 3100 22.5 13800 8.9 9.46E-04 3.08E-03 -3.91 
58 5300 20.5 25850 7.3 1.62E-03 3.02E-03 -3.32 

 

 

 

Figure S64: Result for the Eyring-plot of (C5Me4H)3Sm-initiated DEVP (10 vol %) polymerization in toluene (30 – 58 °C, 
ΔH‡ = 50.4 kJ mol-1, ΔS‡ = -74.1 J (mol K)-1). 
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Figure S65: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Sm (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 30 °C). 

 

 

Figure S66: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Sm 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 30 °C). 
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Figure S67: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Sm (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 36 °C). 

 

 

Figure S68: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Sm 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 36 °C). 
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Figure S69: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Sm (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 42 °C). 

 

Figure S70: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Sm 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 42 °C). 
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Figure S71: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Sm (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 46 °C). 

 

 

Figure S72: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Sm 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 46 °C). 
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Figure S73: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Sm (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 51 °C). 

 

 

 

Figure S74: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Sm 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 51 °C). 
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Figure S75: Conversion-reaction time plot for the polymerization of DEVP using (C5Me4H)3Sm (21.7 µmol, 10 vol % 
DEVP in 20 ml toluene, 58 °C). 

 

 

Figure S76: Number average molecular mass conversion plot for the polymerization of DEVP using (C5Me4H)3Sm 
(21.7 µmol, 10 vol % DEVP in 20 ml toluene, 58 °C). 
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Influence of the Monomer Water Content on the Normalization Method 

The water content of the used monomer plays a crucial role for vinylphosphonate REM-GTP 

and directly affects the obtained molecular mass distribution, initiation period, polymer 

molecular weights, or activities. Therefore a normalization of the obtained experimental 

values is needed to compare the TOF/I*t results. In Table S6, the comparison of activity 

measurements for (C5H4TMS)3Y and (C5Me4H)3Y is shown for DEVP with two different 

amounts for water, resulting in matching TOF/I*t values. 

 

Table S6. DEVP polymerization results for different water content in the monomer 

Catalysts 
Water 

contenta 
[ppm] 

Polymerization 
time [min] 

Conversionb 
[%] 

Initiation 
periodc [s] 

TOF 
[h-1] 

I*t
d

 

[%] 
TOF/I*t 

[h-1] 
Mn

d[kDa] PDId 

(C5H4TMS)3Y 45 13 95 -e 7600 37 20500 196f 1.23f 
(C5H4TMS)3Y 15 9 >99 -e 14000 61 21000 145 1.12 
(C5Me4H)3Y 45 7 45 45 3200 16 19700 139f 1.35f 
(C5Me4H)3Y 15 6 >99 15 13000 66 19000 115 1.05 

a) Determined by Karl Fischer titration. b) Determined by 31P NMR spectroscopic measurements. c) Initiation period, 
reaction time until 3% conversion is reached. d) Determined by GPC-MALS, I* = Mth/Mn, Mth = eq.(Monomer) × MMon × 
conversion (I*t at the maximum rate, I* at the end of the reaction). e) No initiation period observed. f) Determined for 
incomplete conversion. 
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Activity Measurement for DIVP 

Initial studies with DIVP resulted in a significant decrease in activity while using substituted 
tris(cyclopentadienyl) RE catalysts (Figure S77). Therefore, activity measurements were not 
possible for DIVP and in this work exclusively DEVP was used. 

 

Figure S77: Conversion-reaction time plot for the polymerization of DIVP using (C5Me4H)3Y 
(21.7 µmol, 7.5 vol % DIVP in 20 ml toluene, 20 °C).  
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4.5.1 Abstract 

Within this chapter, the feasibility of RE CGCs for the stereoregular REM-GTP of vinylphosphonates 

is presented in a draft manuscript. Before this manuscript is suitable for publication, a signal assignment 

needs to be established, carefully performed, and throughout applied to the obtained PDEVP samples. 
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ABSTRACT: Reported herein is the first controlled stereospecific rare earth metal-mediated group transfer polymerization of 
vinylphosphonates using yttrium constrained geometry complexes. These constrained geometry complexes are obtained via simple alkane 
elimination reaction of Y(CH2TMS)3(thf)2 and (C5Me4H)XNHtBu ligands. Initiating ligands such as −CH2TMS, activated heteroaromatic 
ligands (CH2(C5H2Me2N), and activated internal alkynes are used to study and optimize the initiation reaction. The activated heteroaromatic 
and internal alkyne ligands are obtained via σ-bond metathesis reaction and represent a class of conjugated ligands avoiding the hindered 
initiation reaction of basic –CH2TMS ligands for α-C−H acidic vinylphosphonates. Furthermore, the influence of the ligand substitution on 
the propagation reaction is studied for X = –SiMe2− and −CH2CH2− bridging units. The linker was found to have a significant impact on the 
obtained molecular weight of poly(diethyl vinylphosphonate) and for the ethyl-bridged CGCs low initiator efficiencies I* and for the more rigid 
dimethylsiyl bridge high initiator efficiencies I* (up to 86%) and narrow PDIs (< 1.1) were obtained. The produced poly(vinylphosphonate)s 
show high isotacticities and the first signal assignment and quantification of pentads in 31P-NMR is conducted based on two-dimensional 
HMBC measurements. The signal assignment is based on HSQC, HMBC, and other two-dimensional NMR measurements.

Introduction 

Owing to the ubiquitous use of polymeric materials in our modern 
consumer based societies, a detailed understanding of the 
relationship between synthesis and properties of the final polymer is 
of fundamental relevance.1-2 In biological systems, the functions and 
properties of proteins and enzymes are directed by the primary 
structure and the corresponding three dimensional macromolecular 
structures. The infinite unique physical properties of man-made 
materials are addressed by the polymer microstructure. Whether a 
polymer is an amorphous, glassy, or rubbery material with the ability 
to deform under stress without rupture or a crystalline solid 
possessing high dimensional stability depends on its microstructure, 
i.e., a detailed regular architecture of its substituents along the main 
chain. The physical properties of widely used plastics, such as 
polyolefins, largely depend on the local structure of monomer 

linkage. Group 4 metallocenes had an indisputable role for a deeper 
perception on the stereospecific polymerization of propylene.3 
Furthermore, isoelectronic rare earth element (RE) metallocenes, 
are known for the living polymerization of ethylene or polar 
monomers and were previously found to be highly active for the 
polymerization of vinylphosphonates.4 Other classic polymerization 
methods, such as radical or anionic polymerizations only result in 
low conversions and no high molecular mass 
poly(vinylphosphonate)s are obtained.5-7 

RE metal-mediated group transfer polymerization (REM-GTP, 
also termed coordinative anionic polymerization in literature) was 
originally discovered in 1992 by Yasuda et al. for the stereoregular 
polymerization of methyl methacrylate (MMA).8 The 
polymerization of MMA, vinylphosphonates, and other conjugated 
nitrogen-containing monomers was summarized in review articles.9-
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10 Phosphorus-containing polymers belong to an interesting type of 
materials as phosphorus groups can provide various material 
properties. Phosphorus-based materials are attributed to show high 
biocompatibilities,11-13 find applications in dental adhesives or bone 
concrete,14-16 materials for energy applications,17-23 and halogen-free 
flame retardants.24-26 

Vinylphosphonates are distinguished monomers for such 
applications as they belong to one of the simplest and longest known 
phosphorus-containing monomers.10 Flame-retardant coating and 
additives of poly(dialkyl vinylphosphonate)s (PDAVP) and 
poly(ditolyl vinylphosphonate) have been tested for their use as 
halogen-free flame retardants for polycarbonate.27 Poly(diethyl 
vinylphosphonate) (PDEVP) shows amphiphilic behavior and is 
soluble in organic solvents and water. Therefore, upon heating, 
aqueous PDEVP solutions have a lower critical solution temperature 
(LCST) close to the physiological range28 and by selected choices of 
the copolymerization of DEVP with other vinylphosphonates, 
random PDEVP copolymers show a highly tunable LCST over the 
entire temperature range of water from 5 to 92 °C.29 

A first study on ligand induced steric crowding with the aim to 
study the influence of the substituents on the microstructure was 
recently published for several RE metallocenes, however, resulted in 
the formation of atactic poly(vinylphosphonate)s.30 A main finding 
from temperature dependent activity measurements and the 
determination of thermodynamic parameters ΔH‡ and ΔS‡ had been 
the high flexibility of the used bulky substituents to minimize steric 
overcrowding at the metal center and in return no stereoregularity 
was induced by such substituted ligand systems.30 To date, only few 
reports in literature exits on the stereoregularity of 
poly(vinylphosphonate)s.10 Rabe et al. reported the synthesis of 
PDEVPs with molecular masses between 65 and 84 kDa using 
readily available Ln(bdsa)3(thf)2 (Ln = La, Nd, Sm) precursor 
complexes, resulting in extremely broad PDIs, [mm] contents up to 
79%, and conversions below 80%.31 However, the [mm] content 
could not be quantified using isolated peaks due to overlapping or 
poorly resolved signals.31  

A detailed study and the precise synthesis of stereoregular 
poly(vinylphosphonate)s is missing in literature. With respect to the 
results of ligand induced steric crowding (vide supra), we chose to 
study sterically crowded and rigid (i.e., bridged) RE constrained 
geometry complexes (CGC) to minimize the flexibility during the 
propagation reaction, further limiting the degree of freedom, and to 
facilitate a suitable conformation of the transition state to induce a 
stereoregular polymerization for vinylphosphonates. 

Results and Discussion 

Since the original introduction by the Bercaw group, bridged 
amino-cyclopentadienyl and on this motif based amino-metallocene 
ligands (i.e. indenyl, fluorenyl) have evolved to be widely used for 
RE and group 4 metal polymerization catalysts.32-33 Based on these 
brigded amido-cyclopentadienyl ligands, Dow Chemical and Exxon 
Chemical independently developed so called “constrained 
geometry” group 4 complexes (CGC), being one of the most 
versatile and industrially important single site olefin polymerization 
catalysts.34-41 CGCs differ from bridged metallocene complexes in 

their steric demand, with the amide ligand being more accessible and 
in their electronic configuration (see Figure 1).  

 

Figure 1. Comparison of the steric and electronic factors for bridged RE 
metallocenes (left) and RE CGCs (right) (VE = valence electrons from 
the ligand). 

In literature, bridged metallocene RE complexes are often 
prepared from salt metathesis reaction in a straight forward 
synthesis.42-43 However, salt metathesis for RE metals can result in 
laborious purification steps due to the formation of ate-complexes or 
insoluble oligomeric organometallic products.33,44-45 In an alternative 
approach, RE CGCs can be synthesized via simple alkane 
elimination of tetramethylsilane from the reaction of 
Y(CH2TMS)3(thf)2 and the corresponding ligand in a one-step 
reaction.46 To study the effect of RE CGCs for the REM-GTP of 
vinylphosphonates several RE complexes were synthesized 
following the modified procedure of alkane elimination (see Chart 
1).46  

Chart 1. Overview on Catalysts and monomers used in this 
study 

In this work two different bridging units (–SiMe2− and 
−CH2CH2−) were synthesized and starting from the RE−CH2TMS 
complexes, the initiating ligand was exchanged with sym-collidine 
and 1-trimethylsilyl-1-propyne. The C−H bond activation of these 
substrates proceeds via σ-bond metathesis and was studied by 
Teuben et al. and previously applied by Mashima et al. for the end 
group functionalization of 2-vinylpyridine oligomers.47-49  
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Figure 2. Proposed initiation reaction via nucleophilic transfer (six electron process, blue) or conjugate addition (eight electron process, red) and 
propagation via a repeated conjugate addition of the polymer chain to the coordinated monomer at the metal center. 

We primarily chose to study initiating ligands derived from sym-
collidine and 1-trimethylsilyl-1-propyne to avoid the initiation 
problems of −CH2TMS ligands (long initiation delay, low initiator 
efficiencies I*) with α-C−H acidic vinylphosphonates.50 Previously, 
with this regard, only sym-collidine was used for vinylphosphonate 
REM-GTP by our group for simple (C5H5)2LnCH2TMS(thf) (Ln = 
Y, Lu) complexes.51 In this study, we extend this approach to internal 
alkynes to study if also this ligand class results in an improved 
initiation reaction compared to −CH2TMS. The enhanced initiation 
is attributed to a mechanistic match between initiation and 
propagation, both following an eight-electron process (see Figure 
2).51  

A dimeric crystal structure was obtained for complex (4) (see 
Figure 3). From the bond distance of the coordinated methylene 
group, a shortened and partial double bond character can be seen for 
the C16−C17 bond (1.467(3) Å) compared to the nonactivated 
C21−C23 methyl group (1.495(7) Å) supporting the conjugated 
addition pathway for the initiation reaction via an eight electron 
process for these activated ligands (see Figure 2). The 
crystallographic results are compared with other values from 
literature in Table 1. 

Table 1. Bond Distances for Yttrium Ortho Methyl Pyridine 
Complexes 

 Ref. 51 Ref. 52 This Work 

H2C−CAr Bond 
Distrance [Å] 

1.456(5) 1.416(7) 1.467(3) 

H3C−CAr Bond 
Distrance [Å] 

1.478 – 1.504 

 

 

 

Figure 3. ORTEP drawing of complex (4) with 50% ellipsoids. All H 
atoms have been omitted for clarity. Selected bond distances (Å) and 
angles (deg): C16−C17, 1.467(3); C21−C23, 1.496(3); Y1−C16, 
2.574(2); Y1−C1−C2, 85.56(13); N1−C2−C1, 116.21(19). 

The polymerization results for all catalysts over a wide range of 
temperatures is summarized in Table 2. Previously, alkyl initiators 
were reported to have broad PDIs for the living REM-GTP of 
vinylphosphonates in the range of 1.3 – 1.5.50 In this study, the 
applied RE−CH2TMS complexes show an improved initiation 
reaction resulting in overall lower PDIs and higher initiator 
efficiencies I* for these RE alkyl complexes. Additionally, the overall 
positive impact of the applied constrained geometry ligand sphere 
on the initiation reaction is further supported by the activated (4,6- 
dimethylpyridin-2-yl)methyl and 3-(trimethylsilyl)prop-2-ynyl 
ligands. For both activated initiating ligands a decrease of the PDI 
and strong increase of the initiator efficiency (I* > 77%) is seen. At 
lower temperatures, less complexes are active for the 
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Table 2. Polymerization Results for the Polymerization of DEVP 

Catalyst Reaction time [min] 
Polymerization 
temperature [°C] 

Conversiona [%] Mn
b [kDa] PDIb I*b [%] [mmmm]a [%] 

(Y-1) (CH2TMS)  1.0 30 > 99 449 1.26 11 n.d. 

(Y-2) (CH2(C5H2Me2N) 1.0 30 > 99 255 1.38 19 n.d. 

(Y-3) (CH2TMS) 1.0 30 > 99 153 1.19 32 n.d. 

(Y-4) (CH2(C5H2Me2N) 1.0 30 > 99 80 1.03 62 n.d. 

(Y-5) (CH2(C≡CTMS) 1.0 30 > 99 66 1.01 75 n.d. 

(Y-1) (CH2TMS)  2.5 10 > 99 450  1.29  11 n.d. 

(Y-3) (CH2TMS) 2.5 10 > 99 155 1.26 32 n.d. 

(Y-4) (CH2(C5H2Me2N) 2.5 10 > 99 59 1.04 83 n.d. 

(Y-5) (CH2(C≡CTMS) 2.5 10 > 99 57 1.09 86 n.d. 

(Y-3) (CH2TMS) 5.0 −10 > 99 214 1.20 23 n.d. 

(Y-4) (CH2(C5H2Me2N) 5.0 −10 > 99 57 1.04 86 n.d. 

(Y-5) (CH2(C≡CTMS) 5.0 −10 > 99 60 1.13 82 n.d. 

(Y-3) (CH2TMS) 10 −30 > 99 333 1.24 15 n.d. 

(Y-4) (CH2(C5H2Me2N) 10 −30 > 99 77 1.06 64 n.d. 

(Y-5) (CH2(C≡CTMS) 10 −30 > 99 73 1.18 67 n.d. 

(Y-1) (CH2TMS) 45 −78 > 99 833 1.05 6 n.d. 

(Y-2) (CH2(C5H2Me2N) 45 −78 > 99 957 1.06 5 n.d. 

(Y-3) (CH2TMS) 20 −78 > 95 1102 1.07 4 n.d. 

(Y-4) (CH2(C5H2Me2N) 20 −78 > 99 151 1.13 33 n.d. 

(Y-5) (CH2(C≡CTMS) 20 −78 > 99 188 1.29 26 n.d. 

a) Determined by 31P NMR spectroscopic measurements. b) Determined by GPC-MALS, I* = Mth/Mn, Mth = eq.(Monomer) × MMon × conversion (I* = 
at the end of the reaction).

polymerization of vinylphosphonates and higher molecular mass 
polymers are obtained. This effect is stronger for the applied 
RE−CH2TMS complexes, however, can also be seen for complexes 

(4) and (5) (I* = 62 – 75% at 30 °C; 26 – 33% at −78 °C). 

We were furthermore interested in the impact of ligand 
modifications for RE CGCs on the propagation reaction of 
vinylphosphonate REM-GTP. Therefore, we decided to synthesize 
complexes with two different bridging units (vide supra). In the case 
of propylene migratory insertion, it has been shown that catalysts 
based on silyl bridges are superior to their ethylene-bridged 
analogues in both activity and stereospecificity.53-56 Interestingly, for 
the repeated conjugate addition of MMA, the opposite trend was 
observed with ethylene-bis(indenyl) based zirconium catalysts, 
producing PMMA with higher isotacticities, but in some cases 
suffering from low initiator efficiencies.57-58 Furthermore, it has been 
shown that silyl-bridged-ansa-zirconocenes (rac-
Me2Si(Ind)ZrMe2) have lower stereoselectivities and propagation 
rates than the corresponding rac-CH2CH2(Ind)ZrMe2 
compounds.59 

First polymerization experiments with the ethylene bridged 
complexes (1) and (2) resulted in highly viscous toluene solutions 
and quantitative conversions were observed via 31P-NMR. Due to 
the high viscosities, polymerizations were conducted in 5% 
monomer solutions. After workup of the polymer samples 
unexpectedly high molecular masses with broadened PDIs were 

detected via GPC-MALS. Therefore, the used ethylene bridged 
complexes 1 and 2 were found to be not feasible to further 
investigate the impact of CGCs for vinylphosphonate REM-GTP. 

Therefore, we investigated the silyl bridged analog RE CGC 
structures. In literature, one-membered silicon bridges are discussed 
as preferable over the two-membered ethylene bridge as they 
provide higher rigidity and favorable electronic characteristics to the 
metallocene for migratory insertion (see Figure 4).54-55 Also for the 
REM-GTP of vinylphosphonates we observed a strong positive 
impact of the silyl bridge and PDEVPs with high initiator efficiencies 
I* and lower PDIs were obtained (see Table 2). 

 

Figure 4. Higher flexibility for ethylene bridges in comparison to the 
corresponding silyl bridge. 

Therefore, in the case of RE CGC vinylphosphonate REM-GTP, 
silyl bridged complexes seem favored due to their higher rigidity 
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preventing an unwanted flexibility with the sterically demanding 
vinylphosphonate monomers.55 This is in contrast to the 
isoelectronic cationic zirconocene polymerization of 
(meth)acrylates and (meth)acrylamides where ethylene bridges are 
mostly used as they provide a good access to the metal center for the 
sterically demanding eight-membered propagation reaction.9,57 The 
influence of the bridging unit has been summarized for migratory 
insertion in review articles.60-61 

The activities and normalized TOFs are shown for the 
polymerization of DEVP at 30 °C in Table 3. Due to the overall high 
viscosities diluted 5 vol% monomer solutions were used to ensure 
sufficient stirring until high conversions. The obtained values can 
therefore not directly be compared with previous literature results 
(for 10 vol% solutions). 

Table 3. Results of the Activity Measurements 

Catalyst Init. 
period 

Conv. 
[%] 

I* 
[%] 

TOF [h-1] TOF/I* 
[h-1] 

(1)  - > 99 11 > 125 000 > 265 000 

(2, in situ) - > 99 19 > 125 000 > 265 000 

(3)  - > 99 32 > 125 000 > 265 000 

(4)  - > 99 62 > 125 000 202 000 

(4, in situ) - > 99 78 > 125 000 160 000 

(5)  - > 99 75 > 125 000 167 000 

 

We attribute the high observed activities of the applied RE CGCs 
to a good accessibility of the RE metal center for sterically 
demanding vinylphosphonates via the amido site and a 
simultaneously high steric demand of the ligand system at the 
substituted cyclopentadienyl moiety. Previously, increased steric 
demand was found to increase activity until steric overcrowding 
results in lower activities due to entropic reasons.30 The applied 
methyl−Cp substituents should further result in a lower entropic 
barrier ΔS‡ increasing the activity.30 Temperature dependent activity 
measurements to determine reaction enthalpies an entropies with 
less active RE CGCs are a target for future studies. 

The measured activities for complex (1) or (2) are lower than for 
the corresponding complexes with a silyl bridging unit. However, 
this stems from low initiator efficiencies; the normalized TOF/I* 
values are in similar ranges (see Table 3). In contrast to results for 
other polar monomers,9 the herein presented constrained geometry 
complexes are more active, efficient and controlled for the 
polymerization of DEVP; also compared to other substituted 
tris(cyclopentadienyl) RE initiators.30 Previously, the 
polymerization velocity of MMA or acrylates was found to decrease 
for RE CGCs or ansa-lanthanocene catalysts.62-65 Higher activities 
are observed for the polymerization of DEVP using RE CGCs. 
However, the herein used complexes were found to be limited for 
the polymerization of the sterically more demanding monomer 
diisopropyl vinylphosphonate (DIVP) and no quantitative polymer 
formation was observed (conv. = up to 82% at 10 °C; up to 32% at 
−30 °C see SI). 

1H NMR and 31P NMR studies of the obtained PDEVP samples 
in D2O showed a significant change of the different signal sets 
compared to previous produced (atactic) polymers (see Figure 5). 

The previously observed minor shoulder signal on the right becomes 
one of the main signals if RE CGCs are used for the polymerization. 
However, the literature on the microstructure of 
poly(vinylphosphonate)s is scare and mostly limited by poor 
resolution or overlapping signals in NMR measurements.10,31,66 
Therefore, a reevaluation and new signal assignment of the 
microstructure for poly(vinylphosphonate)s was needed within this 
work. 

 

 

Figure 5. a) 1H NMR of the backbone PDEVP signals and b) 31P-NMR 
of isotactic (top) and atactic (bottom) PDEVP in D2O.  

The methine (1H) and 31P signals can only split into triads, 
pentads, or higher (2n) sequence signal sets. For the corresponding 
methylene signals only diads, tetrads, and higher (2n+1) sequences 
can be observed (see Figure 6). 

 

Figure 6. Microstructure of poly(vinylphosphonate)s and resulting 
signal sets for different positions. 

The signal assignment was attempted with long term two-
dimensional NMR measurements, however, so far only reliable 
HSQC spectra were obtained (see Figure 7). The more important 
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31P signal assignment is so far hampered by low resolutions (see 
Figure 8). A stronger magnetic field and a NMR spectrometer with 
the ability to excite 31P nuclei in combination with a good 1H 
detection can be used in the future to obtain better spectra. 

 

Figure 7. 1H13C HSQC of atactic PDEVP in D2O. 
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Figure 8. 1H31P HMBC of atactic PDEVP in D2O. 

To reliably quantify the assigned [mmmm] signals, a peak 
deconvolution of the signals in 31P NMR is an effective way to obtain 
single values. The results of the peak deconvolution are also shown 
in Table 2 and one example for the peak deconvolution of atactic 
PDEVP in D2O is shown in Figure 9. 

 

Figure 9. Algorithm based peak deconvolution for atactic PDEVP in 
D2O. Five signal sets are obtained (top). Signal residue after peak 
deconvolution (bottom).  

Conclusion 

REM-GTP combines the advantages of both living-anionic and 
coordinative polymerizations with a high control over the molecular 
weight, low PDIs, formation of block copolymers, or the 
introduction of chain end functionalities. The RE metal center 
stabilizes the growing chain end and suppresses side reaction, 
activates the coordinated monomer, and stereospecific 
polymerizations were reported.  

In this study, the first stereoregular and precise synthesis of highly 
isotactic poly(vinylphosphonate)s is presented. Furtheremore, a 
method to determine the tacticity of poly(vinylphosphonate)s via 
31P-NMR is shown. We present a signal attribution for PDEVP based 
on two dimensional HSQC and HMBC NMR measurements and a 
quantification of the overlapping 31P signals using peak 
deconvolution methods is made. 

The herein applied RE CGCs are sterically crowded and show an 
accessible metal center resulting in high activities and a confined 
propagation reaction yielding stereoregular poly-
(vinylphosphonate)s. Modifications of the bridging unit were 
performed in this work and rigid silyl bridges were found to show 
superior properties compared to the more flexible ethylene bridges. 
Further ligand modifications and their impact on the polymerization 
behavior of vinylphosphonates for bridged complexes are currently 
on the way.56,67 

Before this manuscript is suitable for publication, a signal 
assignment needs to be carefully performed and throughout applied 
to the obtained PDEVP samples. Peak deconvolution methods need 
to be used for the quantification of the signals. The impact of the 
bridging unit on the stereoregularity needs to be evaluated for 
PDEVP and the signal assignment needs to be extended for PDIVP. 
The results for PDIVP, including GPC measurements, yields, and 
quantification of the corresponding triads or pentads should be 
included in the manuscript or SI. Furthermore, the impact of the 
tacticity of the obtained poly(vinylphosphonate) samples on the 
material properties (Tg, Tm, LCST) should be included in this 
reports and needs to be evaluated using DSC and cloud point 
measurements.  

Experimental Section 

General 

All reactions were carried out under argon atmosphere using 
standard Schlenk or glovebox techniques. All glassware was heat 
dried under vacuum prior to use. Unless otherwise stated, all 
chemicals were purchased from Sigma-Aldrich, Acros Organics, or 
ABCR and used as received. Toluene, THF, and pentane were dried 
using an MBraun SPS-800 solvent purification system. Hexane was 
dried over 4 Å molecular sieve. The ligands, 
(C5Me4H)CH2CH2NHtBu and (C5Me4H)SiMe2NHtBu were 
synthesized according to literature procedures.68-69 
Y(CH2TMS)3(thf)2 was obtained according to literature 
procedures.70 (C5Me4)SiMe2NtBuYCH2TMS(thf) was obtained 
according to literature procedures.46,69 The monomers DEVP and 
DIVP were prepared according to literature procedures, died over 
CaH2 for several weeks and distilled prior to use.71 NMR spectra 
were recorded on a Bruker AVIII-300 or AV-500C spectrometer. 1H, 
13C and 29Si NMR spectroscopic chemical shifts δ are reported in 
ppm relative to tetramethylsilane. δ(1H) is calibrated to the residual 
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proton signal, δ(13C) to the carbon signal and δ(29Si) to the 
deuterium signal of the solvent. 31P NMR spectroscopic chemical 
shifts are reported in ppm relative to and calibrated to 85% aqueous 
H3PO4. Deuterated solvents were obtained from Sigma Aldrich and 
dried over 3 Å molecular sieve. Elemental analyses were measured at 
the Laboratory for Microanalytics at the Institute of Inorganic 
Chemistry at the Technische Universität München. Note: 
Elemental analyses of RE CGCs have to be performed quickly as a 
decomposition reaction with preheated and dried tin or aluminum 
containers takes place even under inert gas atmosphere (as observed 
as a constant weight loss inside a glove box and a ~1% lower carbon 
content/10 min.) 

Activity measurements 

For activity measurements, the stated amount of catalyst 
(21.7 μmol) is dissolved in 20 ml of toluene and the reaction mixture 
is thermostated to the desired temperature. Then, the stated amount 
of DEVP (6.5 mmol) is added. During the course of the 
measurement, the temperature is monitored with a digital 
thermometer and aliquots (0.5 ml) are taken and quenched by 
addition to deuterated methanol (0.2 ml). After the stated reaction 
time, the reaction is quenched by addition of MeOD (0.5 ml). The 
reaction is carried out in an MBraun Glovebox under argon 
atmosphere to take aliquots every 6-10 seconds at the beginning of 
the measurement. For each aliquot, the conversion is determined by 
31P NMR spectroscopy, the molecular weight of the formed polymer 
by GPC-MALS analysis. 

Molecular Weight Determination 

GPC was carried out on a Varian LC-920 equipped with two PL 
Polargel columns. As eluent a mixture of 50% THF, 50% water, and 
9 g L-1 tetrabutylammonium bromide (TBAB) was used. Absolute 
molecular weights have been determined online by multiangle light 
scattering (MALS) analysis using a Wyatt Dawn Heleos II in 
combination with a Wyatt Optilab rEX as concentration source. 

Complex Synthesis 

LiCH2TMS was synthesized following an adapted literature 
procedure.69 Lithium granulate (1.72 g, 249 mmol, 3.3 eq.) and 
chloromethyltrimethylsilane (9.25 g, 75 mmol, 1 eq.) are suspended 
in hexane (100 mL) and the mixture is heated at 35 °C for 24 h. 
Lithium was exempt of lithiumchloride several times using an 
ultrasonic bath. The supernatant solution was isolated using a filter 
cannula. The residue is extracted three times with hexane (15 ml) 
and the solvent is removed in vacuo, yielding a white pyrophoric 
solid (6.25 g, 66 mmol, 88%). 1H NMR (300 MHz, C6D6) δ = 0.16 
(s, 9H), -2.08 (s, 2H). 13C NMR (75 MHz, C6D6) δ = 3.6, -4.7. Anal. 
Calcd for C4H11LiSi: C, 51.03; H, 11.78. Found: C, 51.14; H, 12.00. 

YCl3(thf)3.5 A glass thimble is charged inside a glovebox to 2/3 
with yttrium(III) chloride and is placed in a Soxhlet extractor. All 
glass joints of the reaction setup are diligently sealed using Teflon 
grease. The Soxhlet extractor is attached to a Schlenk flask with 
150 ml THF, a reflux condenser, and a pressure valve using a Schlenk 
line outside the glovebox. The oil bath is heated at 110 °C and THF 
is heated to reflux for 36 h under vigorous stirring. After cooling the 
Schlenk flask to room temperature and detaching it from the 
reaction setup, THF is removed in vacuo. The product is obtained 
as a white powder and the amount of coordinating THF is 
determined by elemental analysis. The yield is nearly quantitative if 

pure yttrium (III)chloride is used as a starting material. Anal. Calcd 
for YCl3(thf)3.5: C, 37.56; H, 6.30. Found: C, 37.45; H, 6.33. 

YCH2TMS3(thf)2 was synthesized following an adapted 
literature procedure.69 YCl3(thf)3.5 (1.79 g, 4 mmol, 1 eq.) is 
suspended in pentane (25 ml). A solution of trimethylsilylmethyl 
lithium (1.13 g, 12 mmol, 3 eq.) in pentane (35 ml) is added 
dropwise at 0 °C and the reaction solution is stirred at 0 °C for 2 h. 
The supernatant solution is isolated using a filter cannula and the 
residue is extracted with pentane (2x 10 ml). The solvent is removed 
in vacuo and the product is obtained as a white solid (1.78 g, 
3.6 mmol, 90%). 1H NMR (300 MHz, C6D6) δ = 4.01–3.87 (m, 8 
H), 1.36–1.21 (m, 8 H), 0.31 (s, 27 H), -0.67 (d, 6 H). 13C NMR (75 
MHz, C6D6) δ = 69.8, 33.8, 25.2, 4.5. 

(C5Me4)CH2CH2NtBuYCH2TMS(thf) (1) In an argon-filled 
glovebox, Y(CH2TMS)3(thf)2 (988 mg, 1.89 mmol, 1 eq.) is 
dissolved in pentane (18 ml) and the mixture is cooled to 0 °C 
outside a glovebox. A solution of (C5Me4H)CH2CH2NHtBu 
(418 mg, 1.89 mmol, 1 eq.) in pentane (7 ml) is added dropwise and 
the reaction solution is stirred for 2 h at 0 °C. Volatile compounds 
are removed in vacuo, resulting in a yellow solid. The crude product 
is washed with cold pentane and dried in vacuo. The product is 
purified by recrystallization from pentane and is obtained is a slightly 
yellow crystalline solid (787 mg, 1.68 mmol, 89%). 1H NMR (300 
MHz, C6D6) δ = 3.89–3.81 (t, 2H), 3.60–3.20 (m, 4H), 3.02 (t, 2H), 
2.25–1.96 (m, 12H), 1.34 (s, 9H), 1.08–0.97 (m, 4H), 0.36 (s, 9H), 
-0.97 (d, 2H). 13C NMR (75 MHz, C6D6) δ = 126.4, 126.2, 126.0, 
68.5, 53.7, 52.4, 28.2, 25.8, 23.2, 22.7, 9.1, 3.0, -2.0. 29Si NMR (99 
MHz, C6D6) δ = -2.86. Anal. Calcd for C23H44NOSiY: C 59.08, H 
9.48, N 3.00. Found: C 58.70, H 9.43, N 3.17. 

(C5Me4)CH2CH2NtBuY(CH2(C5H2Me2N)) (2) In an argon-
filled glovebox, (C5Me4)CH2CH2NtBuYCH2TMS(thf) (170 mg, 
0.36 mmol, 1 eq.) is suspended in pentane (7.5 ml) and sym-
collidine (43.5 mg, 0.36 mmol, 1 eq.) is added dropwise. The 
reaction solution is stirred at room temperature for 30 minutes and 
volatile compounds are removed in vacuo. The product is obtained 
as a yellow solid (139 mg, 0.32 mmol, 90%). 1H NMR (300 MHz, 
C6D6) δ = 6.41 (s, 1 H), 6.35 (s, 1 H), 3.58 (m, 2 H), 3.08 (m, 2 H), 
2.51 (s, 3 H), 2.44 (s, 2 H), 2.36 (s, 3 H), 2.25 (s, 3 H), 2.04 (s, 3 H), 
1.96 (s, 3 H), 1.78 (s, 3 H), 0.97 (s, 9 H). 

 (C5Me4)Me2SiNtBuYCH2TMS(thf) (3) was synthesized 
according to an adapted literature procedure.46,69 In an argon-filled 
glovebox, Y(CH2TMS)3(thf)2 (4.4 g, 8.9 mmol, 1 eq.) is dissolved in 
pentane (90 ml) and cooled to 0 °C. A pentane solution (35 ml) of 
(C5Me4H)SiMe2NHtBu (2.24 g, 8.9 mmol, 1 eq.) is added dropwise 
and the mixture is stirred under cooling for 2 h. The mixture is 
filtered and volatile compounds are removed in vacuo. 3.7 g of the 
yellow crude product (84%) are obtained and further purified by 
recrystallization from pentane. The product is obtained as a white 
powder. 1H NMR (300 MHz, C6D6) δ = 3.38−3.15 (m, 4H), 2.21 (s, 
12H), 1.39 (s, 9H), 1.03−0.96 (m, 4H), 0.77 (s, 6H), 0.31 (s, 9H), -
0.90 (d, J = 3.2 Hz, 2H). 13C NMR (75 MHz, C6D6) δ = 4.7, 8.4, 11.5, 
14.0, 24.7, 26.2, 36.0, 54.0, 70.7, 106.6, 122.3, 126.4. 29Si NMR (99 
MHz, C6D6) δ = -2.73, -25.06. Anal. Calcd for C23H46NOSi2Y: C, 
55.51; H, 9.32; N, 2.81. Found: C, 55.77; H, 9.50; N, 2.85.  

(C5Me4)Me2SiNtBuY(CH2(C5H2Me2N)) (4) In an argon-
filled glovebox, (C5Me4)SiMe2NtBuYCH2TMS(thf) (2.2 g, 
4.4 mmol, 1 eq.) is dissolved in pentane (100 ml) and sym-collidine 
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(0.54 g, 4.4 mmol, 1 eq.) in 20 ml pentane is added dropwise to the 
stirred solution. The mixture is stirred at room temperature for 
30 min and volatile compounds are removed in vacuo. The yellow 
residue (1.85 g, 4.0 mmol, 91%) is washed once with cold pentane 
and the crude product is recrystallized from toluene. The product is 
obtained as yellow crystals (1.63 g, 3.6 mmol, 80%). 1H NMR (500 
MHz, C6D6) δ = 6.40 (s, 1H), 5.86 (s, 1H), 2.58 (s, 3H), 2.38 (s, 
3H), 2.20 (s, 3H), 2.09 (s, 3H), 1.93 (s, 3H), 1.78 (s, 3H), 1.01 (s, 
9H), 0.85 (s, 3H), 0.78 (s, 3H). 13C NMR (126 MHz, C6D6) δ = 
172.0, 155.0, 150.1, 127.5, 126.9, 123.1, 122.3, 119.3, 116.2, 107.1, 
54.8, 41.3 (d), 33.9, 26.1, 20.8, 16.1, 14.6, 11.9, 11.5, 8.8, 7.9. 29Si 
NMR (99 MHz, C6D6) δ = -25.36. Anal. Calcd for C23H37N2SiY: C, 
60.24; H, 8.13; N, 6.11. Found: C, 59.66; H, 8.24; N, 5.92. 

(C5Me4)Me2SiNtBuY(CH2(C≡CTMS)) (5) In an argon-filled 
glovebox, (C5Me4)SiMe2NtBuYCH2TMS(thf) (1.42 g, 2.9 mmol, 1 
eq.) is dissolved in toluene (50 ml) and 1-trimethylsilylprop-1-yne 
(0.38 g, 3.4 mmol, 1.2 eq.) is added to the mixture. The solution is 
heated at 60 °C for 1 h and volatile compounds are removed in 
vacuo. The product is purified by recrystallization from pentane and 
obtained as a slightly yellow solid (950 mg, 1.82 mmol, 64%). 1H 
NMR (500 MHz, C6D6) δ = 3.63−3.39 (m, 4H), 2.56−1.95 (m, 
14H), 1.35 (s, 9H), 1.16−1.07 (m, 4H), 0.92−0.75 (m, 6H), 0.32 (s, 
9H). 13C NMR (126 MHz, C6D6) δ = 166.6 (s), 127.0 (s), 125.5 
(s), 123.9 (s), 120.5 (s), 107.2 (s), 105.8 (d), 72.9 (s), 54.0 (s), 38.3 
(d), 35.5 (s), 25.2 (d), 15.3 (s), 14.1 (s), 11.3 (s), 8.9 (s), 8.6 (s), 2.2 
(s). 29Si NMR (99 MHz, C6D6) δ = -12.65, -25.97. Anal. Calcd for 
C25H46NOSi2Y: C, 57.55; H, 8.89; N, 2.68. Found: C, 57.45; H, 9.14; 
N, 2.77. 
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4.6.1 Abstract 

Phosphorus-containing compounds are known for their flame retardant properties and are used in 

industrial applications. In this chapter, the flame retardant properties of poly(vinylphosphonate)s are 

presented for polycarbonate as a possible alternative to persistent and bioaccumulating halogen-based 

flame retardant additives. Simple dip coating of polycarbonate specimen into poly(dialkyl 

vinylphosphonate) solutions results in the formation of transparent coatings with several µm thickness and 

a correlation between coating thickness and flame retardant properties was found presumably due to the 

formation of free poly(vinylphosphonic acid) during combustion. Poly(diisopropyl vinylphosphonate) 

coatings were found to represent highly effective flame retardants for polycarbonate. Extrusion of 

poly(dialkyl vinylphosphonate)s with polycarbonate is not possible due to decomposition of the 

poly(vinylphosphonate) at elevated temperatures or in the case of hygroscopic PDEVP the evaporation of 

water in the blend was observed. Therefore, blends with aromatic poly(vinylphosphonate ester) side 

chains were prepared as poly(ditolyl vinylphosphonate) shows no ester side chain decomposition and 

main chain decomposition takes place at temperatures above 350 °C. The flame retardant behavior of 

poly(vinyl phosphonate)s is attributed to acting as a radical scavenger in the gas phase or in the condensed 

phase by char formation. 

Benedikt S. Soller synthesized PDTVP and supported the first author Dominik Lanzinger in 

performing TGA analyses and interpreting the experimental results. 
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ABSTRACT: A series of poly(dialkyl vinylphosphonate)s (PDAVPs) have recently been reported to be available via rare earth
metal-mediated group transfer polymerization (REM-GTP). We extend the existing portfolio of polyvinylphosphonates (PVPs)
by presenting poly(ditolyl vinylphosphonate) (PDTVP) as the first example of a poly(diaryl vinylphosphonate) (PDArVP).
Thermogravimetric analyses revealed that, for PDTVP, in contrast to the selected PDAVPs, side group cleavage does not occur.
Instead, thermal decomposition takes place in a one-step mechanism at high temperatures above 350 °C. A series of PDAVPs
and PDTVP were tested for their performance as flame-retardant additives (FRA) as well as flame-retardant coatings (FRC) for
polycarbonate (PC). We thereby found that PDTVP is a promising FRA, because of its high thermal stability and its
compatibility with polycarbonate. Poly(diisopropyl vinylphosphonate) (PDIVP) shows excellent performance as an FRC,
because it forms a stable, blistered crust of poly(vinylphosphonic acid) (PVPA) upon flame treatment.

■ INTRODUCTION

The global demand of polycarbonate (PC) in 2011 was
estimated to be ∼3.5 million metric tons and is expected to rise
to 4.5 million metric tons by the end of 2016, with 20% of the
PC produced being used in electrical and electronic
applications (E&E).1 Especially for these E&E applications,
flame-retardant polycarbonate compositions are essential. For
this purpose, usually, PC is blended with one or various flame-
retardant additives (FRAs) in order to obtain flame-retardant
resins.2,3 The most common FRAs used in polymer resins are
halogen-based, e.g., epoxy oligomers made from tetrabromobi-
sphenol A (TBBPA), low-molecular-weight polycarbonates
from TBBPA, or polybrominated trimethylphenylindanes.2,4

Although bromine-based FRAs (BrFRAs) are very compatible
with PC and yield blends with good mechanical properties, they
must be used in relatively high ratios (6−15 wt %) in order to
achieve UL94 V-0 rating.3 Moreover, BrFRAs are critical from
an environmental point of view, because some of them have
been shown to be persistent and bioaccumulating5 and the
combustion of BrFRA containing polymer resins leads to the
formation of highly toxic dibenzo-p-dioxins and dibenzofurans.6

Another potent class of flame retardants for PC are
alkylsulfonates and arlysulfonates, which can provide V-0
ratings at loadings <0.1 wt % but suffer from the disadvantage
of causing hazing.3,7 Siloxane FRAs, especially silsesquioxane
spheres, cause drastic changes in the mechanical properties of
the PC resin already at loadings of 5 wt %.8

Similar to halogen-based FRAs, phosphorus-based FRAs are
capable of acting not only in the condensed phase by enhancing
charring, intumescence, or inorganic glass formation, but also in
the gas phase, by flame inhibition due to PO radicals that react
with more-reactive radicals in the flame zone.9−12 Because of
their good compatibility with PC, especially aromatic
phosphates are very compelling FRAs for PC.13−15 Although
triphenylphosphate (TPP) is a cost-effective FRA, it causes

problems when compounded with PC, i.e., because of its
volatility and sensitivity toward hydrolysis.16 Better alternatives
are less-volatile phosphates, such as resorcinol bis(diphenyl
phosphate) and Bisphenol A bis(diphenyl phosphate).13,16,17

However, phosphonates show superior performance, because
they are more stable toward hydrolysis and less volatile than
phosphates. Sterically hindered diaryl arylphosphonates such as
dimesityl phenylphosphonate (DMPP) were recently reported
to be effective FRAs in PC at low loadings of 3−5 wt %.18

However, a big disadvantage of most low-molecular-weight
phosphorus-based FRAs is their negative effect on the glass-
transition temperature, as well as on the melt viscosity of the
corresponding PC/FRA blends.9,19 Oligomeric and polymeric
FRAs could be shown to have less impact on these crucial
material properties.20,21 Various poly(phosphonate)s with
phosphorus-containing main chains (PMCPPs) are known in
the literature and have been suggested as flame-retardant
materials.22 Poly(phosphonate)s based on diphenyl methyl-
phosphonate and Bisphenol A or similar phenols have been
recently commercialized.22 Homopolymers, co-polymers, and
branched polymers of this class are used as FRAs (e.g., for PC)
or as nonburning specialty polymers.21−28 In contrast to
PMCPPs, poly(vinylphosphonate)s (PVPs) contain phospho-
nate moieties in their side chains and, therefore, possess a
more-robust carbon-based backbone, which is insensitive
toward hydrolysis and may provide PC/FRA compositions
with even better properties than PC/PMCPP systems.
Nevertheless, despite the intriguing potential applications,

the development of PVP homopolymers is mainly limited by
the absence of efficient synthetic strategies, for instance, radical
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and ionic approaches mostly resulted in low yields and degrees
of polymerization.29−31 Recently, our group and other
researchers found that poly(dialkyl vinylphosphonate)s
(PDAVPs) with high and defined molar mass as well as low
polydispersity can be synthesized by rare earth metal-mediated
group transfer polymerization (REM-GTP), not only in bulk or
solution,2,19,32,33 but also on silicon substrates.34,35 Because of
their poor accessibility, PDAVP homopolymers have not yet
been studied as FRAs. In contrast to these homopolymers, co-
polymers of vinylphosphonates (VPs) and styrene, methyl
methacrylate, acrylonitrile, and acrylamide are readily available
using radical polymerization. The flame-retarding effect of the
incorporated VP co-monomer to these co-polymers was hereby
found to be comparatively weak.36

Fire protection may not only be achieved by incorporating
one or several FRAs into the polymer matrix, but also by
coating of the polymer surface.37 Although coating is a
common method to enhance fire resistance of steel or wood,
only few flame-retardant coatings (FRCs) for polymers are
known.38 Plasma-induced graft polymerization is a complex
strategy to achieve surface modification and was successfully
used to introduce fire resistance to diverse polymers.37 Jimenez
et al. recently presented examples of intumescent coatings for
polyurethanes, polypropylene, and PC.39 Next to adhesion
problems, these coatings suffer from poor transparency and
high coating thickness of ∼200 μm. Wenz et al. found that the
flame resistance of PC may also be introduced by metal
coatings.40 Poly(vinylphosphonate)s are transparent, nonflam-
mable polymers that could serve as easy-to-apply coatings for
polymeric matrices.
In this manuscript, we present poly(ditolyl vinylphospho-

nate) (PDTVP) as the first example of a poly(diaryl
vinylphosphonate) (PDArVP). The thermal decomposition of
PDTVP was investigated and is compared to the literature
known poly(dialkyl vinylphosphonate)s (PDAVPs) PDEVP,
PDPVP, and PDIVP with ethyl, n-propyl, and iso-propyl
g r o up s , r e s p e c t i v e l y . 4 1 The men t i o n ed po l y -
(vinylphosphonate)s (PVPs) were tested for their potential as
flame-retardant additives (FRAs) or coatings (FRCs) for PC
and compared to dimesityl phenylphosphonate (DMPP) as a
benchmark low-molecular-weight flame retardant. In contrast
to the aliphatic PDAVPs, aromatic PDTVP was found to be
compatible with PC, yielding transparent blends. Based on
thermogravimetric analyses (TGA), conclusions on the flame-
retarding mechanism of PDTVP are drawn. PDTVP/PC blends
with PDTVP contents of up to 20 wt % were produced, and UL
94 V testing, as well as stress strain measurements, were
performed. Since PDIVP was found to be a very effective FRC,
because of its intumescence, UL 94 V testing was performed
using various coating thicknesses and different sample body
thicknesses.

■ RESULTS AND DISCUSSION

Rare Earth Metal-Mediated Group Transfer Polymer-
ization (REM-GTP) of Diaryl Vinylphosphonates. We have
previously presented the rare earth metal-mediated homo-
polymerization and copolymerization of different dialkyl
vinylphosphonates (alkyl = methyl, ethyl, n-propyl, isoprop-
yl).9,31,33,34,41 A new class of vinylphosphonates is obtained by
replacing alkyl groups by aromatic substituents, such as p-tolyl
(see Scheme 1). These poly(diaryl vinylphosphonate)s
(PDArVP) are of high interest, because of their high thermal
stability, as well as their high solubility in aromatic polymers,

such as PC. Diaryl vinylphosphonates (DArVP) are readily
accessible in one step from β-chloroethylphosphonic dichloride.
However, we found that REM-GTP of DTVP proceeds

slowly and not quantitatively. Previous studies with vinyl-
phosphonates revealed that late lanthanides (i.e., smaller cation
radii) lead to faster polymerization rates and especially late
tris(cyclopentadienyl) complexes show high conversions and
initiator efficiencies. However, for DArVP, conversions with
tris(cyclopentadienyl) Ln catalysts (e.g., Cp3Lu) were found to
be ∼40%. Therefore, we used the yttrium-based [Cp2YStBu]2
complex for the polymerization of DTVP and a conversion of
58% (as observed via 31P NMR spectroscopy) was achieved.
The observed decrease in monomer reactivity for DTVP,

compared to sterically less-demanding vinylphosphonates, is in
good agreement with previous mechanistic studies, which
conclude the rate-determining step of DAVP polymerization to
be an associative displacement (SN2-type substitution) of the
growing polymer chain by a monomer (see Scheme 2).42 The
stronger steric shielding of the active site by the more rigid
aromatic side groups, in comparison to flexible alkyl side chains,
gives a good explanation for the slower polymerization reaction,
in the case of DTVP.
Although the conversion is not quantitative, the polymer-

ization reaction seems to proceed in a living fashion with one
catalyst molecule producing only one polymer chain. At full
conversion a Mn of 32 kDa would be expected. Taking into
account, that only 58% of the monomer has been consumed,
the expected Mn is 17 kDa (32 kDa × 0.58 = 18 kDa). The
observed molecular weight (Mn) is 16 kDa at a low PDI of 1.4.

Thermal Decomposition of PVPs. The thermal stabilities
of PDEVP, and PDIVP have been investigated previously by
TGA in nitrogen atmosphere.2 In the case of PDEVP and
PDIVP, the first elimination step proceeds mainly via side
group cleavage by elimination of ethylene (300 °C) and
propylene (250 °C), respectively, leading to the formation of
poly(vinylphosphonic acid) (PVPA). During the second
decomposition step at a temperature range of 420−510 °C,
backbone fragmentation occurs.2 TGA experiments show that
the first decomposition step for PDPVP occurs at 290 °C, being
comparable to the thermal stability of PDEVP. It is assumed
that scission of the C−O bond of the dialkyl phosphonate
proceeds via a transition state with reduced electron density at
the α-carbon of the alkyl chain. Hence, the higher thermal
stability of PDEVP and PDPVP, compared to PDIVP, can be
explained by the lower stability of primary (ethyl or 1-propyl)
in comparison to secondary (2-propyl) alkyl cations.14 As
shown in Figure 1a, the thermal decomposition of PDTVP
takes place at higher temperature (380 °C). Since side group
cleavage is not possible for PDTVP, decomposition occurs at
higher temperature and is assumed to proceed via main chain
fragmentation.
TGA was also performed under a synthetic air atmosphere

(Figure 1b), showing similar results, with respect to side group
scission in the case of PDIVP and PDPVP. In the presence of
oxygen, for PDEVP, the first decomposition step starts at lower
temperature leading to a higher weight loss corresponding to
the elimination of diethyl ether and the formation of P−O−P

Scheme 1. REM-GTP of Vinyl Phosphonates
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bridges, while the polymer backbone seems to remain intact.
For all PDAVPs, in the case of TGA under air, a weight gain
was observed before the second decomposition step starts. We
assume that oxidation leads to an increase in weight before
backbone fragmentation yields volatile compounds. The
amount of residual char after heating to 900 °C was
significantly lower for all PVPs when TGA was performed
under air.
PVPs as Flame-Retardant Additives (FRAs) for PC. In

order to compare our results to literature-known systems, we
chose dimesityl phenylphosphonate (DMPP) as a benchmark
phosphonate FRA and prepared PC/DMPP blends with
different FRA contents.13 Compared to results presented in
the literature, we found the flame-retarding effect of DMPP to
be much weaker. The addition of 1 wt % DMPP to PC even
leads to a longer average total flaming combustion time
(TFCT). The sample bodies get extinguished by dripping of
the burning part of the sample body, which precludes a V-0 or
V-1 rating in the UL 94 V test. The longer TFCT is most likely
caused by the flame-retarding effect of DMPP, leading to a
slower combustion with less energy being released. Sample
bodies with higher DMPP contents (5, 10, and 20 wt %) show
a decrease in the TFCT values with increasing DMPP contents,
whereby dripping occurs for all blends.

The observed facilitated dripping can be explained by a
decrease in the glass-transition temperature (Tg) with
increasing DMPP contents (Figure 2), which was confirmed
by dynamic scanning calorimetry (DSC). Furthermore, a
decrease in the melt viscosity might also play a significant role.
Tensile tests with DMPP/PC blends with 0, 1, and 20 wt %

FRA content were performed, showing lower values for yield
strain and strain at break, as well as increasing yield strengths
(see Figure 3).

PDIVP. Next to a sufficient flame-retarding effect, FRAs for
PC must meet two key requirements: (1) sufficient thermal
stability for the high processing temperatures (230−315 °C),
and (2) sufficient compatibility with PC. As shown previously,
PDIVP already starts to decompose at 250 °C under a nitrogen
atmosphere. Attempts to produce PDIVP/PC blends at 240 °C
resulted in complete decomposition of PDIVP to PVPA, which
was verified via 1H NMR spectroscopy of the produced blend.
The obtained PVPA/PC blends are slightly yellowish and
opaque. No flammability or mechanical tests were performed
with these blends.

PDPVP. Although PDPVP decomposes at higher temper-
atures than PDIVP, again, decomposition to PVPA was
observed during processing. Therefore, no further experiments
were performed with PDPVP/PC blends.

Scheme 2. Elemental Steps of Rare Earth-Mediated GTP of Vinylphosphonates with an SN2-Type Associative Displacement of
the Polymer Phosphonate Ester by a Vinylphosphonate Monomer as the Rate-Determining Stepa

aReprinted with permission from ref 9. Copyright 2013, American Chemical Society, Washington, DC.

Figure 1. TGA thermograms of PDIVP, PDPVP, PDEVP, and PDTVP (a) under a nitrogen atmosphere and (b) under a synthetic air atmosphere.
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PDEVP. Thermally more stable PDEVP does not decompose
under equal conditions. However, during compression molding
of the opaque white blend, gas bubbles formed inside the
sample, because of the evaporation of water. The hygroscopic
PDEVP leads to a relatively high water uptake of the blend,
which could not be avoided since the compression molding was
performed under an air atmosphere. Because of this fact, no
homogeneous specimen for mechanical analysis could be
obtained. Flammability tests showed that a high PDEVP
content of 20 wt % leads to facilitated dripping. Therefore,
PDEVP is not suitable as a FRA for PC under these conditions.
Differential scanning calorimetry (DSC) measurements re-
vealed that the Tg value of PDEVP/PC blends (142.0 °C for a
20 wt % PDEVP/PC blend) is only slightly lower than the Tg of
pure PC (149.6 °C). Therefore, a lower Tg value does not seem
to be the reason for the facilitated dripping. Instead, we assume
that either inhomogeneity of the specimen due to gas bubbles
or a change in melt viscosity is responsible.
PDTVP. Because of its higher thermal stability, PDTVP does

not decompose upon blending with PC, which could be verified
by 1H NMR analysis. The obtained PDTVP/PC blends are
transparent. Since the Tg value of PDTVP is higher than the
processing temperature, this transparency indicates good

solubility of PDTVP in molten PC. Furthermore, no phase
separation seems to take place during the cooling of the blend,
because this would lead to hazing. Raman spectroscopy showed
a homogeneous distribution of PDTVP in PC. According to
this good compatibility, PDTVP and possibly also further
PDArVPs are promising candidates as FRAs for PC. Similar to
DMPP/PC blends, PDTVP/PC blends with low PDTVP
contents of 1, 5, and 10 wt % show dripping of burning
polymer, whereas blends that contain 20 wt % PDTVP do not
drip at all. Upon the addition of low amounts of PDTVP, the
TFCT is increased, relative to that of pure PC. In analogy to
DMPP, the addition of more FRA leads to lower TFCT values
(7−19 s) for 20 wt % PDTVP/PC blends resulting in a V-1
rating (see Figure 4).

DSC measurements reveal that the Tg value is only slightly
affected by the PDTVP content (Figure 2). The fact that
PDTVP, in contrast to DMPP and other low-molecular-weight
phosphorus-based FRAs, does not influence the Tg value of the
FRA/PC blend and leads to nondripping compositions
demonstrates the great potential of PDArVPs as FRAs.43

Figure 5 shows that high PDTVP contents lead to brittle
blends, which do not show necking and break under lower
stress than pure PC samples, although the yield strength of 50.8
MPa is still relatively high.

TGA of PC and PC/FRA Blends under an Air Atmosphere.
In contrast to literature reports,44 TGA experiments only
showed very little charring for pure PC (2%). The
decomposition mechanism of PC under air was investigated
by Jang et al.44 and was found to mainly take place via chain
scission of the isopropylidene linkage. The addition of DMPP,
the benchmark low-molecular-weight FRA did not enhance
charring. In contrast, for blends of PC with PDIVP and
PDEVP, respectively, slightly increased amounts of residual
char were found (3 and 4 wt %, respectively). In case of the
PC/PDTVP blend, which reached a V-1 rating in the UL 94 V
test, the amount of residual char after heating to 900 °C was
relatively high (9 wt %). It is known from the literature that
phosphorus-based flame retardants can act in the gas phase, as
well as in the condensed phase.10,22 In the gas phase, the flame
retardancy mechanism is mainly contributed to the formation
of PO* radicals, which are more stableand, therefore, less
reactivethan hydrogen or hydroxyl radicals and can act as a

Figure 2. Glass-transition temperature (Tg) values of PC/FRA blends,
as determined by DSC.

Figure 3. Stress−strain curves for PC/DMPP blends.

Figure 4. UL 94 V test results (TFCT and rating) of PC/PDTVP and
PC/DMPP blends.
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radical scavenger by recombination with other radicals.10 The
flame-retarding effect in the condensed phase is mainly
contributed to the tendency of phosphorus compounds to
react with decomposition products of oxygen containing
polymers to form phosphoric acid. Condensation of phosphoric
acid leads to the formation of pyrophosphoric acid and
metaphosphoric acid and, thus, the release of water vapor,
which dilutes the gas phase in the combustion zone. Even more
important is the fact that phosphoric acid, as well as
pyrophosphoric acid can catalyze the dehydratation of alcohols
and thus lead to the formation of double bonds and
aromatization. Phosphates and carbonized residues form char,
which acts as a protective layer for the polymer.22

TGA data from Figure 6 shows, that DMPP already starts to
volatilize at 225 °C. After complete volatilization of DMPP, the

remaining PC behaves analogous to pure PC. Therefore,
DMPP is very unlikely to be effective in the condensed phase,
but might well act in the gas phase. As mentioned above, for the
PC/PDIVP blend, the first decomposition step of PDIVP has
already taken place during the preparation of the blend leading
to poly(vinylphosphonic acid) (PVPA). Surprisingly, volatiliza-
tion of PC in this PC/PVPA blend starts at lower temperatures,

which might be due to the acidity of PVPA. For PC/PDEVP,
the first decomposition step of PDEVP to PVPA takes place at
325 °C. The rate of the thermal decomposition of the PC/
PDTVP blend is significantly slower at temperatures above 550
°C, compared to pure PC, and no degradation is observed
above 730 °C. A relatively large amount (9 wt %) of char is
formed, which reveals that PDTVP is highly active in the
condensed phase. Because of its polymeric structure and low
volatility, PDTVP is assumed to be less active in the gas phase.

PVPs as Flame-Retardant Coatings (FRCs) for Poly-
carbonate (PC). Since the PVPs used are transparent, solid,
and very soluble in various solvents, they appear to be
predestined as FRCs for PC products. DMPP was used as a
reference monomeric FRC in order to reveal advantages of
polymeric FRCs. Coating was performed by simple dip coating
of PC samples with FR solutions of defined concentrations
using different solvents.
DMPP was applied to PC specimens 0.9 mm in size with a

coating thicknesses of 5−75 μm. No significant change in
combustion behavior was observed, compared to uncoated PC.
DMPP coatings from dichloromethane (0.1 g (DMPP)/mL
(CH2Cl2)) and methanol (0.1 g (DMPP)/mL (MeOH)) both
were transparent up to coating thicknesses of 75 or 33 μm,
respectively. Exceeding this maximum coating thickness leads
to the formation of white powder, instead of smooth layers.

PDEVP. Preliminary experiments proved that coatings of 115
and 243 μm lead to a significant reduction of the total flaming
combustion time (TFCT), to 13.1 and 1.6 s, respectively, with
no dripping during combustion. Coatings from water and
MeOH are colorless and transparent. PDEVP, as a FRC, has
not been studied in more detail, because the solubility of
PDEVP in water is a major disadvantage. The extinguishing
water may dissolve the coating and rinse it off the PC surface,
which then would be unprotected and could be easily ignited.
Nevertheless, embedding PDEVP into a varnish formulation
that protects it from being rinsed off the substrate might result
in highly efficient FRCs.

PDPVP. Coating experiments with PDPVP were not
performed since PDPVP did not seem to be suitable for this
application, because of its unusual mechanical properties. In
contrast to PDIVP and PDTVP, PDPVP is not a solid, brittle
polymer; instead, it feels soft and sticky when stored in air.

PDIVP. PDIVP was coated from MeOH solutions of different
concentrations. Although coatings from low-concentration
solutions (0.01 g (PDIVP)/mL (MeOH) and (0.05 g
(PDIVP)/mL (MeOH)) were opaque, solutions from higher-
concentration solutions (0.1 g (PDIVP)/mL (MeOH)) were
transparent. SEM micrographs of these coatings (Figure 7)
show that, depending on the concentration of the coating
solution, the morphology of the coating differs from
inhomogeneously distributed PDIVP on the PC surface to

Figure 5. Stress−strain curves for PC/PDTVP blends.

Figure 6. TGA thermograms of PC and 20 wt % blends of PDIVP,
PDEVP, PDTVP, and DMPP in PC under a synthetic air atmosphere.

Figure 7. SEM micrographs of PDIVP coatings from MeOH solutions
with concentrations of (a) 0.01, (b) 0.05, and (c) 0.1 g (PDIVP)/mL
(MeOH).
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spongelike PDIVP architectures or almost perfectly smooth
PDIVP layers.
We could further show that coatings with turbid, spongelike

structures can be converted to smooth, transparent coatings by
dipping the samples in pentane at room temperature (see
Figure 8).

The coating thickness could be altered by performing several
coating steps using a 0.1 g/mL solution of PDIVP in MeOH.
As shown by Figure 9, the coating thickness per coating step
thereby is reproducibly ∼6 μm.

PDIVP coatings were shown to have an outstanding effect on
the flammability of PC specimens 0.9 mm in size (see Figure
10). The TFCT of the samples decreased with increasing
coating thickness and dripping is effectively suppressed at
coating thicknesses of only 13 μm. UL 94 rating V-1 was
reached for coating thicknesses of at least 30 μm and V-0 rating
was reached for coating thicknesses of at least 60 μm.
Flammability testing of PDIVP-coated PC samples with a

thickness of 3 mm gave different results. Although coating
thicknesses of up to 50 μm were tested, none of the tested
samples could be rated according to UL-94 V because the
TFCT exceeded 30 s per specimen. Combustion of the samples

is slowed by the coating, but the weight of molten PC leads to
failure of the protective layer. Unprotected, viscous PC
immediately ignites when getting into contact with the flames.
Since most of the surface remains protected by char crust,
dripping is delayed drastically but not prevented. PDIVP, in
contrast to PDEVP and PDPVP, is not water-soluble and, thus,
the PDIVP coating does not age upon contact with moisture
and is not rinsed off by extinguishing water.

PDTVP. PDTVP can be coated from diethyl ether solution
(0.1 g PDTVP per mL Et2O) to form transparent, colorless
layers. Flammability tests showed that there is no significant
effect of the coating, even with coating thicknesses of up to 60
μm.

Different Flame-Retarding Effect of PDEVP and PDIVP,
Compared to PDTVP FRCs. In contrast to PDTVP, PDEVP
and PDIVP could be shown to be very effective FRCs for PC.
In order to elucidate the cause of the flame-retarding effect of
PDEVP and PDIVP, UL-94 specimens were examined after
testing and the removal of carbon black (see Figure 11).

As known from TGA results and flammability tests, PDEVP
and PDIVP are intumescent and form stable, blistered crusts of
poly(vinylphosphonic acid) (PVPA) at high temperatures. For
flame-treated PDEVP- and PDIVP-coated sample bodies, three
different zones can be identified. At the site of flame
impingement (zone 1), a black crust formed and the sample
body is considerably deformed. In zone 2, the coating was
converted to a blistered crust. The upper part of the specimens
(zone 3) is not affected by the treatment. We assume that, in
zone 1, a char crust is formed that mainly consists of PVPA and
its decomposition products, as well as carbonized polymer. This
char crust acts as a protective barrier, separating the PC from
oxygen as well as protecting it from flame impingement. In
zone 2, which was exposed to less heat during the flame

Figure 8. (Top) SEM micrographs and (bottom) optical photographs
of (a) an uncoated sample, (b) a sample coated with 0.05 mL
(PDIVP)/mL (MeOH)), and (c) a sample coated and post-treated
with pentane.

Figure 9. Thickness of the PDIVP coating, depending on the number
of dips.

Figure 10. UL 94 V test results (TFCT and rating) of PDIVP-coated
PC sample bodies 0.9 mm in size.

Figure 11. UL-94 V PC specimen coated with PDTVP (23 μm) (left)
and PDIVP (31 μm) (right). The ignition sites face toward the left
side.
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treatment, a stable, blistered layer of PVPA (zone 2) is formed,
serving as a highly effective protective barrier for the subjacent
PC. In zone 3, the coating, as well as the PC, remain
unchanged.
For specimens coated with PDTVP, dripping occurred

during UL 94 V testing. This dripping explains necking on
the bottom side of the sample bodies. Upon flame treatment,
the PDTVP-coated sample bodies show deformation due to
softening of the PC and, thus, rupture of the protective PDTVP
coating. Unprotected PC combusts and, thus, more energy is
released, leading to more deformation and, as a result, dripping
of PC. No intumescence was observed for PDTVP, which can
be rationalized by the fact that decomposition of PDTVP
proceeds via backbone fragmentation instead of the formation
of low-molecular-weight volatiles and a blistered crust of PVPA.
Even high concentrations of PDTVP on the surface of the
sample bodies do not lead to sufficient flame retardancy. This
indicates that PTDVP is somewhat effective in the gas phase
but mainly acts in the condensed phase, as described above.
To summarize, intumescence, in combination with the

formation of a stable blistered PVPA crust, which was observed
for PDEVP and PDIVP, seems to be the key requirement for
effective flame retardancy of PVP coatings.

■ CONCLUSION

We could show that not only PDAVPs, but also PDArVPs are
available by REM-GTP, although the yields are significantly
lower for PDArVPs. TGA was performed for PDPVP and
PDTVP indicating that PDPVP decomposes in a two-step
mechanism similar to PDEVP and PDIVP, while PDTVP
decomposes at higher temperature in a one-step mechanism,
resulting in backbone fragmentation.
PDEVP, PDIVP, PDPVP, and PDTVP were tested for their

suitability as FRAs for PC. Because of their lack of thermal
stability, PDIVP and PDPVP decompose during the com-
pounding procedure and therefore form opaque blends of
PVPA and PC. Thermally more stable PDEVP does not
decompose under the same conditions but PDEVP/PC blends
are opaque, indicating that PDEVP is incompatible with PC.
Furthermore, because of the hygroscopicity of PDEVP, gas
bubbles form during compression molding, leading to
inhomogeneous sample bodies. In contrast to these aliphatic
PDAVPs, PDTVP, as a representative for an aromatic
PDArVPs, forms transparent blends with PC. PDTVP is
compatible with PC; it does not decompose during the
processing and no phase separation from PC occurs. PDTVP/
PC blends were compared to DMPP/PC blends, with DMPP
representing a low-molecular-weight reference FRA. In contrast
to DMPP, the addition of PDTVP does not cause a strong
decrease in the Tg value of PC. DMPP/PC blends show
facilitated dripping of burning polymer during UL 94 V testing,
which leads to relatively short TFCTs and a V2 rating. For
PDTVP/PC blends with high PDTVP contents, no dripping
occurred during the UL 94 V test, resulting in a V-1 rating. The
fact that PDTVP does not reduce the Tg value dramatically and
dripping can be suppressed by addition of sufficient amounts of
PDTVP shows its advantage over low-molecular-weight
phosphorus-based FRAs such as DMPP. TGA of PC/FRA
blends which was carried out under synthetic air showed that
PDTVP enhances charring of PC and, thus, in contrast to
DMPP, is active in the condensed phase. Mechanical testing
revealed that the addition of PDTVP to PC leads to brittleness
of the blends, leading to lower yield strengths.

Furthermore, we could demonstrate that PDAVPs can be
effective FRCs if they decompose via a two-step mechanism,
whereby, in the first decomposition step, the alkyl residues are
eliminated as the corresponding alkenes and PVPA is formed.
Because of the formation of a continuous, blistered layer of
PVPA by exposure to heat, these coatings can be regarded as
intumescent. PDTVP, which is an example of a PDArVP, in
contrast, decomposes via scission of the polymer main chain
and, therefore, does not develop a foamed protective layer.
In the case of PDIVP, we could show that the morphology of

the coating is dependent on the solvent and the concentration
of the coating solution. Reproducible coating thicknesses could
be achieved by dip coating from a 1 g/mL solution in MeOH.
The dependency of the TFCT and the UL 94 V rating on the
coating thickness was investigated in detail for PC specimens
0.9 mm in size.
For specimens 3 mm in size, PDIVP coatings lead to a

slowdown of the combustion, resulting in longer TFCTs, but
fail to avoid dripping in UL 94 V tests. The weight of the
molten PC in the sample bodies leads to failure of the
protective layer.
Dripping of burning polymer is one major issue for

monomeric FRAs (such as DMPP), as well as, to a lesser
extent, polymeric FRAs (such as PDTVP). Even the highly
effective FRCs made from PDIVP suffer from this problem
when applied to thicker PC samples. This issue could be
addressed by the combined use of antidripping agents, such as
polytetrafluoroethylene (PTFE), together with such flame
retardants.45

■ EXPERIMENTAL SECTION

General. All reactions were carried out under an argon
atmosphere, using standard Schlenk or glovebox techniques. All
glassware was heat dried under vacuum prior to use. Unless
otherwise stated, all chemicals were purchased from Sigma−
Aldrich, Acros Organics, or ABCR and used as received.
Toluene and tetrahydrofuran (THF) were dried using an
MBraun SPS-800 solvent purification system. The catalysts
usedCp2YStBu, PDEVP, PDPVP, PDIVP, and β-chloroe-
thylphosphonic acid dichloridewere prepared according to
literature procedures.9,33,46,47 Monomers were dried over
calcium hydride and distilled prior to polymerization. A 3-
mm-thick Makrolon GP clear 099 sheet and Makrolon 2808
pellets were supplied by Bayer Material Science.
NMR spectra were recorded on a Bruker AVIII-300 or AV-

500CRYO spectrometer. 1H NMR and 13C NMR spectroscopic
chemical shifts (δ, in ppm) are reported, relative to
tetramethylsilane. δ(1H) is calibrated to the residual proton
signal, while δ(13C) is calibrated to the carbon signal of the
deuterated solvent. 31P NMR spectroscopic chemical shifts are
reported (in ppm) relative to and calibrated to 85% H3PO4.
Deuterated solvents were obtained from Deutero or Eurisotop
and were used as received. Elemental analyses were measured at
the Laboratory for Microanalytics at the Institute of Inorganic
Chemistry at the Technische Universitaẗ München. TGA was
performed on a TAInstruments Model TGA-Q5000 under a
nitrogen atmosphere or under synthetic air with a heating rates
of 10 K min−1. GPC was performed on a Varian Model LC-920
system that was equipped with two analytical PL Polargel M
columns. As the eluent, a mixture of 50% THF, 50% water, and
9 g L−1 tetrabutylammonium bromide (TBAB) was used in the
case of PDEVP; for the analysis of PDPVP, PDIVP, and
PDTVP, the eluent was THF with 6 g L−1 TBAB. Absolute
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molecular weights have been determined online, via multiangle
light-scattering (MALS) analysis, using a Wyatt Dawn Heleos II
system, in combination with a Wyatt Optilab rEX system as a
concentration source. High-resolution scanning electron
microscopy (HR-SEM) was performed on a JEOL Model
JSM-7500F instrument at the Institute of Silicon Chemistry,
TU München, using an accelerating voltage of 1 kV for
secondary electron observation.
Synthesis of Dimesityl-Phenylphosphonate (DMPP). A

quantity of 103.9 g (0.763 mol, 2 equiv) 2,4,6-trimethylphenol
and 74.38 g (0.382 mol, 1 equiv) phenylphosphonic dichloride
are suspended in 750 mL of pyridine. The reaction mixture is
refluxed for 24 h at 140 °C. After cooling, pyridine is removed
under reduced pressure to yield a brownish solid. After the
addition of 1 L of distilled water, the suspension is stirred for 1
h. Filtration yields a brownish powder. The crude product was
washed with MeOH to yield 105.33 g (0.267 mol, 70%) of
DMPP as a white powder.

1H NMR Analysis. 1H NMR (CD2Cl2, 298 K, 500 MHz): δ =
8.05−7.98 (m, 2H), 7.66−7.60 (m, 1H), 7.56−7.50 (m, 2H),
6.79 (s, 4H), 2.22 (s, 6H), 2.07 (s, 12H).

13C NMR Analysis. 13C NMR (CD2Cl2, 298 K, 126 MHz): δ
= OAr: 146.03 (ipso, d, 2JPC = 9.8 Hz), 134.53 (para, d, 5JPC =
2.0 Hz), 130.16 (ortho, d, 3JPC = 3.2 Hz), 129.51 (meta, d, 4JPC
= 1.9 Hz), 20.81 (para-CH3, s), 17.66 (ortho-CH3, s), Ar:
132.85 (para, d, 4JPC = 3.1 Hz), 132.12 (ortho, d, 2JPC = 9.8
Hz), 128.93 (ipso, d, 1JPC = 193.8 Hz), 128.50 (meta, d, 3JPC =
15.5 Hz).

31P NMR Analysis. 31P NMR (CD2Cl2, 298 K, 203 MHz): δ
= 10.38 (s).
Analysis of C24H27O3P. Calcd for C24H27O3P: C, 73.08; H,

6.90; P, 7.85. Found: C, 73.06; H, 6.96; P, 7.79.
Synthesis of Di-p-tolyl vinylphosphonate (DTVP). A

quantity of 288 g (2.66 mol, 2.2 equiv) of 4-methylphenol were
slowly added to a mixture of 219 g (1.21 mol, 1 equiv) β-
chloroethylphosphonic acid dichloride and 404 g (3.99 mol, 3.3
equiv) triethylamine in 500 mL of toluene at 0 °C. The reaction
mixture is warmed to room temperature, stirred overnight, and
filtered. The eluate is concentrated in vacuo, the residue is
dissolved in dichloromethane (DCM), and extracted three
times with 5 wt % aqueous NaOH. The combined organic
phases are dried over Na2SO4, filtered, and concentrated in
vacuo. The raw product is purified by distillation, yielding 231 g
of DTVP (0.84 mol, 69%) as a yellow liquid.

1H NMR Analysis. 1H NMR (CD2Cl2, 298 K, 500 MHz): δ =
7.19−7.06 (m, 8H, CHAr), 6.55−6.17 (m, 3H, CHCH2),
2.33 (s, 6H, CH3).

13C NMR Analysis. 13C NMR (CD2Cl2, 298 K, 126 MHz): δ
= OAr: 148.5 (ipso, d, 2JPC = 7.6 Hz), 135.5 (para, d, 5JPC = 1.5
Hz), 130.7 (ortho, s), 120.8 (meta, d, 3JPC = 4.3 Hz), 20.98
(CH3, s), Vinyl: 138.6 (CH2, d,

2JPC = 2.5 Hz), 125.4 (CH, d,
1JPC = 185.5 Hz).

31P NMR Analysis. 31P NMR (CD2Cl2, 298 K, 203 MHz): δ
= 10.4 (s).
Analysis of C16H17O3P. Calcd for C16H17O3P: C, 66.66; H,

5.94; P, 10.74. Found: C, 66.26; H, 5.96; P, 10.64.
Synthesis of Poly(ditolyl vinylphosphonate) (PDTVP).

A quantity of 0.5 mmol (1 equiv) of catalyst (Cp2YStBu or
Cp3Lu) is suspended in 40 mL of toluene. Under vigorous
stirring, a solution of 16 g DTVP (50.6 mmol, 100 equiv) in 25
mL of toluene is added at room temperature and the clear
solution is stirred overnight. The polymer is purified by
precipitation from the reaction solution with excess pentane.

The obtained polymer was dissolved in toluene and
precipitated with pentane three more times, to remove the
remaining monomer and oligomers. Residual solvents were
removed under vacuum at 70 °C overnight. The total yield was
6 g (38%).

31P NMR Analysis. 31P NMR (CD2Cl2, 298 K, 203 MHz): δ
= 25.7 (s).

Analysis of (C16H17O3P)n. Anal. Calcd for (C16H17O3P)n: C,
66.66; H, 5.94; P, 10.74. Found: C, 64.95; H, 5.83; P, 10.39.

Other Properties. Molecular weight: 16 kDa, PDI = 1.4.
FRA/PC-Blend Preparation. Makrolon 2808 pellets were

milled using a Retsch Model ZM 200 centrifugal mill under
liquid nitrogen cooling. The PC powder was dried overnight at
60 °C under vacuum and stored under an argon atmosphere.
FRA/PC blends were produced by premixing powders of the
corresponding FRA with PC powder and compounding this
mixture in a Daca Instruments microcompounder at 240 °C
and 60 rpm for 20 min. The obtained polymer strand was cut
into pellets ∼1 mm in size.

Raman Spectroscopy of a 20 wt % PDTVP/PC Blend. A
Senterra Raman spectrometer (Bruker Optics, Ettlingen,
Germany) equipped with a 785-nm laser was used for the
analysis of a 20 wt % PDTVP/PC blend. A laser power of 10
mW was chosen. A baseline correction was accomplished with
the OPUS 7.2 software for spectra measured by Raman
spectroscopy using the concave rubber band method. The
spectra were normalized with maximum normalization, for
comparison purposes. The spot diameter was ca. 5 μm. Raman
spectra were measured at 300 different locations of the sample
body (20 × 15 matrix with a distance of 5 μm between the spot
centers). Within a range of ±6%, the ratio of the signals of the
Raman scattering at 808.5 cm−1 (PDTVP) and 889.5 cm−1

(PC) was constant over the complete matrix.
UL 94-V Sample Body Preparation. UL 94-V sample

bodies with dimensions of 0.9 mm × 13 mm × 125 mm or 3.0
mm × 13 mm × 125 mm were prepared by compression
molding, using a self-constructed mold and a Servitec Polystat
200 T table top press. The polymer was filled into the mold and
heated to 240 °C for 20 min before the mold is compressed.
Pure PC UL-94-V sample bodies of 3.0 mm × 13 mm × 125

mm were cut from a 3-mm-thick Makrolon GP clear 099 sheet
for coating experiments.

Flammability Testing. Flammability was tested using a UL
94-V testing procedure as described in DIN EN 60695-11-10.
Sample bodies as described above were exposed to the methane
gas flame for 10 s. The flaming combustion time after the
ignition period was measured. The flame treatment was
repeated for another 10 s and the flaming combustion time
was measured again. Since there was no significant glowing
after the extinguishing of the samples, the glowing combustion
time was not measured. A piece of cotton wool was placed 30
cm below the lower edge of the sample bodies, to determine
whether or not dripping polymer ignites this cotton wool.
The original UL 94-V test requires two sets of five sample

bodies. In this study, we decided to reduce the number of
sample bodies to three in the case of the FRA/PC blends and
to one in the case of FRC-coated PC samples. As a result,
criteria for the different ratings have been adapted.
For a V-0 rating, the TFCT of each specimen must not

exceed 10 s. In addition, neither flaming nor glowing
combustion must reach the specimen holding clamp and no
burning particles are allowed to drip onto the cotton wool and
ignite it.
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In order to reach a V-1 rating, the flaming combustion time
after each ignition must not exceed 30 s and the average TFCT
must not exceed 50 s. Furthermore, neither flaming nor
glowing combustion must reach the specimen holding clamp
and no burning particles are allowed to drip onto the cotton
wool and ignite it. V-2 rating criteria are equal to those of V-1
rating, except that ignition of the cotton wool by dripping
burning particles is allowed. In case the FCT after one ignition
exceeds 30 s, or the TFCT exceeds 50 s, no rating (according to
UL 94 V) is possible.
Tensile Test Sample Body Preparation. Tensile testing

sample bodies were prepared in a manner analogous to the UL
94-V sample bodies 0.9 mm in size, by using a mold with
dimesnions of 0.9 mm × 30 mm × 52 mm. From the obtained
polymer plate, sample bodies (40 mm in length) that had been
subjected to ISO 527 tensile testing were stamped using a
punching machine.
Measurement of Mechanical Properties. Yield strength

and yield strain were determined according to ISO 527 tensile
testing, using a Zwick Model BZ1-MM14450.ZW01 material
testing machine.
Dip-Coating Procedure. PC sample bodies were dipped

into FRC solutions of the given concentration for ∼1 s. Excess
solution was removed immediately by shaking.
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I.� NMR spectra of DTVP 

 

Scheme S 1: 
1
H NMR spectrum of DTVP (CDCl3, 298 K, 500 MHz) 

  

 

Scheme S 2: 
13

C NMR spectrum of DTVP (CDCl3, 298 K, 126 MHz) 
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Scheme S 3: 
31

P NMR spectrum of DTVP (CDCl3, 298 K, 203 MHz) 
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II.� NMR spectra of PDTVP 

 

Scheme S 4: 
1
H NMR spectrum of PDTVP (CD2Cl2, 298 K, 500 MHz) 

 

Scheme S 5: 
13

C NMR spectrum of PDTVP (CD2Cl2, 298 K, 126 MHz) 
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Scheme S 6: 
31

P NMR spectrum of PDTVP (CD2Cl2, 298 K, 203 MHz) 
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III.� NMR spectra of DMPP 

 

Scheme S 7: 
1
H NMR spectrum of DMPP (CD2Cl2, 298 K, 500 MHz) 

 

Scheme S 8: 
13

C NMR spectrum of DMPP (CD2Cl2, 298 K, 126 MHz) 
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Scheme S 9: 
31

P NMR spectrum of DMPP (CD2Cl2, 298 K, 203 MHz) 

  



4 Publications 

 Page 251 
 

  

S9 

 

IV.� NMR Spectra of a PC/PVPA blend 

 

Scheme S 10: 
1
H NMR spectrum of the CD2Cl2 soluble fraction (containing only PC) of a PC/PVPA blend obtained by 

compounding a PC/PDIVP or PC/PDPVP blend with 20 wt% of the corresponding FRA  (CD2Cl2, 298 K, 500 MHz) 

 

Scheme S 11: 
1
H NMR spectrum of the D2O soluble fraction (containing only PVPA) of a PC/PVPA blend obtained by 

compounding a PC/PDIVP or PC/PDPVP blend with 20 wt% of the corresponding FRA  (D2O, 298 K, 500 MHz) 

No remaining PDIVP or PDPVP could be detected in the CD2Cl2 soluble fractions indicating complete 

decomposition by side group cleavage. The 
1
H NMR spectrum of the D2O soluble fraction exclusively 

shows PVPA signals in accordance to literature.
1
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V.� NMR spectra of a PC/DMPP blend 

 

Scheme S 12: 
1
H NMR spectrum of a PC/DMPP blend with 20 wt% DMPP (CD2Cl2, 298 K, 500 MHz) 

 

Scheme S 13: 
31

P NMR spectrum of a PC/DMPP blend with 20 wt% DMPP (CD2Cl2, 298 K, 203 MHz) 
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VI.� NMR spectra of a PC/PDEVP blend 

 

Scheme S 14: 
1
H NMR spectrum of a PC/PDEVP blend with 20 wt% PDEVP (CD2Cl2, 298 K, 500 MHz) 

 

Scheme S 15: 
31

P NMR spectrum of a PC/PDEVP blend with 20 wt% PDEVP (CD2Cl2, 298 K, 203 MHz) 
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VII.� NMR spectra of a PC/PDTVP blend 

  

Scheme S 16: 
1
H NMR spectrum of a PC/PDTVP blend with 20 wt% PDTVP (CD2Cl2, 298 K, 500 MHz) 

 

Scheme S 17: 
31

P NMR spectrum of a PC/PDTVP blend with 20 wt% PDTVP (CD2Cl2, 298 K, 203 MHz) 
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S13 

 

VIII.� Raman spectra of PC, PDTVP and a 20 wt% PC-PDTVP blend 
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4.7.1 Abstract 

This chapter reports on the first efficient synthesis of poly(2-isopropenyl-2-oxazoline) (PIPOx) and 

high molecular mass poly(2-vinylpyridine) (P2VP) with narrow polydispersity via RE metal-mediated 

group transfer polymerization as one of the first examples for REM-GTP to proceed via a nitrogen N–Ln 

coordination. Previous REM-GTP copolymerization studies have shown that the addition sequence of the 

comonomers is crucial for monomers with different coordination strengths to the metal center, i.e., 

monomers can only be polymerized in order of increasing coordination strength and/or sufficient 

nucleophilicity, i.e., monomers can only be polymerized in order of decreasing pKa values. In order to 

examine the relative coordination strength of the newly employed N-coordinating monomers IPOx and 

2VP, statistical copolymerizations were conducted, establishing a monomer reactivity order for REM-GTP 

as DEVP > MMA > IPOx > 2VP. Consecutive polymerization of different monomers is hereby only 

possible in order of increasing coordination strength, sufficient nucleophilicity, and restricted to 

comonomers with similar polarity. In combination with LCROP, PIPOx was converted to molecular 

brushes and nano-scaled objects with defined backbone and poly(2-oxazoline) side chains using a grafting-

from method. 

The first author Ning Zhang was supported by second authors Benedikt S. Soller and Stephan 

Salzinger in synthesizing copolymer structures, establishing a monomer reactivity order, and interpreting 

the experimental results. 
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ABSTRACT: Poly(2-isopropenyl-2-oxazoline) (PIPOx)
and poly(2-vinylpyridine) (P2VP) have been efficiently
synthesized using bis(cyclopentadienyl)methylytterbium
(Cp2YbMe) as catalyst. The polymerizations of 2-
isopropenyl-2-oxazoline (IPOx) and 2-vinylpyridine
(2VP) follow a living group-transfer polymerization
(GTP) mechanism, allowing a precise molecular-weight
control of both polymers with very narrow molecular-
weight distribution. The GTP of IPOx and 2VP occurs via
N coordination at the rare earth metal center, which has
rarely been reported previously. The relative coordination
strength of different monomers at the ytterbium center is
determined by copolymerization investigations to be in the
order of DEVP > MMA > IPOx > 2VP. In combination
with living cationic ring-opening polymerization, PIPOx is
converted to molecular brushes with defined backbone and
poly(2-oxazoline) side chains using the graf ting-f rom
method.

S ince the first report on rare earth metal-mediated group-
transfer polymerization (REM-GTP) by Yasuda et al. in

1992,1 researchers have devoted their efforts to optimizing
reaction conditions and initiator efficiency and extending its
utilization for various monomers, e.g., (meth)acrylates and
(meth)acrylamides.2−4 In view of the mechanism, this type of
polymerization is recognized as coordinative anionic, and due to
its similarity to silyl ketene acetal-initiated GTP, it is also referred
to as transition metal-mediated GTP.4−12 Because of its highly
living character, REM-GTP leads to strictly linear polymers with
very narrow molecular-weight distribution (Đ < 1.1), exhibits a
linear increase of the average molar mass upon monomer
conversion, and allows the synthesis of block copolymers as well
as the introduction of chain end functionalities.2−4,11 Coordina-
tion of the growing chain end at the catalyst suppresses side
reactions and allows stereospecific polymerization as well as
activity optimization by varying both the metal center and the
catalyst ligand sphere.4,11 Accordingly, REM-GTP combines the
advantages of living ionic and coordinative polymerizations and
thus allows a precise adjustment of the polymer architecture and
microstructure.
Recently, our group and other researchers showed that REM-

GTP is not restricted to common (meth)acrylates but is also
applicable to several other monomer classes of interest, e.g.,

vinylphosphonates and vinylpyridines.6−8,11,13,14 Moreover, we
reported on the development of a surface-initiated group-transfer
polymerization (SI-GTP) mediated by rare earth metal catalysts,
allowing the perfect decoration of substrates with polymer
brushes of specific functionality.15 Inspired by these recent
advances and the high precision offered by REM-GTP, we have
made it a major focus of our research to extend the applicability
of this method to further monomer classes and to evaluate the
utilization of REM-GTP for the production of tailor-made
functional polymer-based architectures. In this context, this
Communication describes the efficient polymerization of 2-
isopropenyl-2-oxazoline (IPOx) and 2-vinylpyridine (2VP)
through REM-GTP, occurring via N coordination of the
monomer at the rare earth metal center. Copolymerization
experiments are conducted to compare the coordination strength
of the different monomers to the rare earth metal. Moreover,
REM-GTP is combined with living cationic ring-opening
polymerization (LCROP), giving the first access to poly(2-
oxazoline) molecular brushes with narrow side chain and
backbone chain length distribution.
IPOx is a versatile dual-functional monomer comprising an

oxazoline and a vinyl moiety. On one hand, it can undergo
LCROP of the heterocyclic motif, resulting in defined poly(2-
oxazoline)s for a variety of applications in biomedicine.16−24 On
the other hand, radical/anionic polymerization of the vinylidene
functionality of IPOx leads to poly(2-isopropenyl-2-oxazoline)
(PIPOx) with a broad molecular-weight distribution,16,25 even
though anionic and reversible addition−fragmentation polymer-
ization finitely improves the distribution character.26,27 Living
anionic polymerization, owing to the strict operating conditions
and solvent effects,28 is not a preferred method for the
polymerization of IPOx. Moreover, due to a strong complexation
of pendant 2-oxazoline units by copper, attempts to polymerize
IPOx by atom-transfer radical polymerization (ATRP) were not
successful.25 There seems to be no truly successful method by
which PIPOx with controlled molecular weight and narrowĐ (Đ
< 1.1) is accessible. Also for 2VP, another functional monomer
comprising a CCCN functionality, there is a continuing
demand to seek superior methods for efficient and convenient
polymerization. Inspired by the electronic and structural
similarity between IPOx/2VP and (meth)acrylates or vinyl-
phosphonates, as well as initial investigations on rare earth metal-
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mediated 2VP polymerization,13 we examined the polymer-
izability of IPOx/2VP employing rare earth metal complexes as
catalysts (Figure 1).
Initially, the polymerization of IPOx was conducted at room

temperature in the presence of Cp2YbCl and Cp3Yb. In contrast
to using MMA and vinylphosphonates,4,11,29 no polymerization
was observed using Cp2YbCl as initiator. This was attributed to
the rather weak coordination strength (vide inf ra) of IPOx at the
metal center, inhibiting cleavage of the dimeric complex
[Cp2YbCl]2. This hypothesis could be confirmed by X-ray
structure analysis of single crystals obtained from a mixture of
IPOx and Cp2YbCl in toluene, which were found to be the
[Cp2YbCl]2 starting material. Using Cp3Yb as catalyst, low yields
of polymer could be isolated after several hours of polymerization
at room temperature. The poor efficiency of Cp3Yb for IPOx in
contrast to its high reactivity for DEVP polymerization under
identical reaction conditions is attributed to the lower steric
crowding of the intermediate Cp3Yb(IPOx) in comparison to
Cp3Yb(DEVP), leading to an inefficient initiation of IPOx REM-
GTP by Cp3Yb.

7

Using Cp2YbMe as initiator, polymerization of IPOx
proceeded smoothly at room temperature, exhibiting high
reaction velocity; i.e., monomer conversion reached 95% within
2 h at room temperature, as monitored by in situ 1H NMR
(Figure 2). According to MMA, the methyl group was found to
be an efficient initiator for IPOx polymerization (Table 1).4 This

is attributed to the absence of an acidic α-CH, as Cp2YbMe was
found to yield a rather inefficient initiation by deprotonation for
vinylphosphonate REM-GTP.29 The obtained PIPOx was
characterized by 1H NMR (Figure 2). After REM-GTP, the
IPOx vinylene proton signals (5.76 and 5.39 ppm) disappear
completely, and new peaks at 1.76−2.13 ppm originating from
protons of formed methylene groups arise. The 2-oxazoline ring
was well preserved after polymerization, as can be seen from 1H
NMR, with chemical shifts of the oxazoline ring protons slightly
shifted from 3.92 and 4.26 ppm to 3.76 and 4.16 ppm,
respectively. 1H and 13C NMR spectroscopic analysis (Figure

S2) indicates the produced PIPOx to be atactic ([mr] = 35%),
which can be attributed to the rather small steric demand of the
Cp ligands, which is insufficient to induce a stereospecific
polymerization.
To elucidate the underlying initiation process, oligomers were

produced by using an IPOx:Cp2YbMe ratio of 5:1 in toluene and
subsequently analyzed by electrospray ionization mass spec-
trometry (ESI-MS). For all peaks, the molar mass of the
corresponding oligomers was found to be n ×MIPOx + 17 or n ×
MIPOx + 39 g/mol (see Figure 4b and Table S1). The remaining
17 or 39 g/mol corresponds to a methyl group, which initiated
chain growth, a H+ (or Na+), and a proton from the termination
reaction during methanolic workup. Therefore, transfer of a
coordinated ligand (CH3) to a monomer in the initial step is
evident. According to MMA, REM-GTP of IPOx is believed to
proceed via an eight-membered ring chelate as shown in Figure
3a, with chain growth occurring by conjugate addition of a
coordinated monomer to the covalently bound chain end.4,11

Attempts to isolate IPOx adducts or the eight-membered
intermediate by mixing IPOx and Cp2YbMe in 1:1 and 2:1

Figure 1. Molecular structures of dialkyl vinylphosphonates (DAVP),
methyl methacrylate (MMA), 2-isopropenyl-2-oxazoline (IPOx), and 2-
vinylpyridine (2VP).

Table 1. Summary of Different Polymerization of IPOx
(Monomer:Initiator = 200:1)

initiator
T

(°C)
TOFa,b

(h−1) PDIc
Mn

c

(kDa)
I* d

(%)
reaction time (h)/
conversionb (%)

Cp3Yb 25     10/trace

Cp2YbMe 25 380 1.04 21 95 1.5/92

BuLi 25 3100 1.5 40 53 0.2/95

BuLi −78 18 1.2 2.5  2/18

AIBN 60  2.0 18  8/59
aThe turnover frequency (TOF) was defined as the maximum slope of
the conversion vs reaction time plot. bDetermined by 1H NMR.
cDetermined by GPC-MALS. dI* = Mth/Mn, Mth = 200MMon ×

conversion +Mend group.

Figure 2.Reaction scheme for GTP of IPOx and polymerization kinetics
as detected by in situ 1HNMR and assignment of corresponding signals.

Figure 3. (a) Schematic illustration of REM-GTP of IPOx concerning
initiation and propagation. (b) Structure of 2-isopropenyl-2-oxazoline
oligomer and its ESI-MS spectrum.
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molar ratios at room temperature and−35 °Cwere unsuccessful,
consistently yielding oligomeric PIPOx. However, according to
previous literature on rare earth metal oxazoline complexes30,31

and rare earth metal-mediated 2VP polymerization,13 we
presume the coordination of the eight-membered intermediate
as well as the monomer to proceed via the N atom of the
oxazoline moiety, thus providing one of the first examples of
REM-GTP to proceed via N coordination at the metal center.
To further examine the character of the established REM-GTP

of IPOx, aliquots were taken at regular time intervals during the
polymerization and analyzed by gel permeation chromatography
multi-angle light scattering (GPC-MALS) to estimate the
absolute number-averaged molar mass (Mn) and the polydisper-
sity index (PDI) of PIPOx. A plot of theMn (from 2.05 × 103 to
2.10 × 104 g/mol) vs monomer (IPOx) conversion (from 2.1%
to 95%, respectively) reveals a linear relationship between these
two parameters (Figure 4), whereas the PDI remains extremely
narrow (PDI < 1.07) for polymers obtained at all conversions.
The linear growth of molecular weight against monomer
conversion is ascribed to the highly living character of REM-
GTP and the observed high initiator efficiency (I* = 95%).
In order to demonstrate the superiority of REM-GTP in

comparison to other polymerization techniques, the polymer-
ization of IPOx initiated by azobisisobutyronitrile (AIBN) and n-
butyllithium (BuLi) at different temperatures was investigated.
As expected, free radical polymerization of IPOx performed at 60
°C afforded PIPOx with broad polydispersity (PDI = 2.0,
conversion = 59%). Living anionic polymerization of IPOx at
−78 °C for 2 h yielded a polymer with improved molar mass
distribution (PDI = 1.2) but slow polymer chain growth rate (Mn

= 2.5 kDa after 2 h polymerization, conversion = 18%). Anionic
polymerization of IPOx at room temperature largely increased
the polymerization velocity, however, at the cost of side reactions
and loss of control. As a result, the PDI of the obtained polymer
increased significantly (PDI = 1.5). The polymerization results
for different methods and the used reaction conditions are
summarized in Table 1.
In order to verify the versatility of REM-GTP for other

monomers, which coordinate to the metal center via an N atom,
we subjected another structural similar monomer, i.e. 2VP, to the

REM-GTP reaction conditions. To our delight, the GTP of 2VP
occurred and afforded poly(2-vinylpyridine) (P2VP, 43 kDa) in
24 h at room temperature. We found the activity and the initiator
efficiency of 2VPREM-GTP to bemuch lower (TOF = 44 h−1, I*
= 45%) (Figure S4) than those for IPOx (TOF = 380 h−1, I* =
95%) (Figure S1), which may be attributed to the electron
delocalization and thus the weak N−Yb coordination. Never-
theless, the PDI of obtained P2VP was narrow (PDI = 1.1) at all
monomer conversions (Figure S6). Hence, we attribute the low
initiator efficiency to an initial catalyst deactivation by impurities.
It was recently shown by Mashima et al. that end-functionalized
P2VP could be efficiently obtained by yttrium complex-catalyzed
polymerization.13 Albeit our simple ytterbium complex exhibits
relatively lower activity in the polymerization of 2VP, the catalyst
led to high molar mass P2VP. Therefore, further investigation on
the optimization of the catalyst is necessary. It is worth
mentioning that ESI-MS investigation of oligomeric P2VP
indicates the initiation to occur via a methyl transfer (Figure S5),
even though an α-CH is present in 2VP. According to the small
steric demand of the Cp ligands, as expected, produced P2VP is
atactic as indicated from 1H and 13C NMR analysis (Figure S3).
In REM-GTP copolymerizations, the addition sequence of the

comonomers is critical for monomers with different coordination
strength to the metal center; i.e., monomers can only be
polymerized in order of increasing coordination strength.6,11,32

In order to examine the relative coordination strength of the
newly employed N-coordinating monomers IPOx and 2VP,
statistical copolymerizations using DEVP, MMA, IPOx, and 2VP
were conducted. Consistently, only the corresponding homo-
polymers of the stronger coordinating comonomer were
obtained, as observed via NMR spectroscopy, revealing a
monomer coordination strength to the ytterbium center in an
order of DEVP > MMA > IPOx > 2VP. Accordingly, sequential
copolymerization yielded diblock copolymers in sequences of
PMMA-b-PDEVP, PIPOx-b-PMMA, and PIPOx-b-PDEVP, as
well as P2VP-b-PIPOx and P2VP-b-PDEVP, while diblock
copolymerization in the reverse sequence only afforded
homopolymers of PDEVP, PMMA, and PIPOx, respectively
(Table S1). However, diblock copolymer synthesis was found to
be hindered by a proposed encapsulation of the catalyst during
polymerization of the rather hydrophilic IPOx and 2VP. This
hypothesis is underlined by precipitation of formed high-
molecular-weight PIPOx and P2VP from toluene solution and
by ineffective initiation of a second, more hydrophobic
comonomer (e.g., MMA) by the PIPOx or P2VP macroinitiator.
Moreover, if the degree of polymerization of the first, hydrophilic
block is kept low (below 20), an improvement of the PIPOx
macroinitiator efficiency could be observed. Chain termination is
not a major limitation, as the formation of block copolymers for
the more hydrophilic DEVP as second comonomer was feasible
(Table S1). Analysis of the molecular weight of the obtained
copolymers was complicated due to aggregation, even at the low
applied concentration in the GPC-MALS setup (and was verified
via analysis of samples with different concentration). A more
detailed study on REM-GTP copolymerizations is currently
underway.
Some of us have reported previously on the synthesis of

molecular brushes with poly(2-oxazoline) side chains and a
PIPOx backbone via a graf ting-f rom method using LCROP.25

Since the backbone was prepared by free radical and anionic
polymerization, the resulting molecular brushes were of broad
molecular mass distribution. Herein, we use REM-GTP-
prepared PIPOx as the backbone polymer. After reaction with

Figure 4. Linear growth of the absolute molecular weight (Mn)
determined by multi-angle laser light scattering as a function of IPOx
conversion (determined by 1HNMR). Inset: GPC traces as detected by
retention volume.
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methyl triflate, a polyoxazolinium salt is formed as a macro-
initiator. Then, molecular brush side chains are formed by
LCROP of 2-ethyl-2-oxazoline (EtOx) (Figure 5a). As verified
by AFM measurements, all the molecular brushes adopt a
stretched conformation due to the repulsion of poly(2-
oxazoline) side chains (Figure 5b). Moreover, the contour
length distribution is remarkably narrow, which corroborates the
narrow molecular mass distribution of the PIPOx backbone. The
combination of REM-GTP and LCROP is to our knowledge the
first example for the synthesis of well-defined poly(2-oxazoline)
molecular brushes with narrow side and backbone chain length
distribution.
In conclusion, we have demonstrated an efficient method to

prepare poly(2-isopropenyl-2-oxazoline) and poly(2-vinylpyr-
idine) with high molecular weight and very narrow molecular-
weight distribution via rare earth metal-mediated GTP. The
present study is one of the first examples for REM-GTP to
proceed via N−rare earth metal coordination. According to the
highly living character of REM-GTP, the molecular weight of
PIPOx and P2VP increased linearly with monomer conversion.
We established a monomer reactivity order for REM-GTP as
DEVP > MMA > IPOx > 2VP, which can be ascribed to the
coordination strength of the respective monomers at the rare
earth metal center. Consecutive polymerization of different
monomers is hereby only possible in order of increasing
coordination strength, and restricted to comonomers with
similar polarity. Moreover, well-defined molecular brushes
could be synthesized via the first combination of REM-GTP of
IPOx and successive graf ting-f rom LCROP of 2-oxazolines.
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(31) Lukesǒva,́ L.; Ward, B. D.; Bellemin-Laponnaz, S.; Wadepohl, H.;
Gade, L. H. Organometallics 2007, 26, 4652.
(32) Mariott, W. R.; Chen, E. Y. X. Macromolecules 2005, 38, 6822.

Figure 5. AFM scan of the molecular brush P(IPOx-g-EtOx). The
polymer was deposited by dip-coating from a dilute chloroform solution
onto freshly cleaved mica substrates.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja4036175 | J. Am. Chem. Soc. 2013, 135, 8810−88138813



4 Publications 

 Page 263 
 

   

S1 

 

���������	
����������





�����������	���
�	������������������������
���������������������

��������������
�����	��������������������������������������������������������������������

������������ ����!��
���"#$����


Ning Zhang,* Stephan Salzinger, Benedikt S. Soller, and Bernhard Rieger* 

����������	�
��������������������
���������
����������������
�������������

��������������

����� !"��
������#��$�%�����%�����������&����
���'��(�
��)��$#������

"�����*��
���

�+��,-.+.�/��������*��$#������/������

�

�

�

�

�

�

�

�

�

�

�

�

�

�



4.7 Rare Earth Metal-Mediated Group-Transfer Polymerization: From Defined Polymer 
Microstructures to High-Precision Nano-Scaled Objects 

 Page 264 
 

   

S2 

 

	�����
��������������

Chemicals were purchased from Sigma!Aldrich or Acros Organics and used without 

further treatment if not otherwise stated. All reactions were carried out under argon 

atmosphere using standard Schlenk techniques or an $0�����glovebox. All glassware 

was heat!dried under vacuum prior to use. Toluene was dried applying an $0�����

SPS!800 and used as received. Tetrahydrofurane (THF) was distilled over potassium 

prior to use. Cp2YbMe, diethyl vinylphosphonate were prepared according to 

literature.
 1 ,2 ,3,4   Monomers were dried over calcium hydride and distilled prior to 

polymerization.  

NMR spectra were recorded on a 0��%� ARX!300 spectrometer. 
1
H NMR 

spectroscopic chemical shifts δ are reported in ppm relative to tetramethylsilane and 

calibrated to the residual proton signal of the deuterated solvent. Deuterated solvents 

were obtained from Deutero Deutschland GmbH and used as received. ESI MS 

analytical measurements were performed with methanol solutions on a Varian 500!

MS spectrometer, using 70 keV in the positive ionization mode. Atomic force 

microscopy (AFM) scans were obtained with a Nanoscope IIIa scanning probe 

microscope from Veeco Instruments (Mannheim, Germany). The microscope was 

operated in tapping mode using Si cantilevers with a resonance frequency of 270 kHz, 

a driving amplitude of 1.52 V at a scan rate of 0.6 Hz.  

 

"
�����������

5 eq of the monomer were added to 1 eq of catalyst in toluene. The resulting mixture 

was stirred for 2 hours at room temperature and quenched by addition of MeOH or 

acidified (37w% HClaq) MeOH. Volatiles were removed under reduced pressure and 

the residue was extracted with MeOH. For end group analysis, ESI MS measurements 

of the methanolic extract were performed. 

 

������������������
�����
���������� 

Polymerizations were performed in 30 mL of toluene, using a catalyst concentration 

of 0.33 mg mL
!1

 (10 mg of catalyst). After dissolving the catalyst in the solvent at 

room temperature, the calculated amount of the monomer (mixture) was added. The 

reaction was stirred for the stated reaction time and then quenched with MeOH (0.5 
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mL). The polymer was precipitated by addition of the reaction mixture to hexane (150 

mL) and decanted from solution. Residual solvents were removed by drying the 

polymer under vacuum at 70 °C overnight. 

 

!�%�����
�����
����������

After dissolving the calculated amount of catalyst in toluene at room temperature, the 

first monomer was added (monomer concentration 10vol% in toluene). The reaction 

mixture was stirred for 2 hours (4 hours in case of 2VP) and divided into aliquots. 

One aliquot was quenched by addition of 0.5 mL MeOH, to each of the other aliquots, 

the calculated amount of a second monomer was added, the reaction mixtures stirred 

for another 2 hours at room temperature and quenched by addition of 0.5 mL MeOH. 

The polymers were precipitated by addition of the reaction mixtures to hexane (150 

mL) and decanted from solution. Residual solvents were removed by drying the 

polymers under vacuum at 70 °C overnight. 

 

	�
���
���&���������������� 

GPC was carried out on a Varian LC!920 equipped with two PL Polargel columns. As 

eluent a mixture of 50% THF, 50% water, and 9 g L
!1

 tetrabutylammonium bromide 

(TBAB) was used in the case of PDEVP, PIPOx, P2VP, P(IPOx!b!DEVP) and 

P(2VP!b!DEVP); for PMMA, P(MMA!b!DEVP) and P(IPOx!b!MMA) analysis, the 

eluent was THF with 6 g L
!1

 TBAB. Absolute molecular weights have been 

determined online by multiangle light scattering (MALS) analysis using a Wyatt 

Dawn Heleos II in combination with a Wyatt Optilab rEX as concentration source. 

�

'������#���������

(
�� 	���������������

	�!
����NMR measurements were conducted in a sealable NMR tube in toluene!d8 or 

C6D6. After mixing a solution of 1 mg Cp2YbMe, 3 mL deuterated solvent and the 

calculated amount of monomer, 0.6 mL of the reaction solution was immediately 

transferred to an NMR tube. The NMR spectroscopic measurements were conducted 

at room temperature. 
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After dissolving 10 mg of Cp2YbMe in 30mL toluene or toluene!d8 at room 

temperature, the calculated amount of monomer was added in one injection. Aliquots 

were taken from the reaction solution at regular time intervals and quenched by 

addition to (deuterated) MeOH. For each aliquot, the conversion is determined by 

gravimetry or 
1
H NMR spectroscopy, the molecular weight of the formed polymer by 

GPC!MALS analysis. 

�

�����)��*�
(
�� 	�*�

(+
,� 	�*��!-�	!�������,���������

 

������!(. Determination of the catalytic activity of Cp2YbMe for the polymerization 

of IPOx (TOF = 380 h
!1

) by ���
��� 
1
H NMR spectroscopy (initial [IPOx]:[catalyst] = 

200:1; [catalyst] = 0.33mg mL
!1

). 
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������!.. 
1
H a) and 

13
C b) NMR spectra of PIPOx. 
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������!+. 
1
H a) and 

13
C b) NMR spectra of P2VP. 
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������!/. Determination of the catalytic activity of Cp2YbMe for the polymerization 

of 2VP (TOF = 44 h
!1

) by ��� 
��� 
1
H NMR spectroscopy (initial [2VP]:[catalyst] = 

500:1; [catalyst] = 0.33mg mL
!1

). 

 

 

������ !0. Structure of poly(2!vinylpyridine) (P2VP) oligomer and its ESI MS 

spectrum. 
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������!1. Linear growth of the absolute molecular weight (Mn) and polydispersity of 

P2VP determined by multi!angle laser light scattering as a function of 2VP 

conversion. 

 

��#
��!(. Homo! and block copolymers of 2VP, IPOx, MMA and DEVP synthesized 

by Cp2YbMe!initiated REM!GTP. 

 Mn
a
(kDa) PDI

a
 	1

b
(%) 

Comonomer 

ratio A/B
c 

Yield
d
 

(%) 

P2VP100 14 1.01 75 — 96 

P(2VP100!b!IPOx100) 29 (14) 1.01 (1.01) 74 (82)
 

1:1.18 98 

P(2VP100!b!MMA100) 14 1.01 —
 

1:0 46 

P(2VP100!b!DEVP100) 31 1.04 87 1:1.07 96 

P(2VP20!b!MMA80) — — — 1:0 — 

PIPOx100 9.1 1.03 120 — 89 

P(IPOx100!b!MMA100) 9.2 1.02 —
 

1:0 44 

P(IPOx100!b!DEVP100) 1100 (10) 1.40 (1.03) 3 (~1)
 

1:0.69 62 

P(IPOx20!b!MMA80) aggregation — 1:1.69 50 

P(IPOx20!b!DEVP50) 390 (2.6) 1.70 (1.12) 3 (2) 1:2.71 62 

PMMA100 12 1.10 83 — 98 

P(MMA100!b!DEVP100) 22 1.20 120 1.15:1 94 

a
Determined by GPC!MALS, 

b
	1 = $th/$n, number in brackets give the 	1 of the 

macroinitator for polymerization of block B (in case of bimodal distributions), 
c
determined by 

1
H NMR, 

d
determined by weighing of the components. 
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4.8.1 Abstract 

The REM-GTP with nonmetallocene catalyst systems is evaluated for various Michael-type 

monomers and conducted together with the ring-opening polymerization of β-butyrolactone. 

2-Methoxyethylamino-bis(phenolate)-yttrium trimethylsilylmethyl complexes with varying steric 

demand in the ortho-positions of the aromatic system were synthesized and showed moderate to high 

activities in the REM-GTP of 2-vinylpyridine, 2-isopropenyl-2-oxazoline, diethyl vinylphosphonate, 

diisopropyl vinylphosphonate and N,N-dimethylacrylamide as well as in the ring-opening polymerization 

of β-butyrolactone. Mechanistic studies found the reaction order in catalyst and monomer to be one for 

the REM-GTP of 2-vinylpyridine. Hence, the catalyst systems follow a living monometallic group-transfer 

polymerization mechanism. Temperature dependent reaction kinetics were conducted and allowed 

thermodynamic conclusions about the influence of the bulky substituents around the metal center for the 

polymerization of 2-vinylpyridine. The controlled polymerization of N,N-dimethylacrylamide can be 

increased by using active 2-vinylpyridine RE macroinitiators and block copolymerizations with precise 

molecular-weight control and very narrow molecular weight distributions were found to be possible. 

The first author Peter T. Altenbuchner was supported by second author Benedikt S. Soller in 

GPC-MALS measurements, activity measurements, copolymer synthesis, and interpreting the 

experimental results. 
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ABSTRACT: The present study is one of the first examples
for rare earth metal-mediated group transfer polymerization
(REM-GTP) with non-metallocene catalyst systems. 2-
Methoxyethylaminobis(phenolate)yttrium trimethylsilylmethyl
complexes were synthesized and showed moderate to high
activities in the rare earth metal-mediated group transfer
polymerizations of 2-vinylpyridine, 2-isopropenyl-2-oxazoline,
diethyl vinylphosphonate, diisopropyl vinylphosphonate, and
N,N-dimethylacrylamide as well as in the ring-opening
polymerization of β-butyrolactone. Reaction orders in catalyst
and monomer were determined for the REM-GTP of 2-
vinylpyridine. The mechanistic studies revealed that the
catalyst systems follow a living monometallic group transfer polymerization mechanism allowing a precise molecular-weight
control of the homopolymers and the block copolymers with very narrow molecular weight distributions. Temperature-
dependent reaction kinetics were conducted and allowed conclusions about the influence of the bulky substituents around the
metal center on the polymerization activity. Additional polymerization experiments concerning the combination of REM-GTP
and ROP to obtain block copolymers were performed.

■ INTRODUCTION

The metal-mediated group transfer polymerization (GTP) was
first employed in 1992 by two independent groups. Yasuda et
al. used samarocene [Cp*2SmH]2 catalysts for the polymer-
ization of methyl methacrylate (MMA) whereas Collins and
Ward employed a two-component group 4 metallocene
system.1 Since then, great effort has been put into the
development of new and more efficient catalysts as well as
into the expansion of the accessible monomers through GTP.
Apart from MMA, dialkyl vinyl phosphonates (DAVP), 2-
isopropenyl-2-oxazoline (IPOx), N,N-dimethylacrylamide
(DMAA), and 2-vinylpyridine (2VP) were successfully homo-
and copolymerized.2 So far, only a few examples for non-
metallocene rare earth metal catalysts for the polymerization of
Michael-type monomers can be found in the literature, and the
predominant catalyst systems are still of the general structure
[CpR2LnX].

2d,3 The general ability of non-metallocene yttrium
complexes as initiators for the GTP of MMA was previously
studied via DFT calculations.4 The results indicated that
alcoholate initiators are not able to polymerize MMA due to an
endothermic limitation of the initiation but DFT signified
toward amido initiators as valid options for the GTP of MMA.4

In a recent effort the mechanistic proceedings during the REM-
GTP were elucidated and shown to have a monometallic

propagation mechanism via an eight-membered-ring inter-
mediate.5 Contrary to the monometallic propagation of
lanthanide catalysts, a monometallic as well as a bimetallic
pathway is thought possible for group 4 metal catalysts.2d,6 In
the bimetallic mechanism one catalyst molecule bears the
growing chain end, while the other activates the monomer.
P2VP is an underrepresented polymer in the literature, and
only scarce examples for controlled polymerization are available
although interesting material properties for membranes and
drug delivering carriers are reported for P2VP copolymers.7

The polymerization of 2VP to poly(2-vinylpyridine) can be
achieved via anionic polymerization or REM-GTP.2a,3a,8

Compared to the simple anionic polymerization, REM-GTP
has several advantages, e.g., strictly linear polymer growth, very
narrow molecular weight distributions (D < 1.1), and increased
operation temperature of the polymerization. The living
character makes REM-GTP particularly suitable for block
copolymerizations.2a,7e The currently available metallocene
catalyst systems lack the activities necessary to further explore
the potential applications of homo- and copolymer structures of

Received: August 26, 2014
Revised: October 15, 2014
Published: November 10, 2014

Article

pubs.acs.org/Macromolecules

© 2014 American Chemical Society 7742 dx.doi.org/10.1021/ma501754u | Macromolecules 2014, 47, 7742−7749



4.8 Versatile 2-Methoxyethylaminobis(phenolate)yttrium Catalysts: Catalytic Precision 
Polymerization of Polar Monomers via Rare Earth Metal-Mediated Group Transfer Polymerization 

 Page 276 
 

  

P2VP. The metallocene system Cp2YbMe yielded turnover
frequencies (TOF) of 44 h−1 for the REM-GTP of 2VP and
molecular weights up to 14 kg/mol.2a Other literature reports
of the REM-GTP of 2VP did not focus on the polymerization
itself rather produced oligomeric P2VP and investigated the
possibilities for the end-group functionalization through C−H
bond activation.3a

However, to this date no highly active catalyst for the
controlled polymerization of 2VP has been described in the
literature. Mechanistic studies on initiation, propagation, and
rate-determining step (RDS) of the 2VP polymerization have
so far not been conducted.
Therefore, in this work the authors report the synthesis of

highly versatile and highly active 2-methoxyethylaminobi-
sphenolate yttrium catalysts for the homopolymerization and
block copolymerization of Michael-type monomers such as
2VP, DEVP, DIVP, IPOx, and DMAA. The newly developed
system was furthermore employed in mechanistic studies. The
steric influence around the reactive metal center was evaluated
using kinetic in situ ATR-IR measurements. The determination
of the reaction order in catalyst and monomer combined with
temperature-dependent reaction kinetics (Eyring plot) further
elucidates the processes during the polymerization. The results
presented in this article add valuable insight into the general
picture of the REM-GTP mechanism and introduce a highly
active catalyst system for the precise polymerization of
functional monomers for the synthesis of high performance,
high precision materials.

■ DISCUSSION

The REM-GTP of 2VP was investigated with 2-methoxyethyl-
aminobis(phenolate)yttrium trimethylsilylmethyl complexes
[(ONOO)RM(CH2Si(CH3)3)(thf)] which differ in the nature
of the o-phenolate substituents (R) (Scheme 1). The catalysts
are accessible through a straightforward synthesis from readily
available compounds in good yields. The respective ligand is
reacted with 1 equiv of [Y(CH2Si(CH3)3)3(thf)2] in a mixture
of pentane and toluene at ambient temperature to generate the
catalyst.
The homopolymerizations of 2VP, DEVP, DIVP, IPOx, and

DMAA with catalysts 1 and 2 proceed rapidly under mild
conditions. The respective ligands were chosen to address the
question of steric influence on the REM-GTP. According to the
small steric demand of Cp ligands, only atactic P2VP has so far
been produced with those systems. Mashima et al. however
obtained isotactic oligomeric P2VP with yttrium ene−diamido
complexes.3a As we synthesized 2-methoxyethylaminobis-
(phenolate)yttrium trimethylsilylmethyl complexes with in-
creased steric demand around the yttrium center, we expected
to restrict the accessibility and thereby influence the activities of

the catalysts and possibly also the tacticities of the resulting
polymers. First, the initiation mechanism was elucidated by
end-group analysis of oligomeric P2VP generated by reacting
(ONOO)tBuY(CH2Si(CH3)3)(thf) with 10 equiv of 2VP and
monitoring the reaction via NMR. Time-resolved 1H NMR
spectra show a shift of the respective CH2Si(CH3)3 methyl
groups (Figure S18). The subsequent ESI-MS analysis found
signals corresponding to n × MMon + MI with either H+ or Na+

as charge carrier (MI = CH2Si(CH3)3).
The initiating CH2Si(CH3)3 groups were clearly visible in the

ESI-MS; therefore, a transfer of the coordinated ligand during
the initiation through a six-membered intermediate is evident
(Figure 1). Our studies showed no activity of 2-methoxyethyl-

aminobis(phenolate)yttrium bisdimethylsilylamide complexes
for the REM-GTP of Michael-type monomers. The alkyl
initiators of catalysts 1 and 2 however initiate the polymer-
ization of β-butyrolactone (BL), DEVP, DIVP, 2VP, IPOx, and
DMAA at room temperature. Catalyst 1 showed the highest
activities for the polymerization of DMAA with quantitative
conversion of 200 equiv of monomer in 15 min at 0 °C. The
activity of catalyst 1 decreased in the order of DMAA > IPOx >
2VP > DEVP > DIVP (Tables 1 and 2). The polymerization of
DMAA at room temperature proceeded in an uncontrolled
fashion producing PDMAA with broad PDI within less than 1
min. At 0 °C it was possible to control the polymerization and
achieve quantitative yields of atactic PDMAA within 15 min
with slightly broadened PDI (1.69) due to the high activity.
The polymerization of 2VP proceeds in a living fashion, as

discernible by the narrow polydispersities (1.01 ≤ x ≤ 1.07)
and the good match between experimentally determined and
the theoretically expected Mn values (Figure 3). To further
examine the character of the polymerization with our 2-
methoxyethylaminobis(phenolate)yttrium trimethylsilylmethyl
complexes aliquots were taken at regular time intervals during
the polymerization. These aliquots were analyzed by gel
permeation chromatography multiangle light scattering
(GPC-MALS) to obtain the absolute molecular mass (Mn)
against the monomer (2VP) conversion as can be seen in
Figure 3. The plots reveal a linear relationship between Mn and

Scheme 1. Synthesis of 2-Methoxyethylaminobis(phenolate)yttrium Trimethylsilylmethyl Complexes
[(L)M(CH2Si(CH3)3)(thf)]

Figure 1. Six-membered initiation mechanism for 2VP and LnLn-
(CH2Si(CH3)3).
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conversion while retaining a very narrow PDI throughout the
polymerization (PDI < 1.05).

Catalyst 1 yields atactic polymer in the case of P2VP,
PDEVP, PDIVP, and PDMAA at ambient conditions. Catalyst

Table 1. REM-GTP and ROP Polymerization Results of Catalyst 1a

entry [M]/[Cat] [M] solvent time [h] conv [%] Mn,calc (×10
4)b [g/mol] Mn,exp (×10

4) [g/mol] Mw/Mn I*c Pr
d TOF [h−1]

1 200 2VP toluene 2 99 2.2 2.2 1.01 0.99 1100

2 200 DEVP toluene 3.3 99 3.3 9.0 1.10 0.36 480

3 200 DIVP toluene 5 25 1.0 3.4 1.09 0.28 42

4 200 IPOx toluene 0.17 99 2.2 2.4 1.12 0.93 1500

5 600 2VP toluene 4 99 6.6 11.0 1.02 0.60 420

6e 200 DMAA CH2Cl2 0.25 99 2.0 6.2 1.69 0.32

7f 600 BL CH2Cl2 1 89 4.6 8.6g 1.50g 0.54 0.81 6000
aReactions performed with [M] = 27 mmol at 25 °C in 20 mL of solvent, conversions determined by gravimetry, and Mn,expd determined by GPC-
MALS. bMn,calc from Mn,calc =M × (([M]/[Cat]) × conversion). cI* =Mn,calc/Mexp.

dPr is the probability of racemic linkages between monomer units
and is determined by 13C NMR spectroscopy. eReaction conducted at −78 °C. fReaction performed with [rac-BL] = 8.57 mmol at 25 °C in 5 mL of
CH2Cl2 and conversion determined by 1H NMR spectroscopy. gMn,exp and Mw/Mn values determined by GPC in CHCl3 vs polystyrene standards.

Table 2. REM-GTP and ROP Polymerization Results of Catalyst 2a

entry [M]/[Cat] [M] solvent time [h] conv [%] Mn,calc (×10
3)b [g/mol] Mn,exp (×10

3) [g/mol] Mw/Mn I*c Pr
d TOF [h−1]

1 200 2VP toluene 1.5 99 2.1 2.9 1.03 0.72 430

2 600 2VP toluene 3 82 5.2 11.2 1.04 0.46 230

3e 600 BL CH2Cl2 1 99 5.2 14.2f 1.60f 0.36 0.88 15800
aReactions performed with [M] = 27 mmol at 25 °C in 20 mL of solvent, conversions determined by gravimetry, and Mn,expd determined by GPC-
MALS. bMn,calc from Mn,calc = M × (([M]/[Cat]) × conversion). cI* =Mn,calc/Mexp.

dPr is the probability of racemic linkages between monomer units
and is determined by 13C NMR spectroscopy. eReaction performed with [rac-BL] = 8.57 mmol at 25 °C in 5 mL of CH2Cl2 and conversion
determined by 1H NMR spectroscopy. fMn,expd and Mw/Mn values determined by GPC in CHCl3 vs polystyrene standards.

Figure 2. (left) Determination of catalytic activity of (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 135 μmol, 2VP 27 mmol, toluene 20 mL, T = 25
°C). (right) Determination of catalytic activity of (ONOO)CMe2PhY(CH2Si(CH3)3)(thf) (catalyst 135 μmol, 2VP 27 mmol, toluene 20 mL, T = 25
°C).

Figure 3. Linear growth of the absolute molecular weight (Mn) determined by GPC-MALS as a function of monomer conversion (determined
gravimetically), with respective PDI values shown in parentheses: (left) catalyst 1, 135 μmol, 2VP 27 mmol, toluene 20 mL, 25 °C; (right) catalyst 2,
43 μmol, 2VP 27 mmol, toluene 20 mL.
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2 was not active for the polymerization of DEVP, DIVP, and
also produced atactic P2VP. Temperature variations between
−20 and 60 °C did not change the tacticities of the resulting
polymer. The generally occurring color change of the
polymerization solution of 2VP probably due to the
coordination to the catalyst was not observed at −78 °C.
Also, prolonged stirring at this temperature did not produce
polymer. We attribute this to the inability of 2VP to coordinate
to the catalyst, replacing the coordinated THF molecule.
Consequently, no initiation and polymerization could be
observed until the temperature was elevated to −20 °C. The
effect of the steric influence of catalysts 1 and 2 on the activity
in the 2VP GTP was investigated through gravimetric kinetic
measurements. For 2-methoxyethylaminobis(phenolate)yt-
trium trimethylsilylmethyl complexes the activity for GTP
decreases with increased steric demand. The activity for the
2VP GTP dropped from 1100 h−1 with catalyst 1 to 430 h−1

with catalyst 2. Catalyst 2 showed no activity for the
polymerization of DEVP and DIVP.
To ensure that the activity differences are not only

differences in initiator efficiency (I*), aliquots were taken
from the reaction and I* was determined through GPC
analysis. For catalyst 1 the I* was found to be 99%, whereas for
catalyst 2 I* was only 72% at 25 °C. The measured I* made the
direct comparison of both catalysts possible and showed that
the activity difference is due to the steric destabilization of the
intermediate eight-membered transition state during the
polymerization which increases the activation barrier for the
SN2-type associative dissplacement of the polymer by a 2VP
monomer. Previous studies showed that the SN2-type
associative dissplacement is the rate-determining step (RDS)
for the metallocene REM-GTP of phosphorus-containing vinyl
polymers.5a

Kinetics. Generally, a monometallic as well as a bimetallic
mechanism is thought possible for the GTP depending on the

Figure 4. (left) Determination of catalyst order (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 22−85 μmol, 2VP 8.6 mmol, toluene 5.5 mL). (right)
Determination of monomer order (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 42 μmol, 2VP 7−11.5 mmol, toluene 5.5 mL).

Figure 5. Schematic illustration concerning the initiation and propagation of REM-GTP of 2VP.

Figure 6. (left) Eyring plot for (ONOO)tBuY(CH2Si(CH3)3)(thf) the polymerization of 2VP (catalyst 42 μmol, 2VP 8.6 mmol, toluene 5.5 mL,
temperature 298−331 K). (right) Eyring plot for (ONOO)CMe2PhY(CH2Si(CH3)3)(thf) the polymerization of 2VP (catalyst 42 μmol, 2VP 8.6
mmol, toluene 5.5 mL, temperature 303−333 K).

Macromolecules Article
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employed catalyst system. Therefore, kinetic in situ ATR-IR
measurements were conducted for the REM-GTP of 2VP with
catalysts 1 and 2. The formal rate law for catalyzed
polymerizations reads

= × ×r k [Cat] [Mon]m n
(1)

Thus, for the determination of the reaction orders, first, the
initial monomer concentration is kept constant to determine
the order in catalyst (m). For different catalyst concentrations
of otherwise identical reaction conditions, the plot of ln(r)
against ln([Cat]) yields a reaction order of m = 1 (Figure 4,
left). Furthermore, the order in monomer was determined
according to eq 2.

= ×r k [Mon]n (2)

For different monomer concentrations at otherwise identical
conditions the reaction rate was measured. Plotting ln(r)
against ln([Mon]) gave the order in monomer n = 1 (Figure 4,
right). These results show that the REM-GTP of 2VP with 2-
methoxyethylaminobis(phenolate)yttrium catalysts follows a
monometallic Yasuda-type polymerization mechanism (Figure
5) as was also found for metallocene systems with phosphorus-
containing monomers.5a

Through these results no exact explanation for the steric
influence of the ligand on the catalytic activity can be given.
Hence, temperature-dependent kinetic measurements were
undertaken to determine the activation enthalpies ΔH‡ and
entropies ΔS‡ according to the Eyring equation

= −
Δ

+ +
Δ

⧧ ⧧
k

T

H

RT T

k

h

S

R
ln

1
ln B

(3)

with the rate constant k, the temperature T, the ideal gas
constant R, the Boltzmann constant kB, and the Planck constant
h. Plotting ln(k/T) against 1/T gives the activation enthalpy
and entropy of the rate-determining step. The measurements
were performed with catalyst (ONOO)tBuY(CH2Si(CH3)3)-
(thf) and (ONOO)CMe2PhY(CH2Si(CH3)3)(thf) under identi-
cal conditions in an ATR-IR autoclave.
Eyring plot studies for the polymerization of polar monomers

are rare in the literature.9 The activities in previous studies were
found to be mainly determined by entropic effects. REM-GTP
Eyring plot measurements with different lanthanides (Y, Tb,
Tm, and Lu) were performed with DEVP and DIVP.5a A
decreased entropic contribution was observed with a decreased
metal radius (i.e., faster propagation rates), and an increased
entropic influence was found for sterically more demanding
monomers (i.e., slower propagation rates). The 2-
methoxyethylaminobis(phenolate)yttrium trimethylsilylmethyl
complexes used for the Eyring plot measurements with 2VP
show a different trend compared the lanthanocene catalysts. An
increased steric demand in ortho-position of these complexes
leads to an increase in both the ΔH‡ and the −TΔS‡. Bulkier
ligands around the metal center destabilize the propagation
ground state by restraining the eight-membered transition state.
The increased steric crowding furthermore interferes with the
associative displacement of the polymer by a 2VP monomer.

These destabilizing effects are of enthalpic and of entropic
nature. The enthalpic ΔH‡ contribution to the RDS is
increased from 75.1 kJ/mol for catalyst 1 to 85.4 kJ/mol for
catalyst 2. The entropic −ΔS‡ contribution has a minor
influence but nevertheless is also raised from 15.3 J/(K mol) for
catalyst 1 to 10.1 J/ (K mol) for the more sterically crowded
catalyst 2.

ROP of β-Butyrolactone. The activities of both 2-
methoxyethylaminobis(phenolate)yttrium catalysts were tested
for the ring-opening polymerization (ROP) of BL. In general,
initiators for the polymerization of lactones are alcoholates and
amides, whereas alkyl initiators are not commonly used for the
ROP with lanthanide catalysts. As expected, narrow poly-
dispersities for PHB were achieved (<1.6), and the measured
molecular weights are in good agreement with the theoretically
calculated values (Tables 1 and 2). Both polymerization types,
the REM-GTP5a,10 as well as the ROP,11 have a monometallic
initiation and propagation mechanism with first-order kinetics
in catalyst and monomer. In the literature similar 2-methoxy-
ethylaminobis(phenolate)yttrium catalysts were previously used
for the ring-opening polymerization (ROP) of β-butyrolac-
tone.12 Catalysts 1 and 2 show good activities (TOF = 6000
and 15 800 h−1) toward the ROP and produced syndiotactic
PHB (Pr = 0.81−0.88). The order in activity for catalysts 1 and
2 for the ROP is reversed compared to the GTP. The bulky
catalyst 2 is more active for ROP whereas the less crowded
complex 1 shows higher activities for GTP. For a good ROP
and GTP catalyst a balance has to be found for the steric
crowding introduced through the ligand. Bulkier ligands
increase the activity for the ROP as dimer formation is
suppressed, and the carbonyl-alkoxy chelate during the ROP is
not hindered. Catalyst 2 exhibits an activity almost 3 times
higher than catalyst 1 for the ring-opening polymerization of
BL. GTP, however, proceeds faster with catalyst 1 as the eight-
membered transition state for the propagation of polar
monomers is sterically more demanding and destabilized by
catalyst 2. Catalyst 1 (1100 h−1) is more than twice as fast as
catalyst 2 (430 h−1) for the polymerization of 2VP.

Block Copolymerization. In the literature numerous
examples can be found for the copolymerization of lactones13

and the copolymerization of Michael-type monomers.2a,d Only
a few examples can be found for the combination of GTP and
ROP, and they are limited to the copoylmerization of
(meth)acrylate and ε-caprolactone and δ-valerolactone.14 The
use of anionic initiators has been reported for trials to produce
polyester and polyhydrocarbon copolymers, but only homo-
polymer formation with very broad molecular weight
distributions could be observed.15 Also modified PHB has
been investigated to afford macromolecular initiators which
produce polymeric material with narrow dispersities.16 There,
PHB modifications prior to the polymerization are necessary
which enable the radical copolymerization of PHB and
acrylates. As our compounds 1 and 2 were suitable catalysts
for the GTP and ROP we were interested if these different
polymerization methods can be combined and utilized to
produce block copolymers.

Table 3. Activation Enthalpy ΔH
‡ and Entropy ΔS

‡ and the Dependence on the Steric Demand of the Ligand Structure

(ONOO)tBuY(CH2Si(CH3)3)(thf) (ONOO)CH2PhY(CH2Si(CH3)3)(thf)

ΔH‡ (±2) (kJ/mol) 75.1 85.4

−ΔS‡ (±3) (J/(K mol)) 15.3 10.1
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In comparison to other Michael-type monomers, 2VP
coordinates the weakest to the metal center (DEVP > MMA
> IPOx > 2VP).2a For REM-GTP the addition sequence of the
monomers is crucial for monomers with different coordination
strength. In our study we picked up on the concept and tried to
use the low coordination strength of P2VP to the metal center
to obtain block copolymer structures by sequential addition
(Figure 7). Low-temperature polymerization experiments
showed that at −78 °C 2VP is not polymerized. For a
successful block copolymerization, BL needs to be able to
replace the coordinated eight-membered intermediate of the
REM-GTP while the P2VP chain end needs to have enough
nucleophilicity to ring-open the coordinated lactone. Therefore,
we chose 2VP as monomer to obtain P2VP and use the
pending polymer chain on the yttrium catalyst as macroinitiator
for the subsequent ROP of BL. The very high initiator
efficiencies of catalyst 1 should suppress homopolymer
formation of PHB and facilitate the subsequent isolation of
the block copolymer. The polymerization of block A (P2VP) is
conducted in dichloromethane to ensure complete conversion
without precipitation of P2VP. An aliquot is taken for later
GPC-MALS analysis, and subsequently, BL is added and stirred
for an additional 2 h after which an aliquot NMR is once again
taken to ensure full conversion of BL. The separation of the
block-AB-copolymer is attempted by precipitation with hexane
and washing cycles with methanol and thf, but only
homopolymers were isolated (Figure 7).
Possible reasons for the inability to produce block

copolymers might stem from the inadequate nucelophilicity
of macroinitiator at the catalyst or chain scission of P2VP-b-
PHB. Furthermore, the formation of PHB homopolymer could
be explained by traces of unreacted catalyst molecules. The
general activity of the pending P2VP chain toward block
copolymerization was successfully tested with Michael-type
monomers (vide inf ra, Table 4) and yielded block copolymers
to ensure the livingness of the P2VP chain. Ensuing, the
reaction conditions were systematically varied. Excess of BL was
added as well as catalyst concentration, monomer loading of
monomer A, solvent, and temperature screened. Aside from

2VP, other Michael-type monomers such as DEVP and IPOx
were employed in copolymerization experiments with BL and
did not show any block copolymer formation either. Under all
tested conditions homopolymer could be isolated, but no block
copolymer formation was observed.
The initiation of the ROP of BL was still puzzling as the

initiator efficiency of catalyst 1 under the reaction conditions
was 99%. Of course, trace quantities of catalyst which catalyze
the ROP of BL might be a possible explanation for the
generation of PHB homopolymer. Therefore, GPC measure-
ments of the isolated PHB homopolymers were performed.
They showed average Mn (PDI ∼ 1.5) and I* of around 20−
30%. The PHB homopolymer signals do not exhibit any
initiating group. From NMR measurements crotonic end
groups can be excluded as they show characteristic shifts and
are visible already at very low concentrations (see Figures S6
and S7). Therefore, the hypothesis of trace amounts of catalyst
initiating the BL polymerization can be discarded. The
experimental results point toward a deprotonation of BL and
a subsequent anionic ROP or chain scission. Further
mechanistic studies have to be performed to reveal the
mechanism in detail.
The general ability of our catalyst system was tested in block

copolymerization experiments with Michael-type monomers.
REM-GTP block copolymerization was conducted with 2VP as
block A and DEVP, IPOx, and DMAA as block B. As with the
previous copolymerization attempts with BL also here samples
were taken after 2 h for later GPC-MALS analysis. Monomodal
distribution was found for P2VP-b-PDEVP (Table 4, entry 1).
In the GPC of the other copolymers (P2VP-b-PIPOx; P2VP-b-
PDMAA) remaining P2VP block was observed which could be
unambiguously assigned through the comparison with GPCs of
the aliquot samples. The remaining P2VP is probably the result
of quenching processes though trace amounts of water in the
monomer B. The separation of the P2VP-b-PDMAA block
copolymers was achieved through washing cycles with toluene
and water.
The PDIs of the obtained block copolymers were narrow

(PDI = 1.03−1.24), and the calculated Mn fit well to the

Figure 7. Experimental steps toward the attempted block copolymerization of 2VP and BL (catalyst 1 34 μmol, [Cat]:[2VP]:[BL] = 1:100:100, 25
°C, 5 mL of CH2Cl2).

Table 4. Copolymerization Experiments with Catalyst 1

Mn,expd
a (×104) [g/mol] Mn,calcd (×10

4) [g/mol] PDIb comonomer ratio A/Bc yieldd [%] I*e

1 P2VP100-b-PDEVP100 3.0 2.7 1.05 1:1.1 96 0.90

2 P2VP100-b-PIPOx100 2.6 (1.3) 2.2 1.03 (1.01) 1:1.2 97 0.85

3 P2VP100-b-PDMAA100
f 3.3 (1.6) 2.0 1.24 (1.04) 1:1.6 97 0.63

aReactions performed with [M] = 4.3, [Cat] = 43 μmol at 25 °C in 5 mL of CH2Cl2; numbers in parentheses give the respective data for the aliquot
sample taken in the case of bimodal distributions. bDetermined by GPC-MALS. cDetermined by 1H NMR. dDetermined by weighing of the
components. eI* = Mn,calc/Mn,exp; numbers in parentheses give the I* of the macroinitiator for polymerization of block B (in the case of bimodal
distributions). fReaction performed at 0 °C.
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experimentally determined values. More defined polymer
structures were obtained during block copolymerization of
2VP and DMAA due to the employed P2VP macroinitiator.
The PDI of PDMAA was 1.69, whereas for the P2VP100-b-
PDMAA100 block copolymer a PDI of 1.24 could be achieved.
The significant decrease of the polydispersity can be attributed
to a different initiation mechanism of the macroinitiator P2VP
compared to alkyl initiators. Similar results were achieved for
the polymerization of DMAA with zirconocenes using enolates
as initiating ligands.2b,10 For α-acid monomers like DMAA,
initiation can proceed via either deprotonation of the α-CH or
nucleophilic transfer, both being six-electron processes. The
P2VP macroinitiator is supposed to coordinate to the metal via
an enamide and can initiate via an eight-membered ring,
matching the propagation step during the polymerization and
therefore initiate uniformly.

■ CONCLUSION

2-Methoxyethylaminobis(phenolate)yttrium trimethylsilyl-
methyl complexes [(ONOO)RY(CH2Si(CH3)3)(thf)] were
synthesized and showed moderate to high activities in the
rare earth metal-mediated group transfer polymerization of 2-
vinylpyridine, diethyl vinylphosphonate, diisopropyl vinyl-
phosphonate, N,N-dimethylacrylamide, and 2-isopropenyl-2-
oxazoline as well as in the ring-opening polymerization of β-
butyrolactone. The present study is one of the first examples for
REM-GTP with non-metallocene catalyst systems covering a
large variety of polar monomers. Catalyst 1 exhibits the highest
TOF for the REM-GTP of 2-vinylpyridine reported in the
literature. The reaction orders in catalyst and monomer were
determined, and temperature-dependent reaction kinetics
(Eyring plot) were conducted for the polymerization of 2-
vinylpyridine. The mechanistic studies through kinetic in situ
ATR-IR measurements of the 2VP polymerization revealed that
2-methoxyethylaminobis(phenolate) catalyst systems follow a
living monometallic group transfer polymerization mechanism
allowing a precise molecular weight control of the homopol-
ymers and the block copolymers with very narrow molecular
weight distributions. Generally the steric demand of the ortho-
position in the ligand structure had a pronounced influence on
the catalytic activity. For the REM-GTP less sterically
demanding catalysts exhibited higher activities contrary to the
activities in the ROP where higher steric crowding gave
increased activities. This can be attributed to the difference in
steric demand of the different propagation mechanisms. The
combination of REM-GTP and ROP to form block copolymers
was investigated. Efforts to utilize the versatility of the catalyst
system to produce block copolymer structures for a mechanistic
crossover of GTP and ROP proved unsuccessful probably due
to inadequate nucleophilicity of the Michael-type monomers
used as macroinitiator. However, REM-GTP block copoly-
merization of 2VP with DEVP, IPOx, and DMAA with high
activities were possible with 2-methoxyethylaminobis-
(phenolate)yttrium trimethylsilylmethyl complexes.

■ EXPERIMENTAL SECTION

General. All reactions were carried under an argon atmosphere
using standard Schlenk or glovebox techniques. All glassware was heat-
dried under vacuum prior to use. Unless otherwise stated, all chemicals
were purchased from Sigma-Aldrich, Acros Organics, or ABCR and
used as received. Toluene, thf, and pentane were dried using an
MBraun SPS-800 solvent purification system. Hexane was dried over 3
Å molecular sieves. The precursor complex Ln(CH2Si(CH3)3)3(thf)2

is prepared according to literature procedure.17,18 The monomers, 2-
vinylpyridine, diethyl vinylphosphonate, diisopropyl vinylphosphonate,
2-isopropenyl-2-oxazoline, N,N-dimethylacrylamide, and β-butyrolac-
tone were dried over calcium hydride and distilled prior to use.

NMR spectra were recorded on a Bruker AVIII-300 spectrometer.
1H and 13C NMR spectroscopic chemical shifts δ are reported in ppm
relative to the residual proton signal. δ (1H) is calibrated to the
residual proton signal and δ (13C) to the carbon signal of the solvent.
Deuterated solvents were obtained from Sigma-Aldrich and dried over
3 Å molecular sieves. Elemental analysis were measured at the
Laboratory for Microanalysis at the Institute of Inorganic Chemistry at
the Technische Universitaẗ München. ESI-MS analytical measure-
ments were performed with methanol and isopropanol solutions on a
Varian 500-MS spectrometer. GPC was carried out on a Varian LC-
920 equipped with two PL Polargel columns. As eluent a mixture of
THF and 6 g L−1 tetrabutylammonium bromide (TBAB) was used.
Absolute molecular weights have been determined online by
multiangle light scattering (MALS) analysis using a Wyatt Dawn
Heleos II in combination with a Wyatt Optilab rEX as concentration
source. GPC for poly(hydroxybutyrate) was carried out on a Polymer
Laboratories GPC50 Plus chromatograph. As eluent, chloroform with
1.5 g L−1 tetrabutylammonium tetrafluoroborate was used. Polystyrene
standards were used for calibration. In situ IR measurements were
carried out using a Mettler−Toledo system under an argon
atmosphere.

Kinetics by the Aliquots Method. After dissolving 0.14 mmol of
(ONOO)tBuY(CH2Si(CH3)3)(thf) in 20 mL of toluene at room
temperature, the corresponding amount of monomer (27 mmol) was
added in one injection. Aliquots were taken from the reaction solution
at regular time intervals and quenched by addition of MeOH. For each
aliquot, the conversion is determined by gravimetry, and the molecular
weight of the polymer is measured by GPC-MALS analysis.

Catalyst Synthesis. General Procedure for the Synthesis of
(L)Y(CH2Si(CH3)3)(thf). One equivalent of proligand H2(ONOO)

X in
toluene is added to a stirred solution of Ln(CH2Si(CH3)3)3(thf)2 in
pentane. The resulting solution is stirred overnight at room
temperature. The solvent is removed in vacuo, and the resulting
solid is washed with pentane.

(ONOO)tBuY(CH2Si(CH3)3)(thf) (1). 1H NMR (298 K, 300 MHz,
C6D6): δ = 7.61 (m, 2H), 7.09 (m, 2H), 3.97−3.86 (m, 4H), 3.79 (m,
2H), 2.90 (m, 2H), 2.78 (s, 3H), 2.43 (m, 2H), 2.26−2.15 (m, 2H),
2.11 (s, 3H), 1.81 (s, 18H), 1.46 (s, 18H), 1.23−1.09 (m, 4H), 0.51 (s,
4H), −0.38 (m, 2H). 13C NMR (298 K, 75 MHz, C6D6): δ = 161.67,
161.64, 136.73, 129.33, 125.65, 124.47, 124.16, 74.08, 71.88, 64.89,
61.36, 49.31, 35.65, 34.29, 32.31, 30.36, 25.58, 25.07, 4.91. EA:
calculated: C 64.97, H 9.31, N 1.85; found: C 65.02, H 9.44, N 1.85.

(ONOO)CMe2PhY(CH2Si(CH3)3)(thf) (2).
1H NMR (298 K, 300 MHz,

C6D6): δ = 7.63 (m, 2H), 7.51−7.37 (m, 8H), 7.28−7.14 (m, 8H),
7.17−7.04 (m, 2H), 7.00−6.88 (m, 2H), 6.78 (m, 2H), 3.30 (d, 2J =
12.4 Hz, 2H), 2.96 (m, 4H), 2.72 (s, 3H), 2.48 (m, 2H), 2.38 (m, 2H),
2.07 (s, 6H), 1.95 (m, 2H), 1.78 (s, 24H), 1.05 (s, 2H), 0.47 (s, 9H),
−0.82 (m, 2H). 13C NMR (298 K, 75 MHz, C6D6): δ = 161.16,
153.15, 152.45, 136.11, 136.02, 128.29, 127.92, 127.31, 126.55, 125.85,
125.79, 124.52, 124.45, 73.76, 70.89, 63.99, 60.97, 48.93, 42.74, 32.44,
31.79, 31.66, 28.51, 25.07, 5.22. EA: calculated: C 72.81, H 7.81, N
1.39; found: C 73.10, H 7.77, N 1.57.
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2 

 

1. General Information 

 

Acitivity Measurements and Kinetic Analysis in the in situ ATR-IR: 

For activity measurements, the stated amount of catalyst (42 – 135 μmol) is dissolved in 5 mL of 
dichloromethane, and the reaction mixture is transferred into the in situ IR autoklave and 
thermostatted to the desired temperature. Then, the stated amount of monomer (4.3-27 mmol) is 
added. During the course of the experiment the temperature is kept at the desired temperature (±1 K). 
In case of block copolymerization experiments, an aliquot sample is taken after complete conversion 
of the first monomer A for GPC-MALS analysis. Monomer B (4.3 mmol) is added subsequently and 
the reaction mixture is stirred until full conversion. After the stated reaction time, the reaction is 
quenched by addition of wet chloroform (0.5 mL) and an aliquot is taken to determine the conversion. 
The polymer is precipitated in excess hexane, filtered off and freeze dried from destilled H2O. 
 

 
Figure S 1 ATR-IR block copolymerization experiment with block A P2VP (802 cm-1) and block B PIPOx (1607 cm-1). 

The block copolymerization of 2VP and PIPOx was monitored in the ATR-IR (Figure S 1) through 
which the decrease of 2VP to complete conversion and the increase of PIPOx could be observed. The 
polymerization of IPOx was initiated immediately after the addition and preceded to full conversion 
within 30 minutes. 
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Sequential copolymerization 

After dissolving the calculated amount of catalyst in dichlormethane at room temperature, the first 
monomer was added. The reaction mixture was stirred for 2 hours. One aliquot was taken and 
quenched by the addition of 0.5 mL MeOH while the calculated amount of a second monomer was 
added to the reaction solution and stirred for another 2 hours at room temperature (in case of DMAA: 
at – 78 °C) and quenched by addition of 0.5 mL MeOH. The polymers were precipitated by addition of 
the reaction mixtures to hexane (150 mL) and decanted from solution. Residual solvents were 
removed by drying the polymers under vacuum at 60 °C overnight. 
 
Molecular weight determination 

GPC was carried out on a Varian LC-920 equipped with two PL Polargel columns. As eluent a 
mixture of 50% THF, 50% water, and 9 g L-1 tetrabutylammonium bromide (TBAB) was used in the 
case of PDEVP, PIPOx, P2VP, P(2VP-b-PDEVP), P(2VP-b-PIPOx), P(2VP-b-PDMAA) and P(2VP-
b-DEVP); for PDIVP analysis, the eluent was THF with 6 g L-1 TBAB. Absolute molecular weights 
have been determined online by multiangle light scattering (MALS) analysis using a Wyatt Dawn 
Heleos II in combination with a Wyatt Optilab rEX as concentration source.  
GPC for Polyhydroxybutyrate samples was carried on a Polymer Laboratories GPC50 Plus 
chromatograph. As eluent, chloroform with 1.5 g L-1 tetrabutylammonium tetrafluoroborate was used. 
Polystyrene standards were used for calibration. 
 
Kinetics by aliquots method 

In the Glovebox the calculated amount of catalyst was dissolved in 20mL toluene at room temperature 
and the calculated amount of monomer was added in one injection. Aliquots were taken from the 
reaction solution at regular time intervals and quenched by addition to MeOH. For each aliquot, the 
conversion is determined by gravimetry or 1H NMR spectroscopy and the molecular weight of the 
formed polymer by GPC-MALS analysis. 
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2. Analytical Data 

2.1 Nuclear Magnetic Resonance Spectroscopy (NMR) 

a.)  

b.)  

Figure S 2 a.) 1H NMR spectrum b.) 13C NMR spectrum of catalyst (ONOO)tBuY(CH2Si(CH3)3)(thf) in C6D6. 
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a.)  

b.)  

Figure S 3 a.) 1H NMR spectrum b.) 13C NMR spectrum of catalyst (ONOO)CMe2PhY(CH2Si(CH3)3)(thf) in C6D6. 
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a.)  

b.)  

Figure S 4 1H a.) and 13C b.) NMR spectra of PDMAA in D2O. 
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a.)  

b.)  

Figure S 5 a.) 1H NMR P2VP b.) Polymer samples synthesized at different temperatures. Aromatic quaternary 
13C NMR resonances of P2VP in CDCl3 measured at 25 °C.1 
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Figure S 6 1H NMR experiment with (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 13 μmol, 2VP 0.14 mmol, BL 

0.14 mmol, C6D6 0.5 mL, T = 25 °C): Polymerization of monomer A (P2VP) and subsequent polymerization of 

monomer B (BL). 

 

Figure S 7 1H NMR of BL with traces of crotonic acid in CDCl3. 
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2.2 Kinetic Data 

 

Figure S 8 Growth of the absolute molecular weight (Mn) determined by GPC-MALS as a function of monomer 

conversion (determined gravimetically), respective PDI values shown in brackets: catalyst 1, 135 μmol, IPOx 
27 mmol, toluene 20 mL, 25 °C. 

 

Figure S 9 Growth of the absolute molecular weight (Mn) determined by GPC-MALS as a function of monomer 

conversion (determined gravimetically), respective PDI values shown in brackets: catalyst 1, 43 μmol, 2VP 27 mmol, 

toluene 20 mL, 25 °C. 

 

Figure S 10 Growth of the absolute molecular weight (Mn) determined by GPC-MALS as a function of monomer 

conversion (determined gravimetically), respective PDI values shown in brackets: catalyst 2, 43 μmol, 2VP 135 mmol, 

toluene 20 mL, 25 °C. 
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Figure S 11 Determination of catalytic activity of (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 135 μmol, DEVP 27 mmol, 

toluene 20 mL, T = 25 °C). 

 

 

Figure S 12 Determination of catalytic activity of (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 135 μmol, IPOx 27 mmol, 

toluene 20 mL, T = 25 °C). 

 

Figure S 13 Determination of catalytic activity of (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 43 μmol, 2VP 27 mmol, 

toluene 20 mL, T = 25 °C). 
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Figure S 14 Determination of catalytic activity of (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 135 μmol, DIVP 27 mmol, 

toluene 20 mL, T = 25 °C). 

 

Figure S 15 Determination of catalytic activity of (ONOO)CMe2PhY(CH2Si(CH3)3)(thf) (catalyst 43 μmol, 2VP 27 mmol, 

toluene 20 mL, T = 25 °C). 

 

Figure S 16 Determination of catalytic activity of (ONOO)tBuY(CH2Si(CH3)3)(thf) (catalyst 14.3 μmol, BL 9 mmol, 

dichloromethane 5 mL, T = 25 °C). 
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Figure S 17 Determination of catalytic activity of (ONOO)CMe2PhY(CH2Si(CH3)3)(thf) (catalyst 14.3 μmol, BL 9 mmol, 

dichloromethane 5 mL, T = 25 °C). 
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2.3 Endgroup Analysis 

 

Figure S 18 Endgroup analysis ESI-MS measured in iPrOH; Catalyst 1 (40 μmol of catalyst, 0.4 mmol 2VP, 0.5 mL 

C6D6, 20 °C): (*) [(n x M) + (CH2TMS) + (Na)]+ (+) [(n x M) + (CH2TMS) + H]+. 
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2.4 LCST (Lower critical solution temperature) 

 

Figure S 19 Determination of the cloud point (lower critical solution temperature, LCST) of P2VP homopolymer. The 

cloud point was determined at 10% decrease of transmittance for a 5.0 wt % dest. H2O:THF =1:1, 

Mn = 2.2x104 g/mol, PDI = 1.01. 
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2.5 Eyring-Plot Data 

 

Table S 1 Eyring plot for (ONOO)tBuY(CH2Si(CH3)3)(thf) initiated 2VP (catalyst 42 μmol, 2VP 8.6 mmol, toluene 

5.5 mL, temperature 298 – 331 K). 

T [K] v initial [mol/L] c(Mon) [mol/L] n(Mon) [mol] k (L/mols) ln(k/T) 1/T 

313 0,00215641 1,177845 0,008560015 0,31321527 -6,907067763 0,00319489 

298 0,00043782 1,177845 0,008560015 0,06359269 -8,452350272 0,0033557 

298 0,00046452 1,177845 0,008560015 0,06747082 -8,393153525 0,0033557 

323 0,00557182 1,177845 0,008560015 0,80929836 -5,989239946 0,00309598 

308 0,0014717 1,177845 0,008560015 0,21376218 -7,272990962 0,00324675 

331 0,00997805 1,177845 0,008560015 1,44929656 -5,431040069 0,00302115 

 

Table S 2 Eyring plot for (ONOO)CMe2PhY(CH2Si(CH3)3)(thf) initiated 2VP (catalyst 42 μmol, 2VP 8.6 mmol, toluene 

5.5 mL, temperature 303 – 333 K. 

T [K] v initial [mmol/mL] c(Mon) [mol/L] n(Mon) [mol] k (L/mols) ln(k/T) 1/T 

333 0,00774761 1,177845 0,008560015 1,11611147 -5,698291743 0,003003 

313 0,00108568 1,177845 0,008560015 0,15640177 -7,601530334 0,00319489 

323 0,00198724 1,177845 0,008560015 0,28627943 -7,028439244 0,00309598 

303 0,00026055 1,177845 0,008560015 0,03753452 -8,996226965 0,00330033 

341 0,01309903 1,177845 0,008560015 1,88703067 -5,196877958 0,00293255 
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2.6 Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) 

 

Figure S 20 TGA thermogram for P2VP reported in table 2, entry 2 

 

Figure S 21 DSC thermogram for P2VP reported in table 2, entry 2. 
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2.7 Gel-permeation chromatography (GPC) Data 

2.7.1 Homopolymerization 

 

 

Figure S 22 REM-GTP (2VP), table 1, entry 1, conversion 99%. 
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Figure S 23 REM-GTP (DEVP), table 1, entry 2, conversion 99%. 
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Figure S 24 REM-GTP (DIVP), table 1, entry 3, conversion 25%. 
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Figure S 25 REM-GTP (IPOx), table 1, entry 4, conversion 99%. 
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Figure S 26 REM-GTP (2VP), table 1, entry 5, conversion 99%. 
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Figure S 27 REM-GTP (DMAA), table 1, entry 6, conversion 99%. 
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Figure S 28 ROP (BL), table 1, entry 7, conversion 89%. 
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Figure S 29 REM-GTP (2VP), table 2, entry 1, conversion 99%. 
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Figure S 30 REM-GTP (2VP), table 2, entry 2, conversion 82%. 
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Figure S 31 ROP (BL), table 2, entry 3, conversion 99%. 

 

2.7.2 Block copolymerization 

 

Figure S 32 REM-GTP (P2VP-b-PDEVP), table 4, entry 1. 
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Figure S 33 REM-GTP (P2VP), table 4, entry 2 (aliquot sample). 

 

Figure S 34 REM-GTP (P2VP-b-PIPOx), table 4, entry 2. 
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Figure S 35 REM-GTP (P2VP), table 4, entry 3 (aliquot sample). 

 

Figure S 36 REM-GTP (P2VP-b-PDMAA), table 4, entry 3. 
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Figure S 37 REM-GTP (P2VP-b-PDMAA), table 4, entry 3: 2 hours washing with toluene. 
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Figure S 38 REM-GTP (P2VP-b-PDMAA), table 4, entry 3: 48 hours washing with toluene. 

 

1. Dimov, D. K.; Hogen-Esch, T. E. Macromolecules 1995, 28, (22), 7394-400. 
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4.9.1 Abstract 

This review summarizes selected literature references on the precise synthesis of homopolymers, 

block copolymers, and polymer brushes using RE complexes and especially focusses on the work of Yasuda 

for the synthesis of block copolymers and Teuben and Marks for the end-group functionalization of 

polyolefins. The work of Rieger et al. is presented in detail for the synthesis of polymer brushes and the 

mechanistic insights on vinylphosphonate REM-GTP. 

The first author Benedikt S. Soller was supervised by the corresponding authors Prof. Ning Zhang 

and Prof. Bernhard Rieger and supported in writing the manuscript. 
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 Catalytic Precision Polymerization: Rare Earth 
Metal-Mediated Synthesis of Homopolymers, 
Block Copolymers, and Polymer Brushes  

   Benedikt S.    Soller     ,        Ning    Zhang     ,*        Bernhard    Rieger   *   

 Recent studies have shown that rare earth metal-mediated group transfer polymerization 
(REM-GTP) can be applied to a variety of polar monomers, besides the classic (meth)-
acrylates or (meth)acrylamides, giving access to new polymeric materials. This article 
highlights progress in this new fi eld and gives a current overview of the initiation and 
propagation of vinylphosphonates, the extension to Michael-type nitrogen-coordinating 
monomers, and application to block copoly-
mers, statistical copolymers, and 2D and 
3D structures. Based on molecular under-
standing and high-precision synthesis, REM-
GTP represents a versatile method for the 
preparation of new materials.    

sequences completely fulfi ll these requirements in an ideal 

manner. With regard to these trends and requirements, 

this review focuses on a variety of high precision polymers, 

well-defi ned materials, their properties, new monomers, 

and the corresponding polymerization techniques.  

  2.     Scope of This Review 

 Diverse polymer structures can be summarized under the 

term precision polymers and in general well-defi ned mate-

rials are attributed as precision materials. The methods of 

possible modifi cations are as broad as the range of avail-

able methods and material properties are often addressed 

by functional groups derived from heteroatoms in the 

polymer. The number of possible functionalities is vast and 

in combination with macromolecular principles, a wide 

range of high precision tailor-made materials are acces-

sible. Therefore, in this review, the authors want to give 

a summary of the latest developments in the fi eld of rare 

earth metal-mediated group transfer polymerization (REM-

GTP) of polar monomers and interesting properties derived 

from innovative high precision materials. An overview of 

possible structures is given in Figure  1 . Within this review, 

the authors focus on the synthesis and properties of homo-

polymers, end-functionalized polymers, block, random, 

  B. S. Soller, Prof. B. Rieger 

 WACKER-Lehrstuhl für Makromolekulare Chemie  ,   Technische 

Universität München   ,   Lichtenbergstraße 4  ,  85747  ,   Garching 

bei München  ,   Germany   

E-mail:  rieger@tum.de    

 Dr. N. Zhang 

 Changchun Institute of Applied Chemistry  ,   Chinese Academy 

of Sciences   ,   Changchun    130022  ,   China   

E-mail:  ning.zhang@ciac.ac.cn   

  1.     Introduction   

 From the synthesis of macromolecules via their transfor-

mation in tools to the production of fi nal components, the 

information content is increasing signifi cantly for each 

step. The overall worldwide polymer output is growing by 

3% a year and 80% of fabrication are made from commodity 

plastics. [ 1 ]  Therefore, most polymers in use derive from just 

a few commodity monomers with limited diversity due to 

commercial reasons. Accordingly, our modern consumer-

based societies are hard to imagine without synthetic mate-

rials. Materials of the future face challenging applications 

in health care, mobility, or the energy sector and to meet 

this demand, a high precision synthesis of the macromol-

ecule is mandatory. However, for large-volume polymeriza-

tions, the production process needs to be highly effi cient, 

environmental friendly, and scalable. Catalytic reaction 

Macromol. Chem.  Phys. 2014,  215,  1946−1962



4.9 Catalytic Precision Polymerization: Rare Earth Metal-Mediated Synthesis of Homopolymers, 
Block Copolymers, and Polymer Brushes 

 Page 316 
 

  

1947

Catalytic Precision Polymerization: Rare Earth Metal-Mediated Synthesis . . .

www.mcp-journal.de

Macromolecular
Chemistry and Physics

www.MaterialsViews.com © 2014  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

alternating copolymers, and furthermore graft and surface 

graft polymers via catalytic (i.e., REM-GTP) methods.  

 Other techniques, like living radical polymerization or 

post-polymerization modifi cations also afford interesting 

materials. [ 2 ]  However, the use of multistep reactions, char-

acterization, and purifi cation of modifi ed polymers can 

be complex operations and are beyond the scope of this 

review. Rare earth metal catalysts have distinguished fea-

tures in the polymerization of polar and unpolar mono-

mers, show unique polymerization properties and were 

thus used for the effi cient synthesis of a variety of high 

precision materials in the last two decades. This review 

presents latest trends in the fi eld of REM-GTP. The exten-

sively investigated chemistry of cationic and isoelectronic 

group IV complexes is highlighted where needed. Other 

metal-assisted or non-catalytic polymerization methods 

(i.e., radical polymerization) are not covered within this 

review (vide supra).  

  3.     Methyl Methacrylate Polymerization Via 
Nonbridged Lanthanocenes 

 A giant leap in the polymerization of polar monomers was 

achieved via the combination of the known silyl ketene 

acetal group transfer polymerization (SKA-GTP) [ 3 ]  with 

lanthanide and cationic group IV metallocene complexes. 

Simultaneously in 1992, the groups of Yasuda and Collins 

reported the living polymerization of methyl methacrylate 

(MMA) via organometallic complexes. [ 4 ]  Using the neu-

tral samarocene [(C 5 Me 5 ) 2 SmH] 2 , Yasuda et al. [ 4a ]  produced 

high-molecular-weight poly(methyl methacrylate) (PMMA) 

(Mn > 50 kDa) with narrow polydispersities (PDI = 1.02–1.05) 

and a high syndiotacticity of up to 95%. The mechanism of 

initiation via nucleophilic transfer of a hydrido ligand and 

an eight-membered transition state was proven by the 

crystal structure of the MMA adduct (C 5 Me 5 ) 2 Sm(MMA) 2 H. 

In the fi rst step, the hydrido-bridged dimer has to be 

opened by coordination of one monomer molecule. The ini-

tiation follows a 1,4-addition of the hydrido ligand to MMA 

and an enolate is formed (Figure  2 ). The thus formed active 

species can further add to coordinating monomer through 

a repeated conjugated addition via the 

eight-membered transition state.  

 Similar to this approach, the poly-

merization of MMA via a cationic zir-

conocene was reported by Collins 

and Ward in 1992. Initiation follows a 

transfer of the initiating methyl ligand 

to the chain end. The mechanism was 

identifi ed by  13 C-labeled initiators and 

methyl-end groups in the fi nal PMMA 

polymer, respectively. [ 4b ]  Cationic group 

IV compounds do require a cocatalyst 
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 Figure 1.    Overview of different types of precision materials.
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for activation and therefore effects of counterions or 

ion-pairing on the stereochemistry and polymerization 

activity can be observed. Furthermore, group IV GTP can 

either follow a monometallic or bimetallic mechanism 

(Figure  3 ). [ 5 ]  Both pathways were originally considered and 

endorsed by theoretical calculations. [ 6 ]   

 The initiation of neutral lanthanides proceeds either 

via a nucleophilic attack of a ligand, deprotonation of 

an acidic monomer, or by redox initiation in the case 

of di valent lanthanide complexes. The mechanism of 

unpolar and polar monomer initiation for a divalent 

samarocene is shown in Figure  4 . [ 7 ]  A radical initiation 

was proposed by Boffa and Novak [ 8 ]  and experiments 

were conducted for ethylene and MMA. [ 8 ]   

 A similar monometallic mechanism of initiation and 

propagation for isoelectronic neutral lanthanides and cat-

ionic group IV complexes is discussed in literature. [ 5 ]  Both 

the rare earth metal-mediated- and the group IV GTP are 

living type polymerizations, combining the advantages of 

living ionic and coordination polymerizations and both 

proceed via a repeated conjugated addition of the active 

enolate species to the monomer. 

 Therefore, REM-GTP is a versatile method for the syn-

thesis of precision polymers, designed functional and hybrid 

materials. A detailed discussion of the prior name giving 

SKA-driven GTP and its mechanism is given in a review. [ 9 ]  

Recent interesting developments of SKA-GTP and the use of 

Lewis base organocatalysts are summarized in a review. [ 10 ]  

Intensive research on REM-GTP has been carried out over 

the past two decades, optimizing reaction conditions, initi-

ator effi ciency, and control over the stereoregularity, on the 

use of different metals, as well as on their implementation 

to a variety of monomers, for example, different (meth)-

acrylates or (meth)acrylamides (see Figure  5 ). [ 5,11 ]    

  4.     Poly(vinylphosphonate)s 

  4.1.     Mechanism of REM-GTP 

 Poly(vinylphosphonate)s with high molecular masses are 

not satisfactorily accessible via classical polymerization 

methods such as radical polymerization 

or ionic polymerization. [ 12 ]  A review 

article covering the early chem-

istry of poly(vinylphosphonate)s 

including radical and classical anionic 

approaches was published in 2012. [ 13 ]  

In addition, attempts to polymerize 

vinylphosonates via frustrated Lewis 

pairs are reported with low activities in 

literature (TOF = 6–10 h −1 ). [ 14 ]  

 Driven by the structural similarity 

of vinylphosphonates and MMA, our 

group started research in the fi eld of 

REM-GTP for the polymerization of 

dialkyl vinylphosphonates (DAVP). In 

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 2.    Initiation and propagation steps in MMA polymerization 
by [Cp 2 *LnH] 2  (Ln = Sm). Redrawn from ref. [ 4a ] 

 Figure 3.    a) Monometallic lanthanide and b) bimetallic group IV propagation step for 
GTP of MMA (R = polymer chain).

 Figure 4.    Proposed single-electron transfer initiation mechanism 
of a Sm(III) bisinitiator from divalent decamethylsamarocene.
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2010, we reported the fi rst example of high-molecular-

weight poly(diethyl vinylphosphonate) (PDEVP) with 

molecular weights up to Mw = 10 6  g mol −1  and fi rst 

block copolymer structures of MMA and DEVP via tri-

valent ytterbocenes. [ 15 ]  The complexes Cp 2 YbX were used 

in this study with σ-donor chloro and methyl ligands 

(X = Cl, Me). The polymerization proceeds rapidly and fol-

lows a living GTP mechanism, demonstrated by kinetic 

studies and copolymerization experiments. [ 15 ]  However, 

the mechanism of initiation follows a complex reaction 

pathway depending on the nature of the initiating ligand 

X (see Figure  6 ). [ 16 ]   

 For a deeper understanding of both, the initiation and 

propagation of DAVP REM-GTP mechanistic studies were 

conducted. [ 16 ]  In contrast to the polymerization of MMA 

and analogous to acrylonitrile, [ 17 ]  strongly basic alkyl 

ligands are poor initiators for α-acidic vinylphosphonates. 

The initiation of vinylphosphonates for methyl or CH 2 TMS 

ligands does not follow a 1,4-addition. It results in a 

deprotonation of DAVP at the α-position and an allenylic 

phosphonate intermediate is formed. The polymerization 

of vinylphosphonates via alkyl initiators shows long 

initiation delays, supposedly due to the slow forma-

tion and low reactivity of a deprotonated vinylphospho-

nate species. [ 16 ]  The molecular mass of the fi nal polymer 

is signifi cantly higher than expected from the original 

monomer to catalyst ratio. Therefore, alkyl initiators are 

unsuitable for REM-GTP of α-acidic DAVP. [ 15,16 ]  

 Alkoxides are effi cient and well-known initiators for 

the group III ring-opening polymerization (ROP) of lac-

tones like ε-caprolactone or β-butyrolactone. [ 18 ]  How-

ever, for the GTP of polar monomers alkoxides do not 

follow a 1,4-addition to the monomer and no polymer is 

formed when MMA is used. [ 16,19 ]  This can be explained 

by the extreme oxophilic nature of rare earth metals and 

DFT calculations for bis(penoxyamine) yttrium catalysts 

strengthen the observation that the endothermic for-

mation of an MMA isopropyloxide adduct is unlikely. [ 19 ]  

Nevertheless, the second insertion of a hypothetical 

adduct was calculated to proceed via the conjugate addi-

tion as reported by Yasuda et al. [ 4a , 19 ]  Therefore, it can 

be concluded that the propagation of MMA is hindered 

by an insuffi cient alkoxy initiator. Interestingly, the 

polymerization of DEVP is possible with [Cp 2 LnO i Pr] 2  

complexes via ligand exchange of the Cp 2 LnO i Pr(DEVP) 

adduct- forming CpLn(O i Pr) 2 (DEVP) and Cp 3 Ln(DEVP) with 

Cp 3 Ln(DEVP) being the active species (see Figure  7 ). [ 16 ]   

 High activities and acceptable initiator effi ciencies for 

the polymerization of DEVP were obtained by the use of 

[Cp 2 LnS t Bu] 2  thiolato complexes. Thiolates are not basic 

enough to deprotonate vinylphosphonates and the Ln–

sulfur bond is reasonably weak to ensure a high driving 

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 5.    General structure of typical Michael-type acceptors suit-
able for REM-GTP.

 Figure 6.    Initiation of dialkyl vinylphosphonate GTP using unbridged trivalent rare earth metallocenes (Cp 2 LnX).
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force for the formation of a reactive [(DEVP)S t Bu] −  adduct. 

The fi rst step involves a 1,4-addition of the ligand to the 

monomer at which the initiation delay is short within a 

few seconds (compared to a few minutes in the case of 

deprotonation or ligand exchange). 

 A drawback for [Cp 2 LnS t Bu] 2  complexes is the dimeric 

structure causing an initiation delay for monomers like 

DEVP and being unreactive for weaker coordinating 

monomers that do not open the dimeric structure in the 

fi rst step (see hydride dimer in Figure  2 ). Furthermore, 

[Cp 2 YS t Bu] 2  exhibits a shorter initiation delay compared 

to the sterically more crowded [Cp 2 LuS t Bu] 2 . Lutetium has 

a smaller ionic radius and thus the coordination of the 

monomer to the metal is hampered. Therefore, the lute-

tium dimer is more stable and opening by coordination 

of a monomer is energetically disfavored. For complexes 

with bulky substituents at the ligand, a formation of the 

dimer can be hindered. This can avoid the limiting step of 

opening a dimeric structure for weak coordinating mono-

mers (see Figure  8 ).  

 The mechanism of initiation for Cp 2 LnCl complexes 

does not follow a nucleophilic transfer of a chloro ligand 

to the monomer either. For the case of Cp 2 YbCl, a strong 

temperature dependency of the degree of polymerization 

and propagation rate was found for DEVP. [ 15 ]  At tem-

peratures below 0 °C, no activation of Cp 2 YbCl could be 

observed, indicating the energy barrier of activation is 

too high for the initiating mechanism. The active species 

of Cp 2 LnCl compounds is again formed originally from 

the ligand exchange reaction of the vinylphosphonate 

adduct Cp 2 LnX(DAVP), resulting in 

CpLnX 2 (DAVP) and Cp 3 Ln(DAVP). The 

tris(cyclopentadienyl) Cp 3 Ln(DAVP) 

adduct is the active species and ini-

tiates the GTP of DAVP via a nucleo-

philic transfer of one cyclopentadienyl 

ligand. The mechanism of a ligand 

exchange reaction was proven for 

Cp 2 YCl by using diethyl ethyl phos-

phonate (DEEP). [ 16 ]  The phosphonate DEEP is not a 

Michael-type acceptor and cannot be polymerized via 

a conjugated system. Therefore, DEEP induces a ligand 

exchange that can be followed by  1 H-NMR spectros-

copy. Furthermore, by overlaying a saturated benzene 

solution of CpYCl 2 (DEEP) and Cp 3 Y(DEEP) with pentane, 

single crystals suitable for x-ray spectroscopy could be 

obtained and characterized as Cp 3 Y(DEEP) (Figure  9 ).  

 So far, a variety of Cp 2 LnX complexes for the GTP of 

vinylphosphonates have been synthesized and tested 

for their activities and initiation mechanism. Depending 

on the nature of the initiating ligand, the activities 

of Cp 2 LnX complexes differ signifi cantly for the same 

active species in the propagation step (Table  1 ). There-

fore, new initiators for neutral lanthanides have to be 

investigated. Ideal initiators should have high initiator 

effi ciencies, suffi cient activities, form a stable end group 

that can be modifi ed for further applications. Addition-

ally, they should initiate the polymerization via an eight-

membered ring to match the propagation ground state of 

REM-GTP.  

 The propagation and activity of DAVP polymerization 

can be easily followed by time-resolved analysis of 

monomer conversion by  31 P-NMR and molecular masses 

of the formed polymers allow the determination of the 

initiator effi ciency throughout the whole reaction. Such 

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 7.    Calculated initiation and propagation of MMA via yttrium bisphenoxide 
complexes.

 Figure 8.    Initiation and propagation of DAVP polymerization via 
thiolato initiators.

 Figure 9.    Crystal structure of the adduct Cp 3 Y(DEEP) from the 
ligand exchange reaction of Cp 2 YCl and DEEP (hydrogen atoms 
are omitted for clarity). Redrawn from ref. [ 16 ] 
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a normalization method is needed for polymerizations 

with fast propagation and comparatively slow initia-

tion (Figure  10 ). By using this method, both the cata-

lyst and monomer order of rare earth metal-mediated 

vinylphosphonate GTP were determined to be one 

(Figure  11 ). [ 16 ]    

 Therefore, REM-GTP of vinylphosphonates follows a 

Yasuda-type monometallic propagation mechanism, 

with an S N 2-type associative displacement of the polymer 

phosphonate ester by a monomer and the formation of 

a pentacoordinate intermediate as the rate-determining 

step (see Figure  12 ).  

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 10.    Example for an initiation delay of a DAVP polymerization and the infl uence of the initator effi ciency  I .

  Table 1.    Polymerization results for Cp 2 LnX catalysts with different initiators.  

Catalyst Reaction 
time

 Conversion a)  
 [%] 

Init. 
period b) 

MMnn c) 
[kDa]

 I * c) 
[%]

 TOF a) / I * 
 [h −1 ] 

End 
group d) 

Extent of 
ligand 

exchange e) 

[Cp 2 YCl] 2 6 h 70 100 min 740 9.3 3700 Cp 15%

Cp 2 Y(bdsa)(thf) 3 h 95 15 min 1040 9.0 7200 Cp, bdsa 
(olefi nic) f) 

3%

[Cp 2 Y(O i Pr)] 2 30 h 26 2.5 h 1070 2.4 2000 Cp <0.5% (10%) g) 

Cp 2 Y(OAr)(thf) 30 h – – – – – – <0.5%

[Cp 2 Y(S t Bu)] 2 3 min 100 5 s 150 65 69 000 S t Bu 
(olefi nic) f) 

4%

Cp 2 Y(CH 2 TMS)(thf) 40 min 88 5 min 510 17 10 000 olefi nic 5%

[Cp 2 LuCl] 2 1.5 h 93 7 min 780 11.7 20 500 Cp 3%

Cp 2 Lu(bdsa)(thf) 3 h 96 20 min 1350 7.0 21000 Cp, bdsa 
(olefi nic) f) 

1%

[Cp 2 Lu(O i Pr)] 2 30 h 52 9 h 1270 4.0 600 Cp <0.5% (<1%) g) 

Cp 2 Lu(OAr)(thf) 30 h <1 – – – – – <0.5%

[Cp 2 Lu(S t Bu)] 2 1.5 min 100 15 s 210 47 220 000 S t Bu 
(olefi nic) f) 

2%

Cp 2 Lu(CH 2 TMS)(thf) 30 min 92 5 min 1130 8.0 39 000 olefi nic 1%

    a) Determined by  31 P-NMR spectroscopic measurement;  b) Initiation period, reaction time until 3% conversion is reached;  c) Determined 
by GPC-MALS,  I * =  M  th / nM ,  M  th  = 600 ×  M  Mon  × conversion;  d) Determined by ESI MS;  e) Conversion of Cp 2 LnX for addition of 5 eq. of DEEP, 
determined from  1 H-NMR spectroscopic signals of Cp 2 LnX(DEEP) and Cp 3 Ln(DEEP);  f) Olefi nic chain ends formed by end-group elimina-
tion;  g) Number in brackets: extent of dimer opening for addition of 5 eq. of DEEP, determined from  1 H-NMR spectroscopic signals of 
Cp 2 Ln(O i Pr)(DEEP) and DEEP.   
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 The reaction speed was found to accelerate with 

decreasing ionic radii for REM-GTP of DAVP. Contrary 

to previous fi ndings of Yasuda et al. [ 4a ]  that larger lan-

thanides polymerize MMA faster than the late rare 

earths yttrium or lutetium. The reaction speed for MMA 

increases from lutetium to samarium (Sm > Y > Lu). [ 4a ]  

To address the metal-dependent change in activity, 

time-dependent kinetic measurements of DAVP were 

performed to quantify activation enthalpies ∆ H  ‡  and 

entropies ∆ S  ‡ . Interestingly, it was shown that the 

increase in activity with decreasing metal size is not 

caused by a change of the reaction enthalpy ∆ H  ‡  (i.e., 

ring strain or the Ln (O P) bond strength). The propa-

gation rate of vinylphosphonate GTP is mainly deter-

mined by the activation entropy, that is, the change of 

rotational and vibrational restrictions within the eight-

membered metallacycle in the rate-determining step 

as a function of the steric demand of the metallacycle 

side chains and the steric crowding at 

the metal center. Therefore, the lesser 

rotational and vibrational degrees of 

freedom in sterically crowded (i.e., 

smaller) lanthanides destabilize the 

propagation ground state and increase 

the activity. This questions the general 

principle that the metal center should 

be widely accessible for GTP due to the 

demanding eight-membered transition 

state. 

 The thermodynamic measurements 

underline the importance of tuning the 

metal–ligand interaction for enhanced 

selectivities. This can either be done by 

changing the metal center or by modi-

fying the substituents of the ligand to 

vary the steric demand at the complex 

and the amount of rotational and vibrational freedom 

of the ground state. Since both the order of catalyst and 

monomer are one, the metal center stabilizes the growing 

chain end and decreases side reactions such as chain 

transfer or termination. The activation of the monomer 

at the active site allows a well-controlled polymerization 

even at elevated temperatures. For these reasons, REM-

GTP provides much higher activities in comparison to 

other living polymerizations and simultaneously yields 

precision polymers with narrow polydispersities, end-

group functionalities, block copolymer structures, or 

defi ned grafted polymers.   

  5.     Nitrogen-Coordinating Monomers 

 For years, REM-GTP research focused on (meth)

acrylates, (meth)acrylamides or the newer class of 

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 11.    Determination of catalyst order (Cp 3 Tm, 5 vol% DEVP in toluene, 30 °C).

 Figure 12.    Elemental steps of rare earth metal-mediated GTP of vinylphosphonates. Reproduced with permission. [ 16 ]  Copyright 2013, 
American Chemical Society.
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vinylphosphonates. Such monomers coordinate to the 

metal center via an oxygen moiety. In this chapter, we 

want to discuss new developments in the fi eld of REM-

GTP made possible by the extension of the monomer 

classes, to nitrogen-coordinating substrates, mainly 2-iso-

propenyl-2-oxazoline (IPOx) and 2-vinylpyridine (2VP) 

(see Figure  13 ).  

  5.1.     Poly(2-isopropenyl-2-oxazoline) and 

Poly(2-vinylpyridine) 

 Conventional radical or anionic polymerization of the 

vinylidene moiety of IPOx affords poly(2-isopropenyl-

2-oxazoline) (PIPOx) with a broad-molecular-weight 

distribution, though anionic and revers-

ible addition–fragmentation chain 

transfer polymerization can improve 

the distribution character to a cer-

tain extent. [ 20 ]  For instance, living ani-

onic polymerization is not a preferred 

method for the polymerization of IPOx 

due to the strict operating condition 

and solvent effect required. [ 21 ]  Moreover, 

polymerization of IPOx by atom transfer 

radical polymerization (ATRP) is not fea-

sible due to a strong complexation of 

pendant 2-oxazoline units by copper. 

 Inspired by the high precision offered 

by REM-GTP, it has been a major focus 

of our research to extend the applicability of this method 

to further monomer classes. Moreover, the structural 

similarity among IPOx, vinylphosphonates, and MMA 

provides the possibility that IPOx can be polymerized via 

REM-GTP. In 2013, we reported the fi rst example of high-

molecular-weight PIPOx with PDI below 1.1 catalyzed by 

Cp 2 YbMe. [ 22 ]  The polymerization proceeds rapidly at room 

temperature and following a living GTP mechanism, and 

monomer conversion reaches 95% within 2 h as moni-

tored by in situ  1 H-NMR (Figure  14 ). ESI-MS experiments 

of oligomers produced by using an IPOx to Cp 2 YbMe ratio 

of 5 to 1 in toluene indicate a transfer of a coordinated 

ligand (CH 3 ) to a monomer in the initial step (Figure  15 ).   

 A plot of the Mn as a function of monomer (IPOx) conver-

sion (from 2% to 95%, respectively) demonstrates a linear 

relationship between these two parameters (Figure  16 ). It is 

worth mentioning that the PDI remains extremely narrow 

(PDI < 1.07) for polymers obtained at all conversions. The 

linear growth of molecular weight versus monomer con-

version is attributed to the highly living character of REM-

GTP and the determined high initiator effi ciency ( I * = 95%).  

 The REM-GTP is superior to other conventional poly-

merization techniques, e.g., radical polymerization initi-

ated by AIBN and anionic polymerization initiated by 

BuLi. Free radical polymerization of IPOx performed at 

60 °C affords PIPOx with broad polydispersity (PDI = 2.0) 

(conversion = 59%). Living anionic polymerization of IPOx 

at −78 °C for 2 h yields a polymer with improved molar 

mass distribution (PDI = 1.2), but slow polymer chain 

growth rate (Mn = 2.5 kDa after 2 h polymerization, con-

version = 18%). Anionic polymerization of IPOx at room 

temperature signifi cantly increased the polymerization 

velocity, whereas at the cost of side reactions and loss 

of control. As a result, the PDI of the obtained polymer 

increased obviously (PDI = 1.5). The polymerization 

results for different methods and the used reaction condi-

tions are summarized in Table  2 .  

 The REM-GTP is also applicable to other monomer 

exhibiting similar structural feature, for example, 2VP 

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 13.    General structure of O- and N-coordinating Michael-type acceptors suitable 
for REM-GTP.

 Figure 14.    Reaction scheme for REM-GTP of IPOx and poly-
merization kinetics as detected by in situ  1 H-NMR and assign-
ment of corresponding signals. Reproduced with permission. [ 22 ]  
Copyright 2013, American Chemical Society.
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using Cp 2 YbMe as a catalyst, yielding high-molecular-

weight poly(2-vinylpyridine) (P2VP). However, the activity 

and the initiator effi ciency of 2VP REM-GTP is much lower 

(TOF = 44 h −1 ,  I * = 45%) than those for IPOx (TOF = 380 h −1 , 

 I * = 95%) (Figure  17 ), which probably due to the electron 

delocalization and thus the weak  N -Yb coordination. It 

should be noted that the PDI of obtained P2VP is narrow 

(PDI = 1.1) at all monomer conversions (Figure  18 ). The 

REM-GTP of IPOx and 2VP provides the fi rst example of 

REM-GTP occurs via  N -coordination at 

the rare earth metal center.     

  6.     Copolymer Structures 

  6.1.     Block Copolymers 

 Rare earth metal-catalyzed coordina-

tion polymerization, REM-GTP and REM-

ROP are living type polymerizations. 

Therefore, block copolymer structures 

are possible by using different olefi ns 

(polyinsertion), polar monomers (GTP), 

and cyclic lactones (ROP). Furthermore, 

rare earth metals can also catalyze the 

formation of block copolymers from 

monomers with different propagation 

steps, i.e., structures of polyolefi ns and 

polar monomers or polar monomers and cyclic esters. [ 23 ]  

By using the mechanistic crossover of organo–rare 

earth metal compounds, these different polymerization 

methods can be combined for a living high precision 

synthesis of functional, tailor-made materials. In con-

trast to polymer blends or random copolymers, of which 

material properties can be intermediate to the original 

homopolymers, block copolymers often show improved 

behavior due to microphase separation of the different 

segments, formation of discrete domains, and generation 

of otherwise unattainable morphologies. However, the 

synthesis of block copolymers can be an ambitious task 

facing poor solubility, diffi cult characterization, micelle 

formation, and poisoning of the usually oxophilic metal 

centers by polar monomers. One of the fi rst examples for 

a complex being able to polymerize olefi ns and lactones 

is the sterically crowded (C 5 Me 5 ) 3 Sm. [ 23c , d ]  The produc-

tion of poly(ethylene) from (C 5 Me 5 ) 3 Sm is remarkable and 

attributed to a reactive η 1  single bond of one C 5 Me 5  ligand 

to the metal (Figure  19 ). [ 23c ]  Considerable progress in the 

fi eld of sterically crowded lanthanides with interesting 

behavior has been made in the past years. [ 24 ]   

 A consecutive GTP of different mono mers 

for the formation of block copolymers is only 

possible in order of similar or increasing coordination 

strength. A reverse sequence, fi rst, a strong coordination 

monomer, or the simultaneous addition of monomers 

with different coordination strength usually leads to the 

formation of only one homopolymer. 

 The living polymerization of different alkyl acrylates 

(methyl acrylate, ethyl acrylate, butyl acrylate) was inves-

tigated by using (Cp*) 2 LnMe(thf) (Ln = Sm, Y), yielding: 

poly(methyl acrylate) Mn = 48 × 10 3  g mol −1 , PDI = 1.04, 

poly(ethyl acrylate) Mn = 55 × 10 3  g mol −1 , PDI = 1.04, and 

poly(butyl acrylate) Mn = 70 × 10 3  g mol −1 , PDI = 1.05. [ 25 ]  

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 15.    Structure of 2-isopropenyl-2-oxazoline oligomer and its ESI-MS spectrum. 
Reproduced with permission. [ 22 ]  Copyright 2013, American Chemical Society.

 Figure 16.    Linear growth of the absolute molecular weight ( M  n ) 
determined by multiangle laser light scattering as a function of 
IPOx conversion (determined by  1 H-NMR). Inset: GPC traces as 
detected by retention volume. Reproduced with permission. [ 22 ]  
Copyright 2013 American Chemical Society.



4.9 Catalytic Precision Polymerization: Rare Earth Metal-Mediated Synthesis of Homopolymers, 
Block Copolymers, and Polymer Brushes 

 Page 324 
 

  

1955

Catalytic Precision Polymerization: Rare Earth Metal-Mediated Synthesis . . .

www.mcp-journal.de

Macromolecular
Chemistry and Physics

www.MaterialsViews.com © 2014  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

Furthermore, triblock ABA copolymers of MMA/butyl 

acrylate/MMA were synthesized to obtain thermoplastic 

elastomers. The butyl acrylate middle block is soft leading 

to compression sets up to 58% and an elongation of 163% 

for block copolymers with the ratio 8:72:20. [ 25a , c , 26 ]  ABC tri-

blockpolymers of MMA/ethyl acrylate/ethyl methacrylate 

(26:48:26) improved the material properties (compression 

set = 62%, elongation = 276%). [ 25c ]  

 Sequential block copolymerization of MMA and dime-

thyl acrylamide (DMAA) leads to the formation of the 

well-defi ned, highly isotactic block copolymer PMMA -b-

 PDMAA. In reverse order, only the homopolymer PDMAA 

is formed. [ 27 ]  This is attributed to either the active amide 

enolate being not active enough to insert into MMA or a 

weaker coordination of MMA and being unable to replace 

the amide oxygen at the active site. [ 27 ]  The combination 

of chiral ansa-zirconocene ester enolates with Lewis acids 

results in a highly active ion-pairing polymerization of 

MMA and DMAA; the living nature of this polymerization 

system allows for the synthesis of well-defi ned diblock 

and triblock copolymers of MMA with longer-chain 

alkyl methacrylates. [ 28 ]  Unique  it-b-st  stereomultiblock 

microstructures of  it- PMMA -b-st- PMMA can also be 

obtained from diastereospecifi c ion pairs. [ 29 ]  

 ABA copolymers of MMA and different acrylates are 

accessible from divalent (C 5 Me 5 ) 2 Sm or (C 5 Me 5 ) 2 Sm(thf) 2  

via single-electron transfer initiation (Figure  4 ). [ 30 ]  

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 17.    Determination of the catalytic activity of Cp 2 YbMe for 
the polymerization of 2VP (TOF = 44 h −1 ) by in situ  1 H-NMR spec-
troscopy (initial [2VP]:[catalyst] = 500:1; [catalyst] = 0.33 mg mL −1 ). 
Reproduced with permission. [ 22 ]  Copyright 2013, American 
Chemical Society.

 Figure 18.    Linear growth of the absolute molecular weight ( M  n ) 
and polydispersity of P2VP determined by multiangle laser light 
scattering as a function of 2VP conversion. Reproduced with per-
mission. [ 22 ]  Copyright 2013, American Chemical Society.

  Table 2.    Summary of different polymerization of IPOx (Monomer/initiator = 200/1).  

Initiator   T  
 [°C] 

 TOF a,b)  
 [h −1 ] 

PDI c)  MMnn c)  
 [kDa] 

  I * d)  
 [%] 

 Reaction time/conversion b)  
 [h]/[%] 

Cp 2 YbMe 25 380 1.04 21 95% 1.5/92

BuLi 25 3100 1.5 40 53% 0.2/95

BuLi −78 18 1.2 2.5 – 2/18

AIBN 60 – 2.0 18 – 8/59

    a) The turnover frequency (TOF) vs reaction time plot;  b) Determined by  1 H-NMR;  c) Determined by GPC-MALS;  d)  I * =  M  theo / nM , 
 M  theo  = 200 ×  M  Mon  × conversion +  M  endgroup .   

 Figure 19.    Proposed mechanism for the ethylene polymerization 
with the sterically crowded (C 5 Me 5 ) 3 Sm. Redrawn from ref. [ 23c ] 
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Furthermore, the copolymerization of higher 1-olefi ns 

with polar monomers is possible by using bridged 

yttrium and samarium compounds with bulky substitu-

ents. [ 31 ]  Using the unique properties of divalent samarium 

catalysts, the ABA block copolymers from ethylene with 

MMA, ε-caprolactone (CL), and 2,2-dimethyltrimethyl ene 

carbonate (DTC) poly(MMA- co -ethylene- co -MMA), 

poly(CL- co -ethylene- co -CL), or poly(DTC- co -ethylene- co -

DTC) were synthesized (Figure  20 ). [ 32 ]   

 Consecutive polymerization of different monomers is 

only possible in order of increasing coordination strength 

and limited to monomers with similar polarities. Statis-

tical copolymerizations of monomers with different coor-

dination strength, i.e., DEVP, MMA, IPOx, and 2VP reveal 

that only corresponding homopolymers of the stronger 

coordinating comonomer were obtained indicated by NMR 

spectroscopy, suggesting a monomer coordination strength 

to the ytterbium center in an order of DEVP > MMA > IPOx > 

2VP. [ 22 ]  Thereafter, sequential copolymerization gave 

diblock copolymers in sequences of PMMA -b- PDEVP, PIPOx -

b- PMMA, and PIPOx -b- PDEVP, as well as P2VP -b- PIPOx 

and P2VP -b- PDEVP, whereas diblock copolymerization in 

the reverse sequence only gave homopolymers of PDEVP, 

PMMA, and PIPOx, respectively. [ 22 ]  Nevertheless, diblock 

copolymer synthesis was hindered by a possible encapsula-

tion of the catalyst during polymerization of the relatively 

hydrophilic IPOx and 2VP (Table  3 ). This hypothesis is con-

fi rmed by precipitation of formed high-molecular-weight 

PIPOx and P2VP from toluene solution and by an insuffi -

cient initiation of a second, more hydrophobic comonomer 

(e.g., MMA) by the PIPOx or P2VP macroinitiator. When 

the degree of polymerization of the fi rst hydrophilic block 

is below 20, an improvement of the PIPOx macroinitiator 

effi ciency was observed. It is worth mentioning that the 

chain termination should not be a major limitation, as the 

formation of block copolymers for the more hydrophilic 

DEVP as second comonomer was feasible. Analysis of the 

molecular weight of the obtained copolymers is compli-

cated due to aggregation, even at the low applied concen-

tration in the GPC-MALS setup (Figure  21 ). [ 22 ]    
  N -heterocyclic carbene (NHC) lutetium bis((tri methyl-

silyl)methyl) complexes can promote the formation of 

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 20.    Poly(MMA- co -ethylene- co -MMA) ABA block copolymers from divalent Samarocenes.

   Table 3.    Homo- and block copolymers of 2VP, IPOx, MMA, and DEVP synthesized by Cp 2 YbMe-initiated REM-GTP. [ 15,22 ]      

  MMnn a)  
 [kDa] 

PDI a)   I*  b)  
 [%] 

Comonomer ratio 
A/B c) 

 Yield d)  
 [%] 

P2VP 100 14 1.01 75 – 96

P(2VP 100 - b -IPOx 100 ) 29(14) 1.01(1.01) 74(82) 1:1.18 98

P(2VP 100 - b -MMA 100 ) 14 1.01 – 1:0 46

P(2VP 100 - b -DEVP 100 ) 31 1.04 87 1:1.07 96

P(2VP 20 - b -MMA 80 ) – – – 1:0 –

PIPOx 100 9.1 1.03 120 – 89

P(IPOx 100 - b -MMA 100 ) 9.2 1.02 – 1:0 44

P(IPOx 100 - b -DEVP 100 ) 1100 (10) 1.40 (1.03) 3 (∼1) 1:0.69 62

P(IPOx 20 - b -MMA 80 ) Aggregation – – 1:1.69 50

P(IPOx 20 - b -DEVP 50 ) 390 (2.6) 1.70 (1.12) 3 (2) 1:2.71 62

PMMA 100 12 1.10 83 – 98

P(MMA 100 - b -DEVP 100 ) 22 1.20 120 1.15:1 94

    a) Determined by GPC-MALS;  b)  I * =  M  theo / nM , number in brackets gives the  I * of the macroinitator for polymerization of block B (in the 
case of bimodal distributions);  c) Determined by  1 H-NMR;  d) Determined by weighing of the components.   

 Figure 21.    Comparison of oxygen-coordinating vinylphospho-
nates, methyl methacrylate and nitrogen-coordinating 2-isopro-
penyl-2-oxazoline, 2-vinylpyridine.
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poly(3,4-isoprene) -b- polycaprolactone block copolymers 

with controllable molecular weight (from 4.9 × 10 4  

to 10.2 × 10 4  g mol −1 ) and narrow polydispersities. [ 33 ]  

Copolymerization of monomers with different propaga-

tion mechanisms (i.e., ethylene, propylene, and MMA) 

was also achieved for cationic group IV metallocenes, 

giving PE -b-it- PMMA,  it- PP -b-it- PMMA, or  at- PP -b-st -

PMMA blockcopolymers. [ 34 ]   

  6.2.     Statistical Copolymers 

 In the case of statistical REM-GTP copolymerization, mono-

mers are required to have the same propagation step and 

similar reactivity. Therefore, the random copolymerization 

of olefi ns with polar monomers represents an unmet chal-

lenge for a direct copolymerization via rare earth metals or 

early transition metals. [ 5 ]  

 For REM-GTP, the coordination strength of different 

monomers needs to be nearly identical to allow the 

formation of statistical copolymers, due to the high 

oxophilicity of rare earth metals. Already slight changes 

in the polarity or coordination strength of the mono-

mers can promote the formation of block copolymers or 

homopolymers instead of statistical copolymers. There-

fore, in most cases, defi ned block copolymer structures 

are reported in literature for REM-GTP (vide supra). 

 However, statistical copolymers of MMA and BMA 

( n -butyl methacrylate) were synthesized and their 

copolymerization parameters determined indicating an 

alternating character. Both, Fineman–Ross (rMMA 0.65 , 

rBMA 0.78 ) and the Kelen–Tüdõs parameters gave 

monomer reactivity ratios less than unity with the 

product of the ratios (rMMA · rBMA) = 0.45 (Kelen–Tüdõs 

method), indicating that there is a greater tendency for 

cross-propagation than for homopolymerization and 

that the copolymer formed instantaneously has a some-

what alternating character. [ 35 ]  The random copolymers of 

methyl acrylate, ethyl acrylate, and  n -butyl acrylate were 

described by Yasuda and Ihara. [ 25a ]  

 Statistical copolymers of DAVP can be synthesized via 

REM-GTP using easily accessible tris(cyclopentadienyl) 

ytterbium Cp 3 Yb. The copolymerization parameters 

determined by activity measurements indicate the for-

mation of almost perfectly random copolymers ( r  1 ,  r  2  ≈ 

1) (Figure  22 ). [ 36 ]  Therefore, the polymerization rate of 

vinylphosphonate GTP is mainly limited by the steric 

demand of the growing polymer 

chain end. Poly(vinylphosphonate)s 

(e.g., PDEVP) show an amphiphilic 

behavior and are soluble in water and 

lighter alcohols. Thus, PDEVP exhibits 

a lower critical solution temperature 

(LCST) in water following a coil−globule 

transition mechanism, with cloud 

points usually ranging in the physi-

ological range. [ 37 ]  The cloud point of a 

polymer solution generally depends 

on the molar mass, concentration, and 

polymer architecture (linear, star, block, 

etc.). [ 37,38 ]  PDEVP with high and defi ned 

molecular mass can easily be prepared 

from tris(cyclopentadienyl) lanthanide 

complexes and the thermoresponsive 

behavior shows a sharp phase transi-

tion upon heating due to the narrow 

molecular weight distribution. [ 37 ]  The 

polymerization rate of DAVP via Cp 3 Ln 

catalysts accelerates with decreasing 

ionic radius of the used metal (i.e., lute-

tium being the fastest metal; TOF/I* > 

265 000 h −1 ; PDI < 1.2). [ 37 ]  This effect 

of steric crowded complexes is attrib-

uted to entropic reasons and was 

confi rmed by Eyring plots for several 

Cp 2 LnX systems (vide supra). [ 16 ]  The 

free poly(vinylphosphonic acid) can 

be obtained from PDAVPs via thermal 

Macromol. Chem.  Phys. 2014,  215,  1946−1962

 Figure 22.    Molecular structure of the dialkyl vinylphosphonates and their conversion 
to random copoly(dialkyl vinylphosphonate)s via Cp 3 Yb-initiated GTP. Reproduced with 
permission. [ 36 ]  Copyright 2012, American Chemical Society.
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treatment (elimination of ethylene from PDEVP or pro-

pylene from PDIVP) or transesterifi cation and subsequent 

hydrolysis under mild conditions. [ 37 ]   

 Copolymers of diethyl vinylphosphonate and dime-

thyl- or di- n -propyl vinylphosphonate synthesized by 

this method show thermoresponsive properties, i.e., 

exhibit a tunable LCST following a 

coil-globule transition mechanism, 

with cloud points between 5 and 

92 °C. Moreover, the LCST can be 

precisely adjusted by varying the 

comonomer composition and increases 

linearly with the content of hydrophilic 

comonomer. These thermoresponsive 

poly(vinylphosphonate)s also exhibit 

a sharp and reversible phase transi-

tion, and minor environmental effects 

such as concentration and additives on 

their cloud point. In combination with 

its high biocompatibility, statistical 

P(DAVP)s are an interesting new preci-

sion material showing a narrow and 

tunable LCST compared to other estab-

lished thermoresponsive materials (see 

Figure  23 ). [ 36 ]     

  7.     End-Capped Polymers 

 End-capped polymers are a very simple, 

yet vital building block for further 

modifi cations of high precision 

materials. Polymers with defi ned end 

groups can be effi ciently functionalized 

by azide–alkine click reactions, [ 39 ]  thiol 

ene click reactions, [ 40 ]  or Diels–Alder 

cyclizations. [ 41 ]  

 One of the fi rst examples of rare earth 

metal complexes introducing specifi c 

end group functionalities to polyole-

fi ns is presented in the work of Teuben 

and co-workers [ 42 ]  Thiophene is readily 

metalated at the alpha position by 

[(C 5 Me 5 ) 2 LaH] 2  via σ-bond metathesis 

and (C 5 Me 5 ) 2 La(SC 4 H 3 ) is formed. [ 42b ]  

Upon addition of ethylene, thiophenyl 

terminated poly(ethylene) is formed in 

a catalytic cycle (Figure  24 ).  

 Besides thiophene, also silane, phos-

phine and amine-terminated poly-

ethylenes were synthesized. [ 43–45 ]  This 

represents an alternative way to intro-

duce heteroatom functionalities into 

unpolar materials derived from olefi ns 

(see Figure  25 ).  

 Mashima and co-workers [ 46 ]  published an improved 

method to functionalize polymers from polar mon-

omers with defi ned end group functionalities. A 

variety of pyridinyl and internal alkynyl initiators 

were synthesized for the polymerization of 2VP via 

 Figure 23.    Determination of the cloud points of DEVP−DAVP copolymers with different 
DEVP content and optical pictures of PDAVP copolymer in aqueous solution below and 
above the LCST.

 Figure 24.    Catalytic cycle for the production of thiophene end capped poly(ethylene). 
Redrawn from ref. [ 42b ] 
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C H activation at yttrium ene-diamido complexes. The 

catalysts can be prepared in situ via σ-bond metathesis, 

or for the complexes a, b, and c (Figure  26 ), they were 

isolated and tested for their application in 2VP poly-

merization. Thus, P2VP was obtained with various stable 

pyridine and alkyne end groups that can be further modi-

fi ed or used for other applications and monomers.  

 The ability of rare earth metal complexes to selec-

tively undergo σ-bond metathesis opens up a wide fi eld 

for introducing functionalities of polar heteroaromatic 

groups to unpolar polyolefi ns. Also post-polymerization 

modifi cations of polar monomers with functional end 

group and other building blocks can be combined to 

create distinguished features for precision materials (e.g., 

click chemistry vide supra). [ 47 ]   

  8.     One- and Two-Dimensional Polymer 
Brushes 

 REM-GTP combines the advantages of both living ionic 

and coordinative polymerizations and gives access to 

various polymers with high molecular weight and low 

dispersity. Besides solution polymerization, REM-GTP, in 

combination with other polymerization 

techniques, allows the preparation of 

2D and also 3D polymer brushes. Our 

group used REM-GTP-prepared PIPOx 

as the backbone polymer to react with 

methyl trifl ate, forming a polyoxazo-

linium salt as a macroinitiator. Then, 

molecular brush side chains are formed 

by living cationic ring-opening poly-

merization (LCROP) of 2-ethyl-2-oxa-

zoline (EtOx) (Figure  27 ). As verifi ed by 

AFM measurements, all the molecular 

brushes adopt a stretched conformation 

due to the repulsion of poly (2-oxazoline) 

side chains (Figure  27 ). Moreover, 

the contour length distribution is 

narrow, which corroborates the narrow 

molecular mass distribution of the 

PIPOx backbone, giving access to mac-

romolecular objects with a highly 

 Figure 25.    Molecular structure of a thiophenyl-bridged yttro-
cene (hydrogen atoms are omitted for clarity). Redrawn from 
ref. [ 42b ] 

 Figure 26.    C–H activation of heteroaromatic compounds and internal alkynes. Synthesis of 
end-capped P2VP. Redrawn from ref. [ 46 ] 

 Figure 27.    AFM scan of the molecular brush P(IPOx- g -EtOx). The 
polymer was deposited by dip-coating from a dilute chloroform 
solution onto freshly cleaved mica substrates. Reproduced with 
permission. [ 22 ]  Copyright 2013, American Chemical Society.



4 Publications 

 Page 329 
 

  

1960

B. S. Soller et al.

www.mcp-journal.de

Macromolecular
Chemistry and Physics

www.MaterialsViews.com© 2014  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

Macromol. Chem.  Phys. 2014,  215,  1946−1962

uniform distributed architecture on the micrometer 

scale.  

 Surface-initiated polymerizations (SIP) are used for 

all polymerization types to prepare dense polymer 

brushes on surfaces and particles. [ 48 ]  To tailor the chem-

ical and physical properties of target substrates, radical 

polymerization, [ 49 ]  ionic polymerization, [ 50 ]  coordina-

tion polymerization, [ 51 ]  ring-opening, [ 52 ]  or metathesis 

polymerization [ 53 ]  and catalytic polycondensation [ 54 ]  were 

used in the fi eld of SIP. For instance, surface-initiated 

atom transfer radical polymerization (SI-ATRP) gained 

great interest, as it can be performed even at room tem-

perature in an aqueous solution. [ 55 ]  

 We presented the fi rst example of a surface-initiated 

group transfer polymerization (SI-GTP) mediated by rare 

earth metal catalysts for 3D polymer brush synthesis 

(Figure  28 ). [ 56 ]  First, a PEGDM network is created by 

photohydrosilylation/self-initiated photografting and 

photopolymerization (SIPGP) of ethylene glycol dimeth-

acrylate (EGDM) directly on hydrogen-terminated silicon.  

 The preserved methacrylate functionalities can be 

reacted with Cp 2 YbMe, serving as effi cient initiators for 

the successive SI-GTP of (meth)acrylates or DAVP to form 

polymer brushes. An extremely rapid and almost con-

stant polymer layer thickness growth rate of 57 and 26.5 

nm min −1  was found for MMA and DEVP, respectively 

(Figure  29 ). The method is applicable to functional mon-

omers, which cannot be polymerized by other surface-

initiated polymerizations and thus broaden the range 

of accessible functional polymer brushes. Moreover, 

the preparation of functional thermoresponsive PDEVP 

brushes is demonstrated as well. Poly(vinylphosphonic 

acid) is easily accessible under mild conditions by 

polymer-analogous reactions. The nontoxic and ther-

moswitchable surfaces are of great interest for diverse 

biological and medical applications including controlled 

cell growth and cell release as well as proton conducting 

fi lms. [ 56 ]    

  9.     Conclusion 

 Within the past few decades, the demand for preci-

sion materials with defi ned properties has been a main 

   Figure 28.    Preparation of precoating layer, ytterbocene catalyst 
immobilization, and subsequent SI-GTP of MMA or DAVP from a 
PEGDM fi lm on silicon wafer; below: SI-GTP reaction mechanism 
for initiation and chain growth. Reproduced with permission. [ 56 ]  
Copyright 2012, American Chemical Society. 

   Figure 29.    Three-dimensional representation of AFM scans of a 
PEGDM fi lm on silicon wafer and polymer brushes after SI-GTP 
of DEVP. a) SIPGP of EGDM for 30 min gives PEGDM fi lm with a 
thickness of 29 ± 6 nm. b–e) SI-GTP of DEVP on the same substrate 
after 1, 2, 3 and 4 min results in 51 ± 11, 73 ± 9, 104 ± 11 and 146 ± 
12 nm thick polymer brush layer respectively. f) P(EGDM- g -DEVP) 
layer thickness as a function of SI-GTP time. Reproduced with per-
mission. [ 56 ]  Copyright 2012, American Chemical Society. 
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driving force in polymer science. REM-GTP as a living poly-

merization offers precise control of the polymer molec-

ular mass and the polymer microstructure, and therefore 

leads to tunable material properties. The advantages of 

REM-GTP for the polymerization of new materials from 

polar monomers are remarkable for (meth)acrylates and 

(meth)acrylamides, where alternatives exist, 2-vinylpyri-

dine or 2-isopropenyl-2-oxazoline, having less feasible 

polymerization techniques and DAVP being satisfactorily 

accessible only via REM-GTP. 

 This allows the high precision synthesis of macro-

molecular structures, such as random copolymers, block 

copolymers, as well as end-funtionalized polymers. Such 

materials will give access to so far unknown physical and 

mechanical properties as well as new applications for 

new classes of materials.   

 Received:  May 19, 2014  ;  Revised:   June 20, 2014  ;   Published online:  
August 22, 2014    ;   DOI:  10.1002/macp.201400271 
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5 Conclusion and Outlook 

REM-GTP combines the advantages of both living-anionic and coordinative polymerizations. After 

extensive research on (meth)acrylate and (meth)acrylamide polymerizations has been made in the 1990s 

and 2000s, this field of research is receiving increased attention in the past years for the polymerization of 

novel polar monomers. These monomers do not have to be new regarding its synthesis, first report, or 

application via other polymerization techniques; however, have not been polymerized prior by RE catalysts 

and their polymerization using metal complexes often results in distinct advantages such as low PDI, good 

control over the degree of polymerization, high activities, stereoregular polymerizations, formation of 

block copolymers, or the introduction of chain end functionalities (see Table 4). 

Table 4. Comparison of Living-anionic and Coordinative Polymerizations 

Living-type polymerization Coordinative polymerization 

Easy control over molecular weight Stabilization of the growing chain end 

Low polydispersity Suppression of side reactions 

Formation of block copolymers Activation of the coordinated monomer 

Introduction of chain end functionalities Stereospecific polymerization 

 

The field of polymerization catalysis of commercially available monomers has crucially advanced 

research in the field of RE metalorganic chemistry. After the original discoveries of Yasuda et al. and Chen 

et al. research activities slowed down in the past years for the polymerization of (meth)acrylates and 

(meth)acrylamides. The introduction of new monomers such as vinylphosphonates has given this field 

new impulses and after advantages in this field with simple RE complexes were conducted it was a major 

scope of this thesis to establish new synthetic methods for the synthesis of RE metallocenes and to apply 

different ligand systems for the REM-GTP of vinylphosphonates. The usage of ligand-induced steric 

crowding with different substituents at the cyclopentadienyl core was expected to lead to first insights for 

a stereoregular polymerization of vinylphosphonates. Furthermore, the limitation of vinylphosphonate 

REM-GTP by an inefficient initiation by traditionally used strongly basic carbanion initiators (e.g., methyl, 

–CH2TMS ligands) was a scientific problem to be solved and alternative efficient and synthetically 

accessible initiating ligands needed to be identified.  

This work presents an updated review covering the latest publications until 2015 on the REM-GTP 

of polar monomers and the extension from vinylphosphonates to N-coordinating monomers in 

Chapter 4.1. In Chapter 4.2, the first in-depth mechanistic study on initiation and propagation of 

vinylphosphonate REM-GTP is presented and the dependence of the activities as a function of the metal 

ionic radius is explained by thermodynamic considerations. 
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The REM-GTP of vinylphosphonates was shown to follow a monometallic Yasuda-type 

polymerization mechanism, with an SN2-type associative displacement of the polymer phosphonate ester 

by a monomer as the rate-determining step. Surprisingly, the activation entropy ΔS‡ of the rate determining 

step is strongly affected by the metal radius and the monomer size, whereas these parameters show only 

minor influence on the activation enthalpy ΔH‡ for the applied unsubstituted RE metallocenes. 

Accordingly, the propagation rate of REM-GTP is mainly determined by the change of rotational and 

vibrational restrictions within the eight-membered metallacycle in the rate-determining step. This result 

stands in large contrast to previous measurements on (meth)acrylate REM-GTP and explains the reverse 

correlation between activity and the radius of the metal center. Furthermore, a major mechanistic 

improvement of vinylphosphonate REM-GTP has been the application of sym-collidine hydrocarbyl 

initiators obtained by C−H bond activation. The C−H bond activation proceeds via σ-bond metathesis 

and was found to depend heavily on the size of the used metal center for yttrium and lutetium (see 

Chapter 4.3). The high initiator efficiencies and lack of an initiation period were attributed to the proposed 

mechanistic match between initiation and propagation, where both follow an eight membered-ring 

transition state. This assumption is supported by crystallographic findings that the activated and initiating 

methylene group of sym-collidine has a partial double bond character. 

Chapter 4.4 presents the first study on ligand induced steric crowding for substituted 

tris(cyclopentadienyl) RE complexes for the polymerization of vinylphosphonates. Temperature-

dependent kinetic analyses are performed for several methyl-, trimethylsilyl-, and 

tetramethylcyclopentadienyl-substituted tris(cyclopentadienyl) complexes to determine the activation 

enthalpies ΔH‡ and entropies ΔS‡ according to the Eyring equation. The bond distances of the 

pentacoordinate intermediate were found to be prolonged for (C5Me4H)3Ln complexes (Ln = Sm, Tb, Y) 

and a change in the reaction enthalpy ΔH‡ is observed compared to un- and monosubstituted compounds. 

Furthermore, the microstructure of all obtained poly(vinylphosphonate) samples has to be considered 

atactic despite various used metal centers or ligand systems. The setback of atactic 

poly(vinylphosphonate)s was found to be in contrast to previous reports of Yasuda et al. for syndiotactic 

PMMA and our original expectations.  

Therefore, we further developed and refined our procedure of ligand induced steric crowding leading 

to the identification and application of constrained geometry complexes as possible candidates for the 

REM-GTP of vinylphosphonates. For a stereoregular polymerization of vinylphosphonates, rigid (i.e., 

bridged) and partly sterically crowded ligand systems had to be evaluated in a next step. CGCs consist of 

a bridged amide and cyclopentadienyl binding motive and often a sterically crowded (C5Me4R) 

coordination sphere is used with an accessible amide such as RNtBu− (R = bridge). In Chapter 4.5, a 

manuscript draft for the stereoregular REM-GTP of vinylphosphonates using such RE CGCs is shown in 
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a stadium prior to submission for a journal. Additional measurements to verify the signal attribution in 31P 

NMR to quantify the amount of [mm] triads or [mmmm] pentads are needed before publication. 

Furthermore, the material properties of several aliphatic and aromatic poly(vinylphosphonate)s and 

their application as macromolecular flame retardants for polycarbonate were performed and are shown in 

Chapter 4.6. Coatings of aliphatic poly(vinylphosphonate)s were prepared by simple dip coating and PC 

blends with aromatic poly(vinylphosphonate)s (PDTVP) were obtained by compounding at 240 °C and 

60 rpm for 20 minutes. PDTVP is a promising flame retardant additive, because of its high thermal stability 

and its compatibility with polycarbonate. PDIVP shows excellent performance as a flame retardant coating, 

because it forms a stable, blistered crust of poly(vinylphosphonic acid) upon flame treatment. The 

conversion of PDTVP was found to be significantly lower even for extended reaction times (< 40%, 

overnight) and should be further investigated in a mechanistic study. 

The first report on the facile and efficient REM-GTP of the versatile dual-functional monomer 

2-isopropenyl-2-oxazoline (IPOx) is presented in Chapter 4.7. The reaction of (C5H5)2YbMe with IPOx, 

yields high molecular weight PIPOx with an unprecedented low polydispersity (PDI < 1.05). This method 

was also found to be applicable to 2-vinylpyridine (2VP), giving access to P2VP of defined molar mass and 

narrow molecular weight distribution. REM-GTP of IPOx and 2VP occurs via N-coordination at the RE 

metal center, which has rarely been reported previously. Copolymerization studies were further conducted 

in this work and a reactivity order was established for the REM-GTP of polar monomers being: 

DEVP ~ DMAA >> MA > MMA >> IPOx >> 2VP. This behavior is attributed to the coordination 

strength of the respective monomers at the RE metal center and/or the nucleophilicity of the growing 

polymer chain end. Consecutive polymerizations of different monomers are therefore only possible in 

order of increasing coordination strength/sufficient nucleophilicity, and restricted to comonomers with a 

similar polarity. 

New ligand systems for the REM-GTP of polar monomers were introduced in Chapter 4.8. 

2-Methoxyethylaminobis(phenolate)-yttrium catalysts with varying steric demand were synthesized and 

showed moderate to high activities in the polymerization experiments (DMAA > 2VP ~ IPOX > DEVP > 

DIVP). The general low activities for vinylphosphonates limit these systems and steric crowding was found 

to be disadvantageous resulting in lower activities. Mechanistic investigations with 2VP revealed that 2-

methoxyethylamino-bis(phenolate)-yttrium catalysts follow a monometallic GTP mechanism allowing 

the production of blockcopolymers. This initial study on bis(phenolate) yttrium complexes started 

significant research activities in this area leading to reports on stereoregular 2VP polymerizations and the 

application of well-known P2VP-b-PDEVP block copolymers for drug delivery systems due to 
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micellization in aqueous solutions and their versatile properties (amphiphilic behavior, pH-switchable, 

tunable LCST). 

 A second review on the precise synthesis of homopolymers, block copolymers, statistical copolymers, 

surface modifications, and polymer brushes featuring selected examples of the work of Yasuda, Evans, 

Teuben, Chen, and our group is presented in Chapter 4.9. 

The three main findings of this thesis advancing the field of vinylphosphonate REM-GTP are: 

I. Hydrocarbyl initiators from C−H bond activation are highly active, eficient initiators for 

vinylphosphonates and the stable C−C end-group allows further application of this method 

for surface decorations. 

II. Ligand induced steric crowding of substituted unbridged tris(cyclopentadienyl) RE 

metallocenes does not induce any change on the microstructure of vinylphosphonates. The 

metal−monomer and metal−poly(phosphonate ester) bond distances were found to be 

prolonged for the pentacoordinated intermediate. 

III. RE CGCs were found to give access to highly isotactic poly(vinylphosphonate)s. A missing 

signal attribution for the microstructure of vinylphosphonates limits the validity of the 

obtained samples so far for publication. 

REM-GTP is a fascinating topic in macromolecular polymerization catalysis and one of the few topics 

in RE element and group IV polymerization chemistry that develops steadily. In future studies, the 

following experimental research should be conducted to understand and learn more about this chemistry. 
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In the last years, SI-GTP was successfully transferred from surfaces and microscopic spheres to nano 

particles. The applied photografting and photopolymerization lead to agglomeration and inconsistent 

analytic data for materials on the sub-micron scale. Therefore, free-standing nanoparticles should be 

studied having lutidine or internal alkyne functionalities on their surface and such compounds can be 

linked with RE catalysts by C–H bond activation giving access to the wide range of accessible monomers 

for the decoration of such particles. First, highly promising studies were conducted for the synthesis of free-

standing poly(vinylphosphonate) covered SiNPs via SI-GTP (see Figure 19).306 

Sample Diameter [nm] %PD [%] 

SiNC-alkyne 3.0 34.3 

SiNC-gPDIVP 64.2 38.5 

 

Figure 19. SI-GTP of DIVP from free standing SiNC.306 

To date, steric crowding via the metal center leads to increased activities with decreased cation size 

and lutetium was found to be amongst the ideal RE metal centers. The smaller cation center scandium can 

have different behavior compared to the other RE elements and shows no influence of relativistic effects 

(vide supra). However, the effect of scandium should be studied and no work has been performed so far 

on the REM-GTP of vinylphosphonates using Sc. In first experiments simple Sc compounds such as 

(C5H5)3Sc can be used and based on these results ligand induced steric crowding can be investigated for 

synthetically accessible Sc complexes. 

First preliminary polymerization studies with yttrium CGCs showed high stereoregularities for 

PDEVP. In further studies, also other ligands can be used for the synthesis of a wider variety of CGCs and 

the impact of ligand modifications can be studied in detail (see Chart 5). 
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Chart 5. Overview of possible different RE CGCs to be evaluated for vinylphosphonate REM-GTP. 

The experimental results of vinylphosphonate REM-GTP should be assisted in the future by 

theoretical calculations. For example, the postulated 1,4-addition of (CH2(C5NMe2H2) initiators vs. a 

deprotonation is supported by the partial double bond character of the activated methylene group (see 

Chapter 4.3), however, a computational proof will advance this class of novel initiators in comparison to 

the well-established zirconocene enolate compounds. The differences in activity for 

(C5H5)2YCH2TMS(thf) and (C5H5)2LuCH2TMS(thf) for the C−H bond activation of sym-collidine can 

be investigated by theoretical investigations. 

Furthermore, the resulting atactic and isotactic PDAVP microstructure can be computed for several 

metallocene complexes with different metal centers or ligand spheres. In particular, a theoretical 

explanation for the syndiotactic PMMA microstructure (mediated by a (C5H4TMS)2SmR unit) and vice 

versa atactic PDEVP microstructure (mediated by a (C5H4TMS)2LnR unit (R = Sm, Y)) will create a 

significant amount of knowledge for chemists working in related fields (see Chapter 4.4).307-308 Also the 

transition state of vinylphosphonate REM-GTP and its proposed eight-membered ring can be investigated 

by theoretical calculations and compared to the (proposed and observed) inpolymerizability of α-methyl 

substituted vinylphosphonates.61 DFT calculations can also help to better understand the polymerizability 

of DEVP in contrast to the inpolymerizability of DEMVP (see Chapter 1.3) and can be extended to other 

monomer classes (2VP vs. 2-vinylthiophene/2-vinylfuran). 

In summary, in this thesis a novel approach for the previously existing initiation problems for the 

REM-GTP of vinylphosphonates is presented by the use of hydrocarbyl initiators obtained via σ-bond 

metathesis. The high activities and initiator efficiencies without any observable initiation period are 

attributed to a mechanistic match of initiation and propagation, both proceeding via an eight membered 

transition state. Furthermore, the first research on ligand induced steric crowding was conducted within 

this thesis and the effects of the performed modifications on molecular mass, propagation rate, initiation 
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delay, and molecular mass distribution were monitored via activity measurements using a normalization 

method for living polymerizations, and the correlation between steric crowding and activity were 

presented. The insights from this study was helpful to target and apply RE CGCs as possible candidates for 

a stereoregular polymerization of vinylphosphonates. A comparison of previously applied RE complexes 

and catalysts that were developed during this work are briefly shown in Chart 6. 

 

Chart 6. Overview on previous used complexes of our group and application of new ligand systems and initiators within 
this work. 
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6 Experimental Part 

6.1 General Considerations 

All reactions with oxygen or moisture sensitive compounds were carried out under argon atmosphere 

(Argon 4.8, 99.998%, Westfalen AG, Münster) using standard Schlenk or glovebox techniques 

(LABmaster 130, company M. Braun). All glassware was heat dried under vacuum prior to use. Unless 

otherwise stated, all chemicals were purchased from Sigma-Aldrich, Acros Organics, or ABCR and used as 

received. 

 

6.1.1 Solvents 

Absolute solvents were used unless otherwise stated and stored over activated 4 Å molecular sieve. 

Toluene, THF, dichloromethane, and pentane were dried using an MBraun SPS-800 solvent purification 

system. Hexane was dried over activated 4 Å molecular sieve.  

 

6.1.2 Analytic Methods 

NMR spectra were recorded on a Bruker AVIII-300 or AV-500C spectrometer. 1H, 13C, and 29Si NMR 

spectroscopic chemical shifts δ are reported in ppm relative to tetramethylsilane. δ(1H) is calibrated to the 

residual proton signal, δ(13C) to the carbon signal, and δ(29Si) to the deuterium signal of the solvent. 

31P NMR spectroscopic chemical shifts are reported in ppm relative to and calibrated to 85% aqueous 

H3PO4. Deuterated solvents were obtained from Sigma Aldrich and dried over 3 Å molecular sieve. 

Following abbreviations are used for signal multiplets: s = singlet, d = doublet, t = triplet, q = quartet, sext. 

= sextet, m = multiplet. 

Solvent NMR shifts are taken from the publication of Fulmer et al..309 

Deuterated solvent:  CDCl3  (1H NMR δ = 7.26 ppm; 13C NMR δ = 77.2 ppm),  

C6D6  (1H NMR δ = 7.16 ppm; 13C NMR δ = 128.1 ppm),  

THF-d8  (1H NMR δ = 1.72, 3.58 ppm; 13C NMR δ = 25.3, 67.2 ppm),  

D2O  (1H NMR δ = 4.79 ppm). 
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ESI MS analytical measurements were performed with methanol solutions on a Varian 500-MS 

spectrometer in positive ionization mode. Elemental analyses were measured at the Laboratory for 

Microanalytics at the Institute of Inorganic Chemistry at the Technische Universität München. IR spectra 

were recorded under argon atmosphere on a Bruker Vertex 70 spectrometer with a Bruker Platinum ATR 

setup and the integrated MCT detector. RE metal complex samples were applied as THF solutions or Et2O 

suspension and measured after complete evaporation of the solvent under argon. 

 

6.1.3 Molecular Weight Determination (GPC-MALS) 

GPC was carried out on a Varian LC-920 equipped with two PL Polargel columns. As eluent a mixture 

of 50% THF, 50% water, and 9 g L−1 tetrabutylammonium bromide (TBAB) or THF and 6 g L−1 TBAB 

were used. Absolute molecular weights have been determined online by multiangle light scattering 

(MALS) analysis using a Wyatt Dawn Heleos II in combination with a Wyatt Optilab rEX as concentration 

source. 

 

6.1.4 General Procedure for the Activity Measurements of Polar Monomers  

For activity measurements, the stated amount of catalyst (21.7 μmol) is dissolved in 20 ml of toluene 

and the reaction mixture is thermostated to the desired temperature. Then, the stated amount of DAVP 

(13 mmol) is added. During the course of the measurement, the temperature is monitored with a digital 

thermometer and aliquots (0.5 ml) are taken and quenched by addition to deuterated methanol (0.2 ml). 

After the stated reaction time, the reaction is quenched by addition of MeOD (0.5 ml). The reaction is 

carried out in an MBraun Glovebox under argon atmosphere to take aliquots every 6 – 10 seconds at the 

beginning of the measurement. For each aliquot, the conversion is determined by 31P NMR spectroscopy, 

the molecular weight of the formed polymer is determined by GPC-MALS analysis. The polymerization is 

stopped after complete monomer conversion by the addition of 1 ml MeOD and the polymer is 

precipitated by the addition of the toluene solution to pentane. After solvent evaporation, the polymer is 

obtained by freeze drying. 

The conversion time diagram for non-phosphorus-containing monomers can be followed via 1H 

NMR in C6D6 using less MeOD or from a stem solution using a gravimetric method. 
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6.1.5 General Procedure for Oligomerization Experiments 

5 Eq. of the respective monomer are added to 1 eq. of catalyst (22–38 μmol) in toluene (2 ml). The 

resulting mixture is stirred for 2 hours at room temperature and quenched by addition of MeOH. Volatiles 

were removed under reduced pressure and the residue is extracted with MeOH. For end group analysis, 

ESI-MS measurements of the methanolic extract are performed. 

 

6.1.6 Freeze Drying of Polymer Samples 

Polymer solutions were first precipitated after stopping the polymerization in a suitable solvent (e.g., 

pentane) and decanted off. The polymer samples were either dissolved in water or benzene and volatile 

compounds were removed by freeze drying using a VaCo 5-II machine of Zirbus technology GmbH (Bad 

Grund). A pressure of 2 mbar was used to sublimate the solvent and volatile compounds were collected at 

a condensation temperature of −90 °C.  
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6.2 Monomer Syntheses 

6.2.1 Synthesis of Nitroethylene 

 

 

Procedure 

Nitroethylene was synthesized following an adapted literature procedure.310 2-Nitroethanol (5.0 g, 

54.9 mmol, 1.0 eq.) and phthalic anhydride (10.5 g, 70.9 mmol, 1.3 eq.) are mixed under argon 

atmosphere and heated to 120 °C at 65 mbar. The melt is afterwards distilled at 165 °C and 65 mbar and 

the product is collected at −78 °C. Spectroscopic data are in agreement with literature results.311  

1H NMR  (300 MHz, CDCl3) δ = 7.13 (d, 1H), 6.64 (d, 1H), 5.91 (s, 1H). 

13C NMR  (75 MHz, CDCl3) δ = 146.6, 123.0. 

Yield   3.1 g, 42.2 mmol, 77% 
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6.2.2 Synthesis of Diethyl 2-Bromoethylphosphonate 

 

 

Procedure 

250 ml Triethyl phosphite (243 g, 1.46 mol, 1 eq.) and 500 ml 1,2-dibromoethane (1090 g, 5.84 mol, 

4 eq.) are mixed in a 1 L flask with Vigreux column and distillation bridge. The mixture is heated at 165 °C 

until the distillation of ethyl bromide is completed. After heating the solution for additional 4 h, the 

reaction is cooled to room temperature and stirred overnight. Low boiling compounds are removed by 

rotary evaporation at 30 mbar and 60 °C. The product diethyl 2-bromoethylphosphonate is obtained as a 

colorless liquid after vacuum distillation (b.p. 73 °C, 0.06 mbar). 

1H NMR  (300 MHz, CDCl3) δ = 3.85−3.94 (m, 2H), 3.27−3.35 (q, 2 H), 2.11−2.21 (m, 2 H), 1.11 

(t, 6H). 

31P NMR  (203 MHz, CDCl3) δ = 25.4. 

Yield   229 g, 0.935 mol, 64% 
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6.2.3 Synthesis of Diethyl Vinylphosphonate 

 

 

Procedure 

Diethyl 2-bromoethylphosphonate is heated to reflux for 6 h with a 10% excess of triethylamine 

(concentration = 1 mol/l in toluene), cooled to room temperature and stirred overnight. 

Triethylammonium bromide is filtered off and washed with toluene and the solvent is removed in vacuo. 

The product is obtained as a colorless liquid after vacuum distillation (b.p. 39 °C, 0.1 mbar). 

Diethylethyl vinylphosphonate is formed as a byproduct and should be limited to less than 0.3% 

(determined by 31P NMR, ppm = 33.6 ppm) via distillation in the first Michaelis-Arbuzov reaction to 

secure reliable polymerization results. 

1H NMR  (300 MHz, CDCl3) δ = 5.78−6.10 (m, 3 H), 3.81−3.89 (m, 4 H), 1.09 (t, 6H). 

13C NMR (75 MHz, CDCl3) δ = 133.9, 126.9 (d), 124.3 (d), 60.4, 15.1. 

 31P NMR  (203 MHz, CDCl3) δ = 17.9. 

Yield  87% 
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6.2.4 Synthesis of Diisopropyl 2-Bromoethylphosphonate 

 

 

Procedure 

250 ml Triisopropyl phosphite (211 g, 1.0 mol, 1 eq.) and 350 ml 1,2-dibromoethane (760 g, 4.0 mol, 

4 eq.) are mixed in a 1 L flask with Vigreux column and distillation bridge. The mixture is heated at 145 °C 

until the distillation of 2-propylbromide is completed. After heating the solution for additional 4 h the 

reaction is cooled to room temperature and stirred overnight. Low boiling compounds are removed by 

rotary evaporation at 30 mbar and 60 °C. The product diisopropyl 2-bromoethylphosphonate is obtained 

as a colorless liquid after vacuum distillation (b.p. 70 °C, 0.15 mbar). 

1H NMR  (300 MHz, CDCl3) δ = 4.60 (sext, 2H), 3.40 (q, 2H), 2.16−2.34 (m, 2H), 1.25 (d, 12H). 

31P NMR  (203 MHz, CDCl3) δ = 23.3. 

Yield   191 g, 700 mmol, 70% 
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6.2.5 Synthesis of Diisopropyl Vinylphosphonate 

 

 

Procedure 

Diisopropyl 2-bromoethylphosphonate is heated to reflux for 6 h with a 10% excess of triethylamine 

(concentration = 1 mol/l in toluene), cooled to room temperature and stirred overnight. 

Triethylammonium bromide is filtered off and washed with toluene and the solvent is removed in vacuo. 

The product is obtained as a colorless liquid after vacuum distillation (b.p. 39 °C, 0.1 mbar). 

1H NMR  (300 MHz, CDCl3) δ = 5.78−6.33 (m, 3 H), 4.44−4.69 (m, 2H), 1.20 (d, 12H). 

13C NMR (75 MHz, CDCl3) δ = 134.2 (s), 127.5 (d), 70.3 (s), 23.9 (s). 

 31P NMR  (203 MHz, CDCl3) δ = 15.7. 

Yield  91% 
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6.3 Synthesis of Ligands 

6.3.1 Synthesis of Trimethylsilylcyclopentadiene 

 

 

Procedure 

Trimethylcyclopentadiene is synthesized following adapted literature procedures.307,312 Na(C5H5) 

(18 g, 205 mmol, 1 eq.) is dissolved in 75 ml THF and cooled to 0 °C. The solution is vigorously stirred 

and 29 ml TMSCl (24.6 g, 226 mmol, 1.1 eq.) are added quickly. The solution is warmed to room 

temperature overnight and the reaction is stopped by the addition of saturated NaHCO3 solution. The 

aqueous phase is washed three times with hexane and the combined organic phases are dried over Na2SO4. 

The solvents are removed in vacuo and the product is obtained as a colorless liquid after vacuum distillation 

(b.p. 45 °C, 31 mbar). 

1H NMR  (300 MHz, CDCl3) δ = 6.64–6.41 (m, 4H), 3.39 (s, 1H), -0.03 (s, 9H). 

13C NMR (75 MHz, CDCl3) δ = 133.3, 130.0, 52.1, -2.1. 

Yield  25 g, 192 mmol, 94% 
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6.3.2 Synthesis of Bis(trimethylsilyl)cyclopentadiene 

 

 

Procedure 

C5H5TMS is dried over 4 Å molecular sieve under argon atmosphere. C5H5TMS (6.66 g, 48.2 mmol, 

1 eq.) is dissolved in 40 ml THF and cooled to 0 °C. n-BuLi (19.3 ml, 48.2 mmol, 1 eq.) is added dropwise 

to the solution and stirred for 6 h at 0 °C. TMSCl (5.76 g, 53 mmol, 1.1 eq.) is added quickly and the 

solution is allowed to warm to room temperature. The reaction is stopped after 2 h by the addition of 

saturated NaHCO3 and the combined phases are washed three times with hexane. The solvents are 

removed in vacuo and the crude product is purified by vacuum distillation (b.p. 54 °C, 7 mbar). 

1H NMR  (300 MHz, CDCl3) δ = 6.72 (m, 2H), 6.52 (m, 2H), -0.03 (s, 18H). 

13C NMR  (75 MHz, CDCl3) δ = 136.0, 130.4, -0.8. 

Yield  5.9 g, 0.28 mmol, 58% 
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6.3.3 Synthesis of 2,3,5,6-Tetrahydro-2,3,5,6-tetramethyl-γ-pyrone  

 

 

Procedure 

2,3,5,6-Tetrahydro-2,3,5,6-tetramethyl-γ-pyrone is synthesized following an adapted literature 

procedure.313 KOH (50 g, 0.89 mol) are dissolved in 300 ml methanol and cooled to 0 °C. 250 ml 3-

Pentanone (204 g, 2.36 mol, 1 eq.) are added to the solution and 530 ml acetaldehyde (418 g, 9.44 mol, 

4 eq.) are added dropwise over 6 h while the temperature of the solution is kept at 0 °C. The solution is 

stirred at this temperature overnight and 80 ml conc. HCl are added dropwise to stop the reaction. 150 ml 

1 M HCl are added and phase separation is reached after Et2O (300 ml) is added. The aqueous phase is 

washed three times with Et2O and volatile compounds are removed in vacuo. The crude product is purified 

by vacuum distillation using a sufficient (> 20 cm) Vigreux column and 2,3,5,6-Tetrahydro-2,3,5,6-

tetramethyl-γ-pyrone is obtained as a yellow liquid (b.p. 74 – 83 °C, 23 mbar). The product is stored in a 

fridge to prevent decomposition. 

1H NMR  (300 MHz, CDCl3) δ = 3.33 (dq, 2H), 2.27 (m, 2H), 1.32 (d, 6H), 0.96 (d, 6H).  

Yield:   221 g, 1.42 mmol, 60%  
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6.3.4 Synthesis of 2,3,4,5-Tetramethylcylopent-2-enone  

 

 

Procedure 

2,3,4,5-Tetramethylcylopent-2-enone is synthesized following an adapted literature procedure.313 

650 ml Formic acid (793 g, 17.6 mol, 17.6 eq.) are cooled to 0 °C and 225 ml H2SO4 (122 g, 1.25 mol, 

1.25 eq.) are slowly added (exothermic reaction). The solution is allowed to warm to room temperature 

and 2,3,5,6-Tetrahydro-2,3,5,6-tetramethyl-γ-pyrone (158 g, 1 mol, 1 eq.) is added dropwise. After the 

addition is complete, the reaction mixture is heated at 50 °C for 24 h. The reaction is stopped by pouring 

the solution onto 100 g ice and the aqueous phase is washed three times with Et2O. The volume of the 

combined organic phases is reduced in vacuo and washed with 10% aqueous NaOH solution until the 

aqueous layer has a basic pH value. The combined organic phases are washed twice with sat. NaCl solution 

and dried over Na2SO4. The crude product mixture is then purified by fractional distillation through 

sufficient Vigreux column (> 20 cm). The product is obtained as a yellow liquid (b.p. 85 – 89 °C, 20 mbar). 

1H NMR (300 MHz, CDCl3) δ = 2.24 (m, 1H), 1.97 (m, 3H), 1.88 (m, 1H), 1.67 (m, 3H), 1.16 

(m, 6H). 

Yield  99 g, 716 mmol, 71% 
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6.3.5 Synthesis of 1,2,3,4-Tetramethylcyclopentadiene 

 

 

Procedure 

2,3,4,5-Tetramethylcylopent-2-enone (19.1 g, 138 mmol, 1 eq.) is dissolved in Et2O and cooled to 

0 °C. LiAlH4 (6.56 g, 173 mmol, 1.25 eq.) is added in portions (exothermic) and the suspension is stirred 

under cooling for 30 min. The suspension is allowed to warm to room temperature and after 3 h the 

reaction setup is cooled to 0 °C and 50 ml MeOH and 50 ml 6 N HCl are added subsequently. The aqueous 

phase is washed three times with ether and the combined organic phases are reduced in volume and dried 

over Na2SO4. p-Toluenesulfonic acid is added to the ether solution and the reaction is heated to reflux for 

3 h. The reaction is mixture is washed twice with sat. NaHCO3 solution, dried over Na2SO4 and volatile 

compounds are removed in vacuo. The crude product mixture is then purified by fractional distillation and 

the product is obtained as a colorless liquid (b.p. 53 °C, 21 mbar). 

1H NMR (300 MHz, CDCl3) δ = 2.76−2.66 (m, 2H), 1.89 (s, 6H), 1.82−1.74 (m, 6H). 

Yield  10.6 g, 87 mmol, 63% 
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6.3.6 Synthesis of 6,6-Dimethylfulvene 

 

 

Procedure 

Freshly cracked C5H6 is dried over 4 Å molecular sieve. C5H6 (66.1 g, 1 mol, 1.25 eq.) is cooled to 

0 °C in 120 ml dry MeOH. Dry acetone (46.5 g, 0.8 mol, 1 eq.) and pyrrolidine (56.9 g, 0.8 mol, 1 eq.) are 

mixed together under argon atmosphere and the combined solutions are added to C5H6 by cannulation. 

After complete addition the solution is allowed to warm to room temperature and stirred for 2 – 2.5 h. 

Glacial acetic acid (49 ml) are added and the dark red solution is stirred for one hour at room temperature. 

The reaction is stopped by the addition of ice and the aqueous phase is washed three times with Et2O. The 

combined organic phases are washed with water and dried over MgSO4. The solvent is removed in vacuo 

and the crude product is obtained as a yellow liquid. The product has to be stored in a fridge and 

decomposes quickly above 80 °C. 

1H NMR  (300 MHz, CDCl3) δ = 6.56−6.46 (m, 4H), 2.21 (s, 6H). 

Yield  71.5 g, 0.67 mol, 67% 
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6.3.7 Synthesis of N-tButylethanimine 

 

 

Procedure 

Acetaldehyde (43.7 g, 992 mmol, 1.1 eq.) is added to a suspension of Na2SO4 in 400 ml Et2O and 

cooled to 0 °C. tert-Butylamine (66 g, 902 mmol, 1 eq.) is added dropwise to the mixture and the reaction 

is stirred for 2 h. The majority of acetaldehyde and roughly 3/4 of the volume of Et2O are removed in vacuo 

and Na2SO4 is filtered off. The product is stored over molecular sieve in the fridge as a 24% solution. 

1H NMR  (300 MHz, CDCl3) δ = 7.68 (q, 1H), 1.95 (d, 3H), 1.16 (s, 9H). 

Yield  67% 
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6.3.8 Synthesis of (C5Me4H)CH2CH2NHtBu 

 

 

Procedure 

(C5Me4H)CH2CH2NHtBu was synthesized following an adapted literature procedure.314 LDA 

(18.5 g, 173 mmol, 1 eq.) is dissolved in 250 ml THF and cooled to −78 °C. N-tButylethanimine (17.2 g, 

173 mmol, 1 eq.) is added dropwise and the reaction is stirred for 30 min. 2,3,4,5-Tetramethylcylopent-2-

enone (23.9 g, 173 mmol, 1 eq.) is added dropwise to the solution and the mixture was stirred for another 

30 minutes at −78 °C. The temperature was allowed to warm to −40 °C over 1 h and then LiAlH4 (8.2 g, 

216 mmol, 1.25 eq.) is added to the stirred mixture and the temperature was gradually raised to 40 °C. After 

2 h the suspension was cooled to 0 °C and the reaction was stopped by the addition of water. The mixture 

was dried over Na2SO4, filtered, and washed with Et2O. The filtrate was concentrated in vacuo and stirred 

for 1 h at room temperature with 175 ml 2 N HCl. The organic phase is separated and the aqueous phase 

is first washed with Et2O and then a solution of 17.5 g NaOH in 90 ml water is added, followed by the 

extraction with Et2O. The combined organic phases are dried over Na2SO4 and volatile compound are 

removed in vacuo. The crude product mixture is then purified by fractional distillation and the product is 

obtained as a yellow liquid (b.p. 56 °C, 0.02 mbar). 

1H NMR  (300 MHz, CDCl3) δ = 2.74−1.97 (m, 9H), 1.90−1.75 (m, 9H), 1.20−1.00 (m, 12H). 

Yield  6.8 g, 30.7 mmol, 18% 
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6.3.9 Synthesis of (C5Me4H)SiMe2Cl 

 

 

Procedure 

(C5Me4H)SiMe2Cl was synthesized according to a modified literature procedure.315 A solution of 

9.3 ml Dichlorodimethylsilane (9.9 g, 77 mmol, 3.4 eq.) in THF (50 ml) is cooled to 0 °C. Li(C5Me4H) 

(2.9 g, 23 mmol, 1 eq.) is added in portions to the solution and the mixture is allowed to warm to room 

temperature overnight. Volatile compounds are carefully removed under reduced pressure while keeping 

the mixture at 0 °C and the remaining mixture is extracted with pentane and filtered. The filtrate is carefully 

dried in vacuo and the product is obtained as a red oil. 

1H NMR  (300 MHz, C6D6) δ = 2.89 (s, 1H), 1.92 (s, 6H), 1.71 (s, 6H), 0.14 (s, 6H). 

Yield  4.4 g, 20 mmol, 90% 
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6.3.10 Synthesis of (C5Me4H)SiMe2NHtBu 

 

(THF), 20 °C 
to rt, overnight

NH
Me2Si

H

C15H29NSi
251.49 g/mol

NH2
2

Si
Cl

C4H11N
73.14 g/mol

C11H19ClSi
214.81 g/mol  

Procedure 

(C5Me4H)SiMe2NHtBu was synthesized according to a modified literature procedure.315 

(C5Me4H)SiMe2Cl (4.4 g, 20 mmol, 1 eq.) is dissolved in THF (50 ml) and cooled to −20 °C. tBuNH2 

(3.6 g, 49 mmol, 2.4 eq.) is added in portions and the mixture is stirred for 15 min under cooling. The 

mixture is allowed to warm to room temperature overnight and a yellow suspension is formed. Volatile 

compounds are removed in vacuo and the mixture is suspended in pentane (50 ml), filtered, and dried 

under reduced pressure. The crude product mixture is then purified by fractional distillation and the 

product is obtained as a yellow liquid (b.p. 55 °C, 0.03 mbar). 

1H NMR  (300 MHz, C6D6) δ = 2.78 (s, 1H), 2.03 (s, 6H), 1.86 (s, 6H), 1.10 (s, 9H), 0.12 (s, 6H). 

13C NMR  (126 MHz, C6D6) δ = 135.4, 133.3, 57.0, 49.4, 33.9, 15.1, 11.5, 1.4. 

Yield   3.9 g, 15.5 mmol, 76% 
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6.3.11 Synthesis of C5Me5H 

 

 

Procedure 

MeLi (28.9 g, 256 mmol, 1.2 eq.) is cooled to 0 °C in 160 ml Et2O and 2,3,4,5-Tetramethylcylopent-

2-enone (29.5 g, 213 mmol, 1 eq.) is added dropwise to the solution. The solution is allowed to warm to 

room temperature overnight. The reaction is stopped by the addition of 8.5 ml MeOH and 40 ml of water 

and the organic phase is washed with sat. NH4Cl, sat. 6 N HCl, and water. The combined aqueous phases 

are extracted with Et2O, the combined organic phases are dried over Na2SO4, and volatile compound are 

removed in vacuo. The crude product mixture is then purified by fractional distillation and the product is 

obtained as a yellow liquid (b.p. 63 °C, 20 mbar). 

1H NMR  (300 MHz, CDCl3) δ = 2.50 (m, 1H), 1.80 (d, 6H), 1.01 (d, 3H). 

Yield  27.8 g, 204 mmol, 96% (crude product) 
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6.4 Synthesis of Lithiumalkyls 

6.4.1 Synthesis of LiCH2TMS 

 

Me3Si
Cl

Li
(hexane),

rt, overnight

Me3Si
Li

C4H11ClSi
122.67 g/mol

C4H11LiSi
94.16 g/mol6.94 g/mol  

Procedure 

Lithium granulate (1.72 g, 249 mmol, 3.3 eq.) and chloromethyltrimethylsilane (9.25 g, 75 mmol, 

1 eq.) are suspended in hexane (100 ml) and the mixture is heated at 35 °C for 24 h. Lithium was exempt 

of LiCl several times using an ultrasonic bath. The supernatant solution was isolated using a filter cannula. 

The residue is extracted with hexane (20 ml) and the solvent is removed in vacuo, yielding a white 

pyrophoric solid. The product can be further purified if needed by sublimation (10−3 mbar, 100 °C). 

1H NMR  (300 MHz, C6D6) δ = 0.16 (s, 9H), -2.08 (s, 2H). 

 13C NMR  (75 MHz, C6D6) δ = 3.6 (s), -4.7 (s). 

EA  calculated: C, 51.03; H, 11.78;  

found: C, 51.14; H, 12.00. 

Yield   6.25 g, 66 mmol, 88% 
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6.5 Synthesis of Substituted Cyclopentadienyl Alkali Metal Salts 

6.5.1 Synthesis of K(C5H4Me) from Elemental Potassium 

 

 

Procedure 

Commercial methylcyclopentadiene dimer contains up to 10% cyclopentadiene. If not purified, this 

will lead to major purity problems for derived organometallic compounds, particularly for those containing 

several C5H4Me ligands. Therefore, the crude methylcyclopentadiene dimer was purified by repeated 

cracking and distillation using a 40 cm Vigreux column. The first ~10% of the distillate is discarded and 

~70% of the remainder is collected. The methylcyclopentadiene is redistilled using the same experimental 

setup until a product purity of >99% is obtained. 

Purified methylcyclopentadiene dimer (60 ml) is placed in a 250 ml Schlenk flask with a metal reflux 

condenser and potassium (3.31 g, 84.6 mmol) is added at room temperature and the experimental setup is 

heated at 150 °C overnight. The produced hydrogen gas is released via an overpressure valve on top of the 

reflux condenser. The mixture is filtered using a Schlenk frit and washed two times with 50 ml of pentane. 

The product is obtained as a white pyrophoric solid.  

1H NMR  (300 MHz, THF-d8) δ = 5.28 (m, 4H), 2.08 (s, 3H). 

13C  (75 MHz, THF-d8) δ = 111.5 (s), 102.2 (s), 101.1 (s), 12.9 (s). 

Yield  7 g, 59.2 mmol, 70% 

Purity  99% K(C5H4Me) (determined by NMR) 
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6.5.2 Synthesis of K(C5H4Me) via Deprotonation 

 

 

Procedure 

Methylcyclopentadiene (5.75 g, 71.8 mmol, 1 eq.) is dissolved in 250 ml pentane and cooled to 0 °C. 

A toluene solution of potassium bis(trimethylsilyl)amide (15 g, 75.3 mmol, 1.05 eq.) is added dropwise 

and the suspension is allowed to warm to room temperature overnight. The white suspension is filtered 

and the residue is washed with 50 ml pentane, 50 ml of a pentane THF mixture, and 10 ml THF. The 

remaining solvents are removed under vacuum and K(C5H4Me) is obtained as a white pyrophoric powder. 

1H NMR  (300 MHz, THF-d8) δ = 5.28 (m, 4H), 2.08 (s, 3H). 

13C  (75 MHz, THF-d8) δ = 111.5 (s), 102.2 (s), 101.1 (s), 12.9 (s). 

Yield  (8.80 g, 67.6 mmol, 94%). 

Purity  >99% K(C5H4Me) (determined by NMR) 
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6.5.3 Synthesis of Li(C5H4TMS) 

 

 

Procedure 

Li(C5H4TMS) was synthesized following an adapted literature procedure.307 A solution of C5H5TMS 

(10.2 g, 73.5 mmol, 1 eq.) in pentane (70 ml) is cooled to 0 °C and 33 ml of a 2.5 M n-BuLi hexane solution 

(5.1 g, 80.3 mmol, 1.1 eq.) are added dropwise. The mixture is allowed to warm to room temperature 

overnight. The suspension is filtered and washed three times with pentane. Volatile compounds are 

removed in vacuo and the product is obtained as a white pyrophoric powder. 

1H NMR  (300 MHz, THF-d8) δ = 5.92 (t, 3J = 3.2, 1.7 Hz, 2H), 5.85 (t, 3J = 3.2, 1.7 Hz, 2H), 0.10 

(s, 9H). 

13C NMR  (75 MHz, THF-d8) δ = 111.5 (s), 106.6 (s), 103.4 (s), 1.5 (s). 

Yield  10.2 g, 70.7 mmol, 96% 
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6.5.4 Synthesis of K(C5H4TMS) 

 

 

Procedure 

K(C5H4TMS) was synthesized following an adapted literature procedure.167 C5H5TMS (3.5 g, 

25 mmol, 1 eq.) is dissolved in pentane (125 ml) and cooled to 0 °C. A solution of potassium 

bis(trimethylsilyl)amide (5.5 g, 27.5 mmol, 1.1 eq.) in toluene (38 ml) is added dropwise and the mixture 

is allowed to warm to room temperature overnight. The white suspension is filtered and the residue is 

washed three times with pentane (50 ml). Volatile compounds are removed under vacuum and 

K(C5Me4H) is obtained as a white pyrophoric powder.  

1H NMR  (300 MHz, THF-d8) δ = 5.78 (t, 2H), 5.67 (t, 2H), 0.07 (s, 9H). 

13C NMR  (75 MHz, THF-d8) δ = 112.8 (s), 111.1 (s), 108.4 (s), 1.6 (s). 

Yield  4.0 g, 23 mmol, 92% 
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6.5.5 Synthesis of K(C5Me4H) 

 

 

Procedure 

Tetramethylcyclopentadiene (4.75 g, 38.9 mmol, 1 eq.) is dissolved in pentane (70 ml) and cooled 

to 0 °C. A solution of potassium bis(trimethylsilyl)amide (7.90 g, 39.6 mmol) in toluene (55 ml) is added 

dropwise and the mixture is allowed to warm to room temperature overnight. The white suspension is 

filtered and the residue is washed three times with 40 ml pentane. The remaining solvents are removed 

under vacuum and K(C5Me4H) is obtained as a white pyrophoric powder (5.80 g, 36.1 mmol, 93%).  

1H NMR  (300 MHz, THF-d8) δ = 4.88 (s, 1H), 1.90 (s, 6H), 1.84 (s, 6H). 

13C NMR (75 MHz, THF-d8) δ = 108.0 (s), 108.8 (s), 102.7 (s), 13.5 (s), 11.3 (s). 

EA  calculated: C, 67.43; H, 8.17; 

  found: C, 66.72; H, 8.15.   

Yield  6.0 g, 37.7 mmol, 97% 

 

  



6.5 Synthesis of Substituted Cyclopentadienyl Alkali Metal Salts 

 Page 370 
 

6.5.6 Synthesis of Li(C5Me4H) 

 

 

Procedure 

A solution of C5Me4H2 (4.2 g, 34.3 mmol, 1 eq.) in pentane (100 ml) is cooled to 0 °C and 14.4 ml of 

a 2.5 M n-BuLi hexane solution (2.3 g, 36.0 mmol, 1.05 eq.) are added dropwise. The mixture is allowed to 

warm to room temperature overnight. The suspension is filtered and washed three times with pentane 

(30 ml). Volatile compounds are removed in vacuo and the product is obtained as a white pyrophoric 

powder. 

1H NMR  (360 MHz, THF-d8) δ = 4.96 (s, 1H), 1.88 (s, 6H), 1.83 (s, 6H).  

Yield  4.2 g, 33.0 mmol, 96% 

  



6 Experimental Part 

 Page 371 
 

6.5.7 Synthesis of Indenyl Lithium 

 

 

Procedure 

9.3 ml Indene (9.2 g, 80 mmol, 1 eq.) are dissolved in pentane (100 ml) and the mixture is cooled to 

0 °C. 32 ml of a 2.5 M n-BuLi hexane solution (5.1 g, 80 mmol, 1 eq.) are added dropwise and the mixture 

is allowed to warm to room temperature overnight. The suspension is filtered and washed three times with 

pentane (30 ml). Volatile compounds are removed in vacuo and the product is obtained as a white 

pyrophoric powder. 

1H NMR  (300 MHz, THF-d8) δ = 7.30 (dd, J = 6.1, 3.1 Hz, 2H), 6.52 (t, J = 3.4 Hz, 1H), 6.43 (dd, 

J = 6.1, 3.1 Hz, 2H), 5.91 (d, J = 3.4 Hz, 2H).  

13C NMR   (75 MHz, THF-d8) δ = 129.7 (s), 119.6 (s), 115.5 (s), 114.0 (s), 91.5 (s).  

Yield  8.5 g, 70 mmol, 87% 
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6.6 Synthesis of substituted Tris(cyclopentadienyl) RE Complexes 

6.6.1 Synthesis of (C5H4Me)3Y(thf) 

 

 

Procedure 

(C5H4Me)3Y(thf) was synthesized following an adapted literature procedure. 316 In an argon-filled 

glovebox, YCl3 (0.44 g, 2.23 mmol, 1 eq.) is suspended in 30 ml THF and K(C5H4Me) (0.83 g, 6.99 mmol, 

3.1 eq.) is added stepwise. The colorless mixture is sealed in a 100 ml sidearm Schlenk flask and stirred at 

room temperature overnight. The solvent is removed under vacuum from the resulting pale yellow mixture 

and the obtained solids are stirred in 20 ml toluene at 80 °C for 1 h. The mixture is filtered to remove gray-

white insoluble material, presumably KCl and excess K(C5H4Me). Removal of toluene under vacuum 

yields (C5H4Me)3Y(thf) as a pale yellow microcrystalline solid (533 mg, 1.34 mmol, 60%).  

1H NMR  (300 MHz, THF-d8) δ = 5.79 (t, 3J = 2.7 Hz, 6H), 5.63 (t, 3J = 2.7 Hz, 6H), 3.61 (m, 4H), 

2.16 (s, 9H) 1.77 (m, 4H).  

13C NMR  (75 MHz, THF-d8) δ = 117.9 (s), 115.0 (s), 108.2 (s), 68.0 (s), 26.2 (s), 15.2 (s).  

EA   calculated: C, 66.33; H, 7.34;  

found: C, 66.02; H 7.30. 

Yield  553 mg, 1.34 mmol, 60% 
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6.6.2 Synthesis of [(C5H4TMS)2YCl]2  

 

 

Procedure 

YCl3 (685 mg, 3.51 mmol, 1 eq.) is suspended in 20 ml THF and stirred at 50 °C for 2. After cooling 

to room temperature, a solution of Li(C5H4TMS) (1.76 g, 10.9 mmol, 3.1 eq.) in THF (15 ml) is added 

dropwise to the suspension. The mixture is heated to reflux overnight. Volatile compounds are removed in 

vacuo and the product is recrystallized from hexane. 

1H NMR  (300 MHz, C6D6) δ = 6.80 (t, 3J = 2.3 Hz, 4H), 6.46 (t, 3J = 2.3 Hz, 4H), 0.31 (s, 18H). 

13C NMR  (126 MHz, C6D6) δ= 123.6 (s), 121.1 (s), 117.0 (s), 0.3 (s). 

29Si NMR  (99 MHz, C6D6) δ = -9.58.  

EA calculated: C 48.17; H, 6.57;  

found: C 46.36; H, 6.38. 

Yield  854 mg, 2.14 mmol, 61% 
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6.6.3 Synthesis of (C5H4TMS)3Y 

 

 

Procedure 

(C5H4TMS)3Y was synthesized following an adapted literature procedure.140 YCl3 (724 mg, 

3.7 mmol, 1 eq.) is suspended in 25 ml THF and heated at 50 °C for 2 h. The mixture is allowed to warm 

to room temperature and a solution of K(C5H4TMS) (2.03 g, 11.5 mmol, 3.1 eq.) in THF (30 ml) is added 

in portions. The yellow solution is stirred at room temperature for 4 h and THF is removed in vacuo. The 

mixture is suspended in 44 ml toluene and heated at 100 °C for 12 h. Toluene is removed in vacuo, the 

mixture is suspended in 40 ml hexane, and stirred at room temperature for 1 h. The mixture is filtered a d 

washed two times with hexane. The product is recrystallized from pentane and is isolated as a yellow 

powder. 

1H NMR  (300 MHz, C6D6) δ = 6.55 (t, 3J = 2.4 Hz, 6H), 6.22 (t, 3J = 2.4 Hz, 6H), 0.21 (s, 27H). 

13C NMR  (126 MHz, C6D6) δ = 124.7 (s), 120.7 (s), 115.4 (s), 0.2 (s). 

29Si NMR  (99 MHz, C6D6) δ = -10.41. 

EA  calculated: C 57.57; H, 7.85; 

found: C 57.22; H, 7.97. 

Yield  1.0 g, 2.0 mmol, 89% 
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6.6.4 Synthesis of (C5H4TMS)3Sm 

 

 

Procedure 

(C5H4TMS)3Sm was synthesized following an adapted literature procedure.317 In an argon-filled 

glovebox, SmCl3 (128 mg, 0.50 mmol) is suspended in 7 ml toluene and K(C5H4TMS) (273 mg, 

1.55 mmol) is added stepwise. The colorless mixture is sealed in a 25 ml sidearm Schlenk flask and heated 

to reflux overnight. The solvent is removed under vacuum from the resulting yellow mixture and the 

obtained solids are stirred in hexane for 1 h under reflux. The mixture is filtered to remove gray-white 

insoluble material, presumably KCl and excess K(C5H4TMS). Removal of hexane under vacuum yields 

(C5H4TMS)3Sm as an orange microcrystalline solid. Orange crystals of (C5H4TMS)3Sm suitable for X-ray 

diffraction were grown from a concentrated pentane solution at -35 °C by slowly evaporating the solvent 

to dryness.  

EA:   calculated: C, 51.27; H, 6.99;  

found: C, 51.38; H 7.08. 

Yield  194 mg, 0.36 mmol, 69% 
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6.6.5 Synthesis of (C5Me4H)3Y 

 

 

Procedure 

In an argon-filled glovebox, YCl3 (344 mg, 1.76 mmol, 1 eq.) is suspended in 15 ml THF and 

K(C5Me4H) (890 mg, 5.55 mmol, 3.15 eq.) is added stepwise. The colorless mixture is sealed in a 50 ml 

sidearm Schlenk flask and stirred at room temperature overnight. The solvent is removed under vacuum 

from the resulting yellow mixture and the obtained solids are stirred in 22 ml of mesitylene at 150 °C for 

16 h. The solvent is removed under vacuum and the mixture is filtered to remove gray-white insoluble 

material, presumably KCl and excess K(C5Me4H). Removal of mesitylene under vacuum yields 

(C5Me4H)3Y as a pale yellow microcrystalline solid. Single crystals of (C5Me4H)3Y suitable for X-ray 

diffraction were grown from a 0.05 M toluene solution and by cooling to −35 °C in a glovebox freezer.  

1H NMR  (300 MHz, C6D6) δ = 6.04 (s, 3H), 2.03 (s, 18H), 1.83 (s, 18H). 

13C NMR  (75 MHz, C6D6) δ = = 124.1 (s), 114.4 (d), 113.8 (d), 26.4 (s), 15.4 (s).  

EA  calculated: C, 71.67; H, 8.64;  

found: C, 71.57; H 8.74. 

Yield  580 mg, 1.28 mmol, 73% 
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6.7 Syntheses of Lanthanide Precursor Complexes 

6.7.1 Synthesis of YCl3(thf)3.5 

 

 

Procedure 

A glass thimble is charged inside a glovebox to 2/3 with yttrium(III) chloride (approximately 10 g) 

and is placed in a 30 ml Soxhlet extractor. All glass joints of the reaction setup are diligently sealed using 

Teflon grease. The Soxhlet extractor is attached to a Schlenk flask with 150 ml THF, a reflux condenser, 

and a pressure valve using a Schlenk line outside the glovebox. The oil bath is heated at 110 °C and THF is 

heated to reflux for 36 h under vigorous stirring. After cooling the Schlenk flask to room temperature and 

detaching it from the reaction setup, THF is removed in vacuo. The product is obtained as a white powder 

and the amount of coordinating THF is determined by elemental analysis. The yield is nearly quantitative 

if pure lanthanide (III)chloride is used as a starting material. 

For further reactions with LiCH2TMS, remaining, non-coordinating THF needs to be completely 

removed, to avoid the formation of ate-complexes.204 The composition of YCl3(thf)3.5 and a detailed 

structural discussion of polymeric YCl3(thf)2 and [trans-YCl2(thf)5]+, [trans-YCl4(thf)2]− was reported by 

Sobota et al..318 

EA  calculated: C, 37.56; H, 6.30;  

found: C, 37.45; H, 6.33. 

Yield  quantitative 
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6.7.2 Synthesis of Y(CH2TMS)3(thf)2 

 

 

Procedure 

YCl3(thf)3.5 (1.79 g, 4 mmol, 1 eq.) is suspended in pentane (25 ml). A solution of 

trimethylsilylmethyl lithium (1.13 g, 12 mmol, 3 eq.) in pentane (35 ml) is added dropwise at 0 °C and the 

reaction solution is stirred at 0 °C for 2 h. The supernatant solution is isolated using a filter cannula and the 

residue is extracted with pentane (2x 10 ml). The solvent is removed in vacuo and the product is obtained 

as a white solid. 

1H NMR  (300 MHz, C6D6) δ = 4.01–3.87 (m, 8 H), 1.36–1.21 (m, 8 H), 0.31 (s, 27 H), -0.67 (d, 

6 H). 

13C NMR  (75 MHz, C6D6) δ = 69.8 (s), 33.8 (s), 25.2 (s), 4.5 (s). 

Yield   1.78 g, 3.6 mmol, 90% 
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6.7.3 Synthesis of LuCl3(thf)3 

 

 

Procedure 

A glass thimble is charged inside a glovebox to 2/3 with lutetium(III) chloride (approximately 10 g) 

and is placed in a 30 ml Soxhlet extractor. All glass joints of the reaction setup are diligently sealed using 

Teflon grease. The Soxhlet extractor is attached to a Schlenk flask with 150 ml THF, a reflux condenser, 

and a pressure valve using a Schlenk line outside the glovebox. The oil bath is heated at 110 °C and THF is 

heated to reflux for 24 h under vigorous stirring. After cooling the Schlenk flask to room temperature and 

detaching it from the reaction setup, THF is removed in vacuo. The product is obtained as a white powder 

and the amount of coordinating THF is determined by elemental analysis. The yield is nearly quantitative 

if pure lanthanide (III)chloride is used as a starting material. 

For further reactions with LiCH2TMS, remaining, non-coordinating THF need to be completely 

removed, to avoid the formation of ate-complexes.204 

EA  calculated: C, 28.96; H, 4.86;  

found: C, 28.94; H, 4.94. 

Yield  quantitative 
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6.7.4 Synthesis of Lu(CH2TMS)3(thf)2 

 

 

Procedure 

LuCl3(thf)3 (2.23 g, 4.48 mmol, 1 eq.) is suspended in pentane (35 ml). A solution of 

trimethylsilylmethyl lithium (2.26 g, 13.44 mmol, 3 eq.) in pentane (25 ml) is added dropwise at 0 °C and 

the reaction solution is stirred at 0 °C for 2 h. The supernatant solution is isolated using a filter cannula and 

the residue is extracted with pentane (2x 10 ml). The solvent is removed in vacuo and the product is 

obtained as a white solid. 

1H NMR  (300 MHz, C6D6) δ = 3.99–3.90 (m), 1.38–1.27 (m), 0.26 (s, 27H), -0.93 (s, 6H). 

13C NMR  (75 MHz, C6D6) δ = 71.0 (s), 41.8 (s), 25.1 (s), 4.8 (s). 

Yield  2.22 g, 3.82 mmol, 85% 
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6.7.5 Synthesis of Sc(CH2TMS)3(thf)2 

 

 

Procedure 

ScCl3 (664 mg, 4.39 mmol, 1 eq.) is heated to reflux in THF (9 ml) for 4 h. After removal of the 

solvent in vacuo, the white powder is suspended in 60 ml pentane and cooled to 0 °C. LiCH2TMS (1.24 g, 

13.2 mmol, 3eq, in 25 ml pentane) is added dropwise and the combined solutions are stirred for 2 h. The 

solution is allowed to warm to room temperature for 1 h. The white suspension is filtered and the residue 

is washed two times with 15 ml of pentane. 

1H NMR  (300 MHz, C6D6) δ = 4.10–4.02 (m, 8H), 1.43–1.32 (m, 8H), 0.26 (s, 27H), -0.31 (s, 

6H). 

13C NMR  (75 MHz, C6D6) δ = 69.4 (s), 23.2 (s), 2.3 (s), -1.9 (s). 

Yield:   1.0 g, 2.28 mmol, 52% 
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6.7.6 Synthesis of SmCl3(thf)1.75 

 

 

Procedure 

A glass thimble is charged inside a glovebox to 2/3 with samarium(III) chloride (approximately 10 g) 

and is placed in a 30 ml Soxhlet extractor. All glass joints of the reaction setup are diligently sealed using 

Teflon grease. The Soxhlet extractor is attached to a Schlenk flask with 150 ml THF, a reflux condenser, 

and a pressure valve using a Schlenk line outside the glovebox. The oil bath is heated at 110 °C and THF is 

heated to reflux for 1 week under vigorous stirring. After cooling the Schlenk flask to room temperature 

and detaching it from the reaction setup, THF is removed in vacuo. The product is obtained as a white 

powder and the amount of coordinating THF is determined by elemental analysis. The yield is nearly 

quantitative if pure lanthanide (III)chloride is used as a starting material. 

EA  calculated: C, 21.96; H, 3.69; 

  found: C, 22.30; H, 3.69. 

Yield  quantitative 
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6.7.7 Synthesis of LaCl3(thf) 

 

 

Procedure 

A glass thimble is charged inside a glovebox to 2/3 with lanthanum(III) chloride (approximately 

10 g) and is placed in a 30 ml Soxhlet extractor. All glass joints of the reaction setup are diligently sealed 

using Teflon grease. The Soxhlet extractor is attached to a Schlenk flask with 150 ml THF, a reflux 

condenser, and a pressure valve using a Schlenk line outside the glovebox. The oil bath is heated at 110 °C 

and THF is heated to reflux for three weeks under vigorous stirring. After cooling the Schlenk flask to room 

temperature and detaching it from the reaction setup, THF is removed in vacuo. The product is obtained 

as a white powder and the amount of coordinating THF is determined by elemental analysis. The yield is 

nearly quantitative if pure lanthanide (III)chloride is used as a starting material. 

EA  calculated: C, 15.14; H, 2.54;  

found: C, 15.13; H, 2.53. 

Yield  quantitative 
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6.8 Synthesis of Trimethylsilylmethyl RE Complexes 

6.8.1 Synthesis of (C5H5)2YCH2TMS(thf) 

 

 

Procedure 

Y(CH2TMS)3(thf)2 (8.9 g, 22.0 mmol, 1 eq.) is dissolved in toluene (200 ml) and 2.9 g of freshly 

cracked C5H6 (44.0 mmol, 2 eq.) are added dropwise at room temperature. The mixture is stirred 

overnight. Volatile compounds are removed in vacuo and the product is recrystallized from toluene. The 

product is obtained as white crystalline needles. 

1H NMR  (500 MHz, C6D6) δ = 6.12 (s, 10H), 2.95 (m, 4H), 0.92 (m, 4H), 0.43 (s, 9H), -0.67 (d, 

2H, 2JYH = 3.5 Hz). 

13C NMR  (125 MHz, C6D6) δ = 110.4 (s), 71.2 (s), 25.4 (d, 1J(Y-C) = 42.5 Hz), 24.9 (s), 4.8 (s). 

29Si NMR  (100 MHz, C6D6) δ = -3.09. 

1H NMR  (300 MHz, THF-d8) δ = 6.06 (s, 10H), 3.61 (m, 4H), 1.77 (m, 4H), -0.06 (s, 9H), -0.94 

(d, 2JYH = 3.5 Hz, 2H). 

13C NMR  (75 MHz, THF-d8) δ = 110.5 (s), 68.0 (s), 26.2 (s), 4.4 (s), -0.2 (s). 

IR (cm−1)  3674, 3559, 3087, 2955, 2893, 2707, 1638, 1459, 1438, 1422, 1368, 1345, 1287, 1248, 

1011, 861, 766, 696.  

EA  calculated: C 57.13, H 7.72;  

found: C 57.21, H 7.85. 

Yield  5.4 g, 14.3 mmol, 65%  
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6.8.2 Synthesis of (C5H5)2LuCH2TMS(thf) 

 

 

Procedure 

Lu(CH2TMS)3(thf)2 (8.9 g, 15.3 mmol, 1 eq.) is dissolved in toluene (140 ml) and 2.05 g of freshly 

cracked C5H6 (30.6 mmol, 2 eq.) are added dropwise at room temperature. The mixture is stirred 

overnight. Volatile compounds are removed in vacuo and the product is recrystallized from a toluene 

hexane mixture. The synthesis via salt metathesis and crystallographic characterization was reported by 

Schumann et al..319 

1H NMR  (300 MHz, C6D6) δ = 6.06 (s, 10H), 2.91 (m, 4H), 0.89 (m, 4H), 0.44 (s, 9H), -0.76 (s, 

2H). 

13C NMR  (75 MHz, C6D6) δ = 109.82 (s), 71.53 (s), 24.89 (s), 5.03 (s), -2.19 (s). 

29Si NMR (100 MHz, C6D6) δ = -0.8 (s).  

1H NMR  (300 MHz, THF-d8) δ = 6.00 (s, 10H), 3.61 (m, 4H), 1.77 (m, 4H), -0.04 (s, 9H), −1.00 

(s, 2H). 

13C NMR  (75 MHz, THF-d8) δ = 110.0 (s), 68.2 (s), 26.4 (s), 4.7 (s), -0.0 (s). 

IR (cm−1)  3563, 3091, 2953, 2896, 2710, 1459, 1439, 1420, 1287, 1248, 1122, 1013, 859, 775, 695. 

EA  calculated: C 46.55, H 6.29;  

found: C 45.93, H 6.10. 

Yield  5.5 g, 11.8 mmol, 77% 
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6.8.3 Synthesis of (C5Me4)CH2CH2NtBuYCH2TMS(thf) 

 

 

Procedure 

Y(CH2TMS)3(thf)2 (988 mg, 1.89 mmol, 1 eq.) is dissolved in pentane (18 ml) and the mixture is 

cooled to 0 °C. A solution of (C5Me4H)CH2CH2NHtBu (418 mg, 1.89 mmol, 1 eq.) in pentane (7 ml) is 

added dropwise and the reaction solution is stirred for 2 h at 0 °C. Volatile compounds are removed in 

vacuo, resulting in a yellow solid. The crude product is washed with cold pentane and dried in vacuo. The 

product is purified by recrystallization from pentane and is obtained is a slightly yellow crystalline solid. 

1H NMR  (300 MHz, C6D6) δ = 3.89–3.81 (t, 2H), 3.60–3.20 (m, 4H), 3.02 (t, 2H), 2.25–1.96 (m, 

12H), 1.34 (s, 9H), 1.08–0.97 (m, 4H), 0.36 (s, 9H), -0.97 (d, 2H). 

13C NMR (75 MHz, C6D6) δ = 126.4 (s), 126.2 (s), 126.0 (s), 68.5 (s), 53.7 (s), 52.4 (s), 28.2 (s), 

25.8 (s), 23.2 (d), 22.7 (s), 9.1 (s), 3.0 (s), -2.0 (s). 

29Si NMR (99 MHz, C6D6) δ = -2.86. 

EA   calculated: C 59.08, H 9.48, N 3.00; 

found: C 58.70, H 9.43, N 3.17. 

Yield  787 mg, 1.68 mmol, 89% 
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6.8.4 Synthesis of (C5Me4)SiMe2NtBuYCH2TMS(thf) 

 

 

Procedure 

(C5Me4)SiMe2NtBuYCH2TMS(thf) was synthesized following an adapted literature procedure.214 

Y(CH2TMS)3(thf)2 (4.4 g, 8.9 mmol, 1 eq.) is dissolved in pentane (90 ml) and cooled to 0 °C. A pentane 

solution (35 ml) of (C5Me4H)SiMe2NHtBu (2.24 g, 8.9 mmol, 1 eq.) is added dropwise and the mixture 

is stirred under cooling for 2 h. The mixture is filtered and volatile compounds are removed in vacuo. 3.7 g 

of the yellow crude product (C5Me4)SiMe2NtBuYCH2TMS(thf) (84%) are obtained and further purified 

by recrystallization from pentane. The product is obtained as a white powder. 

1H NMR  (300 MHz, C6D6) δ = 3.38−3.15 (m, 4H), 2.21 (s, 12H), 1.39 (s, 9H), 1.03−0.96 (m, 

4H), 0.77 (s, 6H), 0.31 (s, 9H), -0.90 (d, J = 3.2 Hz, 2H). 

1H NMR  (300 MHz, C6D12) δ = 4.05−3.97 (m, 4H), 2.06−2.00 (m, 12H), 2.00−1.93 (m, 4H), 1.24 

(s, 9H), 0.42 (s, 6H), -0.12 (s, 9H), -1.18 (d, J = 3.2 Hz, 2H). 

13C NMR  (75 MHz, C6D6) δ = 4.7, 8.4, 11.5, 14.0, 24.7, 26.2, 36.0, 54.0, 70.7, 106.6, 122.3, 126.4. 

29Si NMR (99 MHz, C6D6) δ = -2.73, -25.06. 

EA  calculated: C, 55.51; H, 9.32; N, 2.81; 

found: C, 55.77; H, 9.50; N, 2.85. 

Yield  2.29 g, 0.38 mmol, 52% 
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6.8.5 Synthesis of (C5Me4)SiMe2NtBuLuCH2TMS(thf) 

 

 

Procedure 

Lu(CH2TMS)3(thf)2 (2.20 g, 3.79 mmol, 1 eq.) is dissolved in 90 ml pentane and cooled to 0 °C. A 

solution of (C5Me4H)SiMe2NHtBu (953 mg, 3.79 mmol, 1 eq.) in pentane (15 ml) is added dropwise and 

the combined solutions are stirred for 3 h at 0 °C. The product is removed from an oily byproducts by 

filtration and volatile compounds are removed in vacuo. The product is obtained as a white solid. 

The spectroscopic data are in agreement with ref. 200. 

EA  calculated: C, 47.32; H, 7.94; N, 2.40;  

found: C, 47.30; H, 8.13; N, 2.42. 

Yield  1.95 g, 3.34 mmol, 88% 
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6.8.6 Synthesis of (C5Me4)SiMe2NtBuScCH2TMS(thf) 

 

 

Procedure 

(C5Me4)SiMe2NtBuScCH2TMS was synthesized following an adapted literature procedure.320 

Sc(CH2TMS)3(thf)2 (1.02 g, 2.26 mmol, 1 eq.) is dissolved in 12 ml THF. A solution of 

(C5Me4H)SiMe2NHtBu (546 mg, 2.26 mmol, 1 eq.) in THF (5 ml) is added dropwise and the combined 

solutions are stirred for 2 h at room temperature. After volatile compounds are removed in vacuo, the 

product is purified by lyophilization from a benzene solution and is obtained as a yellow solid. 

1H NMR  (300 MHz C6D6) δ = 3.51–3.35 (m, 4H), 2.38 (s, 3H), 2.27 (s, 3H), 1.96 (s, 3H), 1.74 

(s, 3H), 1.38 (s, 9H), 1.15–0.99 (m, 4H), 0.81 (s, 3H), 0.67 (s, 3H), 0.31 (s, 9H), -0.68 

(d, 2H). 

13C NMR  (126 MHz, C6D6) δ = 126.8 (s), 124.7 (s), 124.3 (s), 120.8 (s), 105.7 (s), 70.1 (s), 52.6 

(s), 33.8 (s), 22.5 (s), 12.9 (s), 12.2 (s), 10.7 (s), 9.30 (s), 6.4 (s), 5.6 (s), 2.8 (s), -2.0 (s). 

29Si NMR (99 MHz, C6D6) δ = -3.13, -24.02. 

EA  calculated: C, 60.88; H, 10.22; N, 3.09;  

found: C, 59.78; H, 10.21; N, 2.97. 

Yield  785 mg, 1.73 mmol, 77% 
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6.9 Synthesis of Initiating Ligands via C−H Bond Activation 

6.9.1 Synthesis of (C5H5)2Y((CH2(C5H2Me2N))(thf)0.2 

 

 

Procedure 

Cp2YCH2TMS(thf) (365 mg, 0.96 mmol, 1 eq.) is dissolved in toluene (7 ml) and sym-collidine 

(117 mg, 0.96 mmol, 1 eq.) is added dropwise to the stirred solution. The mixture is stirred at room 

temperature for 30 min and volatile compounds are removed in vacuo. The yellow residue is recrystallized 

from a toluene pentane mixture and the product is obtained as yellow crystals. 0.2 eq. coordinating THF 

stem from the recrystallization conditions and were verified by 1H NMR. 

1H NMR  (300 MHz, C6D6) δ = 6.41 (s, 1H), 6.05 (s, 10H), 5.80 (s, 1H), 2.83 (s, 3H), 2.44 (s, 2H), 

1.79 (s, 3H). 

13C NMR  (126 MHz, C6D6) δ = 167.4 (s), 155.8 (s), 148.0 (s), 118.5 (s), 112.3 (s), 111.2 (s), 40.7 

(d), 23.9 (s), 21.1 (s). 

EA  calculated: C 63.84, H 6.16, N 3.96; 

found: C 63.93, H 6.08, N 4.00. 

Yield 320 mg, 0.94 mmol, quantitative 
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6.9.2 Synthesis of (C5H5)2Lu((CH2(C5H2Me2N))  

 

CH2TMS
Lu

O
N

Lu N
(toluene), rt, 

overnight

C18H20LuN
425.33 g/mol

C8H11N
121.18 g/mol

C18H29LuOSi
464.48 g/mol  

Procedure 

Cp2LuCH2TMS(thf) (596 mg, 1.28 mmol, 1 eq.) is dissolved in toluene (11 ml) and sym-collidine 

(163 mg, 1.35 mmol, 1.05 eq.) is added dropwise to the stirred solution. The mixture is stirred at room 

temperature overnight and a few drops THF are added. Volatile compounds are removed in vacuo, the 

mixture is dissolved in THF and stirred for 30 min. Volatile compounds are removed in vacuo and 

impurities are removed as an amorphous precipitate from a toluene pentane mixture at −30 °C. Volatile 

compounds are removed in vacuo and the product further purified by freeze drying from benzene. The 

product is obtained as a yellow solid. 

1H NMR  (300 MHz, C6D6) δ = 6.49 (s, 1H), 6.04 (s, 1H), 5.68 (s, 10H), 2.39 (s, 2H), 1.82 (s, 3H), 

1.74 (s, 3H). 

13C NMR  (125 MHz, C6D6) δ = 168.5 (s), 156.1 (s), 149.5 (s), 120.2 (s), 114.7 (s), 110.7 (s), 37.8 

(s), 23.7 (s), 20.9 (s). 

EA  calculated: C, 50.83; H, 4.74; N, 3.29; 

  found: C, 49.18; H, 4.86; N, 2.72. 

Yield 174 mg, 0.41 mmol, 32% 
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6.9.3 Synthesis of (C5Me4)CH2CH2NtBuY(CH2(C5H2Me2N)) 

 

 

Procedure 

(C5Me4)CH2CH2NtBuYCH2TMS(thf) (170 mg, 0.36 mmol, 1 eq.) is suspended in pentane (7.5 ml) 

and sym-collidine (43.5 mg, 0.36 mmol, 1 eq.) is added dropwise. The reaction solution is stirred at room 

temperature for 30 minutes and volatile compounds are removed in vacuo. The product is obtained as a 

yellow solid. 

1H NMR  (300 MHz, C6D6) δ = 6.41 (s, 1 H), 6.35 (s, 1 H), 3.58 (m, 2 H), 3.08 (m, 2 H), 2.51 (s, 

3 H), 2.44 (s, 2 H), 2.36 (s, 3 H), 2.25 (s, 3 H), 2.04 (s, 3 H), 1.96 (s, 3 H), 1.78 (s, 3 H), 

0.97 (s, 9 H). 

Yield  139 mg, 0.32 mmol, 90% 
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6.9.4 Synthesis of (C5Me4)SiMe2NtBuY(CH2(C5H2Me2N)) 

 

CH2TMSN
Me2Si Y

O

(pentane),
rt, 30 min

C23H46NOSi2Y
497.70 g/mol

N

N

C8H11N
121.18 g/mol

N
Me2Si Y

C23H37N2SiY
458.55 g/mol  

Procedure 

(C5Me4)SiMe2NtBuYCH2TMS(thf) (2.2 g, 4.4 mmol, 1 eq.) is dissolved in pentane (100 ml) and 

sym-collidine (0.54 g, 4.4 mmol, 1 eq.) in 20 ml pentane is added dropwise to the stirred solution. The 

mixture is stirred at room temperature for 30 min and volatile compounds are removed in vacuo. The 

yellow residue (1.85 g, 4.0 mmol, 91%) is washed once with cold pentane and the crude product is 

recrystallized from toluene. The product is obtained as yellow crystals. 

1H NMR  (500 MHz, C6D6) δ = 6.40 (s, 1H), 5.86 (s, 1H), 2.58 (s, 3H), 2.38 (s, 3H), 2.20 (s, 3H), 

2.09 (s, 3H), 1.93 (s, 3H), 1.78 (s, 3H), 1.01 (s, 9H), 0.85 (s, 3H), 0.78 (s, 3H). 

13C NMR  (126 MHz C6D6,) δ = 172.0 (s), 155.0 (s), 150.1 (s), 127.5 (d), 126.9 (d), 123.1 (s), 

122.3 (s), 119.3 (s), 116.2 (s), 107.1 (s), 54.8 (s), 41.3 (d), 33.9 (s), 26.1 (s), 20.8 (s), 

16.1 (s), 14.6 (s), 11.9 (s), 11.5 (s), 8.8 (s), 7.9 (s). 

29Si NMR (99 MHz, C6D6) δ = -25.36. 

EA  calculated: C, 60.24; H, 8.13; N, 6.11;  

found: C, 59.66; H, 8.24; N, 5.92. 

Yield  1.63 g, 3.6 mmol, 80% 
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6.9.5 Synthesis of (C5Me4)SiMe2NtBuY(CH2(C≡CTMS) 

 

 

Procedure  

(C5Me4)SiMe2NtBuYCH2TMS(thf) (1.42 g, 2.9 mmol, 1 eq.) is dissolved in toluene (50 ml) and 1-

trimethylsilylprop-1-yne (0.38 g, 3.4 mmol, 1.2 eq.) is added to the mixture. The solution is heated at 60 °C 

for 1 h and volatile compounds are removed in vacuo. The product is purified by recrystallization from 

pentane and obtained as a slightly yellow solid. 

1H NMR  (500 MHz, C6D6) δ = 3.63−3.39 (m, 4H), 2.56−1.95 (m, 14H), 1.35 (s, 9H), 1.16−1.07 

(m, 4H), 0.92−0.75 (m, 6H), 0.32 (s, 9H).  

13C NMR  (126 MHz, C6D6) δ = 166.6 (s), 127.0 (s), 125.5 (s), 123.9 (s), 120.5 (s), 107.2 (s), 105.8 

(d), 72.9 (s), 54.0 (s), 38.3 (d), 35.5 (s), 25.2 (d), 15.3 (s), 14.1 (s), 11.3 (s), 8.9 (s), 8.6 

(s), 2.2 (s). 

29Si NMR (99 MHz, C6D6) δ = -12.65, -25.97. 

EA  calculated: C, 57.55; H, 8.89; N, 2.68;  

found: C, 57.45; H, 9.14; N, 2.77. 

Yield  950 mg, 1.82 mmol, 64% 
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6.9.6 Results of Other NMR Scale C–H Bond Activation Experiments 

 

 
2 eq. 

2-Methylthiophenea 

sym-Collidine (room 

temperature)a 

Methane (room 

temperature)b 

Methane 

(75 °C)b 

(C5H5)2YCH2TMS(thf) Overnight, 60 °C < 10 min – –

(C5Me4)CH2CH2NtBuYCH2TMS(thf) – < 5 min No reaction Decomposition

(C5Me4)SiMe2NtBuYCH2TMS(thf) – < 5 min No reaction Decomposition

(C5Me4)SiMe2NtBuLuCH2TMS(thf) – < 30 min No reaction Decomposition

(C5Me4)SiMe2NtBuScCH2TMS(thf) – Overnight No reaction Decomposition

a) Measured in C6D6 (full conversion determined by following the decline of the Ln-CH2TMS 

signal). b) Measured in C6D12 
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6.10 Syntheses of RE Complexes via Amide Elimination 

6.10.1 Synthesis of (C5H5)2LuNC4H4 

 

 

Procedure 

Cp2Lu(bdsa)(thf) (142 mg, 0.278 mmol, 1 eq.) is dissolved in toluene (8 ml) and a toluene solution 

(2 ml) of pyrrole (18.7 mg, 0.278 mmol, 1 eq.) is added dropwise at room temperature. The reaction is 

stirred overnight. After removal of volatile compounds, the products is obtained as a white powder. 

1H NMR (300 MHz, THF-d8) δ = 6.81 (t, 3J = 1.7 Hz, 2H), 6.19 (s, 10H), 5.95 (t, 3J = 1.7 Hz, 2H), 

3.62 (m, 4H), 1.78 (m, 4H). 

13C NMR  (75 MHz, THF-d8) δ = 129.5 (s), 111.2 (s), 107.6 (s), 68.5 (s), 26.7 (s). 

Yield  115 mg, 0.259 mmol, 93% 
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6.11 Synthesis of 2‐Methoxyethylaminobis(phenolate)yttrium(thiolate)  

6.11.1 Synthesis of (ONOO)CMe2PhYStBu(thf) 

 

Procedure 

A 3 ml toluene solution of tBuSH (43 mg, 0.48 mmol, 1 eq.) is added dropwise to a stirred solution 

of (ONOO)CMe2PhY(bdsa)(thf) (500 mg, 0.48 mmol, 1 eq.) in 7.5 ml toluene at room temperature. The 

combined solutions are stirred overnight and the volatile compounds are removed in vacuo. The product 

is obtained as a white crystalline solid after recrystallization from a pentane/toluene solution at −30 °C. 

1H NMR  (300 MHz, C6D6) δ = 7.51 (s, 1H), 7.43−7.27 (m, 10H), 7.25−7.20 (m, 2H), 7.12−6.92 

(m, 10H), 6.72 (s, 1H), 4.83 (d, 1H), 4.02 (d, 1H), 3.17−2.74 (m, 4H), 2.58 (s, 4H), 2.38 

(d, 2H), 2.11 (s, 3H), 2.04−1.93 (m, 4H), 1.91−1.74 (m, 12H), 1.74−1.59 (m, 12H), 

1.48 (s, 9H). 

13C NMR  (126 MHz, C6D6) δ = 152.0 (s), 151.8 (s), 151.1 (s), 150.9 (s), 137.5 (s), 137.3 (s), 136.3 

(s), 135.7 (s), 135.1 (s), 129.0 (s), 128.2 (s), 127.9 (s), 127.0 (s), 126.8 (s), 126.7 (s), 

126.3 (s), 126.0 (s), 125.4 (s), 125.3 (s), 125.0 (s), 124.6 (s), 124.2 (s), 72.5 (s), 64.0 

(s), 60.1 (s), 59.1 (s), 55.5 (s), 46.1 (s), 42.9 (s), 42.4 (s), 42.3 (s), 38.3 (s), 31.2 (s), 

30.6 (s), 29.6 (s), 28.9 (s), 21.1 (s). 

EA  calculated: C, 72.67; H, 7.60; N, 1.39; S, 3.18;  

found: C, 73.16; H, 7.48; N, 1.50; S, 3.10. 

Yield  383 mg, 0.38 mmol, 79% 
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8.2 Posters and Presentations 

8.2.1 Poster 206: Catalytic Precision Polymerization of Polar Monomers: Lanthanide Polymerization 

Beyond (Meth)Acrylates (ISHC-XIX - International Symposium on Homogeneous Catalysis) 

 

Location:  Ottawa Convention Centre, Ottawa, Canada 

Event Date: 06 July 2014 – 11 July 2014 

Event Type:  Conference 

 

Benedikt S. Soller and Bernhard Rieger  

Macromolecular Chemistry, Technische Universität München, Garching bei München, Germany 

 

Rare Earth Metal-Mediated Group Transfer Polymerization (REM-GTP) was originally discovered 

in the early 1990s for the polymerization of methyl methacrylate (MMA). The produced PMMA has a 

high molecular weight (Mn > 50 kDa) with narrow polydispersities (PDI = 1.02 – 1.05), a high 

syndiotacticity up to 95% and the propagation proceeds via an eight membered transition state.1 In the 

following years REM-GTP was expanded to a variety of different meth(acrylates) and meth(acrylamides). 

Just recently, interest in this field emerged for the polymerization of different Michael-type acceptor 

monomers, having new heteroatom functionalities. Beyond the known (meth)acrylates, now a variety of 

monomers from vinyl phosphonates to N-coordinating 2-isopropenyl-2-oxazoline and 2-vinylpyridine 

monomers can be polymerized with high precision from simple lanthanide complexes using living REM-

GTP.2-4 

 

Figure 20. Structure of polar monomers and different reaction pathways for the REM-GTP of polar monomers. 
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8.2.2 Presentation and Poster at the Pacifichem Conference 2015 

 

Location:  Halls I, II, III - Hawaii Convention Center (Poster), Tapa Tower; Suite 1 - 

Hilton Hawaiian Village (Presentation), Honolulu, USA 

Event Date: 15 December 2015 – 20 December 2015 

Event Type:  Conference 

 

8.2.2.1 Poster INOR 553: Rare earth metal-mediated group transfer polymerization of 

vinylphosphonates: Tuning the metal ligand interaction via steric crowding at the rare earth 

center and novel highly efficient initiators from C−H bond activation 

 

Benedikt S. Soller and Bernhard Rieger  

Macromolecular Chemistry, Technische Universität München, Garching bei München, Germany 

 

Rare Earth Metal-Mediated Group Transfer Polymerization (REM-GTP) was originally discovered 

in the early 1990s for the polymerization of methyl methacrylate (MMA). The produced PMMA has a 

high molecular mass (Mn > 50 kDa) with narrow polydispersities (PDI = 1.02 - 1.05), high 

syndiotacticities up to 95% and the propagation proceeds via an eight membered transition state. In the 

following years, REM-GTP was expanded to a variety of different (meth)acrylates and (meth)acrylamides. 

Recently, interest in this field emerged for the polymerization of different Michael-type acceptor 

monomers, having new heteroatom functionalities. Beyond the known (meth)acrylates, now a variety of 

monomers from vinylphosphonates to N-coordinating 2-isopropenyl-2-oxazoline and 2-vinylpyridine can 

be polymerized with high precision from simple lanthanide complexes using living REM-GTP.1-3 

 

Scheme 25. Initiation of polar monomers via eight membered ring transition state. 
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Currently, our research focuses on the application of new, sterically crowded catalyst systems. For a 

better understanding, the thermodynamic parameters of diethyl vinylphosphonate REM-GTP 

propagation via substituted tris(cyclopentadienyl) RE complexes were determined with different ionic 

radii. By further developing this strategy, ligand systems for the first precise stereoregular polymerization 

of vinylphosphonates are identified. The combination of the thereby established complexes with novel 

initiators from C−H bond activation via σ-bond metathesis gives access to so far unpresented 

poly(vinylphosphonate)s with high isotacticities and remarkably narrow polydispersities.4 

 

(1) Salzinger, S.; Soller, B. S.; Plikhta, A.; Seemann, U. B.; Herdtweck, E.; Rieger, B. J. Am. Chem. 

Soc. 2013, 135, 13030 

(2) Zhang, N.; Salzinger, S.; Soller, B. S.; Rieger, B. J. Am. Chem. Soc. 2013, 135, 8810 

(3) Soller, B. S.; Salzinger, S.; Rieger, B. Chem. Rev. 2016, 116, 1993 

(4) Soller, B. S.; Salzinger, S.; Jandl, C.; Pöthig, A.; Rieger B. Organometallics. 2015, 34, 2703 
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8.2.2.2 Presentation INOR 1230: Catalytic precision polymerization: From polar monomers to 

functional materials 

 

Benedikt S. Soller, Alexander Kronast, and Bernhard Rieger  

Macromolecular Chemistry, Technische Universität München, Garching bei München, Germany 

 

Materials of the future face ever increasing demands with respect to functionality and complexity, 

hence polymer chemistry needs to meet these challenges by pushing the boundaries of accessible 

monomers and high precision polymerization techniques. In 1992, Yasuda et al. used simple lanthanide 

catalysts for the first metal mediated group transfer polymerization of methyl methacrylate (MMA).1 Since 

then rare earth metal-mediated group transfer polymerization (REM-GTP) has evolved into a thriving 

field which allows the access to a wide variety of functional materials including thermoresponsive or pH-

responsive materials (see Scheme 26).2-3 

 

Scheme 26. Overview of different Michael-type monomers and their corresponding homopolymers. 

Novel complexes for the polymerization of Michael-type monomers such as dialkyl 

vinylphosphonates (DAVP) or 2-vinylpyridine (2VP) were developed and in depth mechanistic 

investigations reveal the initiation and propagation mechanism of REM-GTP of vinylphosphonates.4 

Moreover we developed one of the first examples for non-metallocene based catalyst systems, highly active 

2-methoxyethylaminobis(phenolate)yttrium complexes.5 

Based on these results our current work focuses on the investigation of new ligand systems as well as 

on the improvement of polymer properties. The utilization of catalytic precision polymerization in 

combination with new polymer functionalities gives access to highly functional and tunable materials of 

the future. 

  



8.2 Posters and Presentations 

 Page VIII 
 

(1) Yasuda H., Yamamoto H., Yokota K., Miyake S., Nakamura A., J. Am. Chem. Soc. 1992, 114, 

4908 

(2) Zhang N., Salzinger S., Rieger B., Macromolecules 2012, 45, 9751 

(3) Zhang L., Zhang Z., Wang P., NPG Asia Materials 2012, 4, e8. 

(4) Salzinger S., Soller B. S., Plikhta A., Seemann U. B., Herdtweck E., Rieger B., J. Am. Chem. Soc. 

2013, 135, 13030 

(5) Altenbuchner P. T., Soller B. S., Kissling S., Bachmann T., Kronast A., Vagin S. I., Rieger B., 

Macromolecules 2014, 47, 7742 

 

 

  



8 Appendix 

 Page IX 
 

8.2.3 Presentation: Rare Earth Metal-mediated Group Transfer Polymerization of Vinylphosphonates 

(Changchun Institute of Applied Chemistry) 

 

Location:  Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, 

Changchun, P. R. China 

Event Date: 26 September 2015 

Event Type:  Invited Talk 
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