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Chapter 1 

Carbene Insertion into Transition Metal-Carbon 
Bonds: A New Tool for Catalytic C–C Bond 

Formation*

* Part of this work has been published: Reproduced in part with permission [N. M. G. 
Franssen, A. J. C. Walters, J. N. H. Reek and B. de Bruin, Catal. Sci. Tech., 2011, 1, 
153-165] Copyright [2011] The Royal Society of Chemistry. 
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 8 

1.1 Introduction 

Polymers are widely applied in every days life and it is hard to imagine a world 
without polymers. This is why polymerization processes have been a subject of 
research for many years in order to develop plastics with all tunable properties. 
Many mechanistic studies are focused on polymerization processes to gain more 
insight into the reaction and to obtain a broad variety of properties of the polymer. 
Polar functionalities in a polymer are essential to achieve important properties such 
as adhesion, paint/printability and other surface properties. Stereoregularity and 
control over the amount of polar functional groups are necessary to amplify these 
properties, but are a challenge to obtain.  
  Large scale polymer industries are based on olefin polymerization, every 
monomer contains a C=C (C2) unit which can be polymerized in 3 ways; radical 
polymerization, early transition metal (ETM) polymerization and late transition 
metal (LTM) polymerization reactions. Radical polymerization reactions have poor 
control over the tacticity and do not lead to stereocontrolled polymers. ETM 
polymerization gives control over the tacticity, but monomers with polar 
functionalities are not suitable for this polymerization. Polar groups tend to 
coordinate easily to ETM’s and poisons the catalyst, leading to inactivity of the 
catalyst and no polymerization will occur. LTM polymerization reactions allow 
polar-groups, but when di-functionalized C2 units are used in the polymerization 
reaction, no polymers are obtained due to steric hindrance. To obtain these highly 
stereoregular polar functionalized polymers, carbene (C1) polymerization is used. 
This C1 polymerization reactions tolerates polar functionalities and can provide 
functional groups on every C-atom of the polymer chain in a stereocontrolled way.  

 
 Scheme 1. Olefin (C2) and syndiotactic carbene polymerization (C1). Carbenes are formed of a 
diazo compound after the loss of dinitrogen. 

These highly stereoregular polar functionalized polymers can be the core of new 
types of materials, such as plastic batteries, conducting materials or devices like 
polymeric organic LEDs would also belong to one of the posibilities. This carbene 
polymerization is a new type of C-C bond formation reaction. To gain more insight 
into this novel reaction, mechanistic elucidation is of great importance. However, 
before we go deeper into the details of the reaction mechanism of this unique 
polymerization reaction, an overview is given in the field of transition metal (TM), 
where the catalytic insertion of carbenes into metal-carbon bonds creates new C–C 
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bonds.1,2 First, the essential migratory insertion step in the mechanistic 
stoichiometric model reactions will be discussed, after which further catalytic 
developments are described. The elementary step of migratory carbene insertion 
offers interesting new opportunities to enlarge the substrate scope in Pd–catalyzed 
cross coupling reactions and polymerization reactions. These reactions are likely to 
have an important role in heterogeneous catalysis, such as in Fischer-Tropsch 
reaction and some related C1 polymerization reactions catalyzed by metallic 
surfaces. At the end of this Chapter we describe the key carbene insertion steps 
relevant for the synthesis of the above-mentioned highly functionalized 
polycarbenes using homogeneous, molecular rhodium-catalysts.   

1.2. Carbene insertions 
Migratory insertion reactions are important bond forming elementary steps, in 
particular the reactions involving CO and alkene insertions into transition metal-
carbon bonds (TM C). These reactions are ubiquitous tools in organometallic 
catalysis for C C bond formation. The reaction generally involves the migration of 
an anionic alkyl- or aryl ligand to a cisoidal -coordinated neutral ligand, thus 
forming a new anionic ligand (figure 1). Alkene and CO migratory insertions into 
TM C bonds are key elementary steps in among others the Monsanto process, 
olefin oligomerization and (co)polymerization, olefin/CO copolymerization, 
hydroformylation and Heck-type reactions.3  
 Migratory insertion of an alkene fragment leads to introduction of two additional 
carbons (C2 unit) to organic fragments, while insertion of CO has been widely 
exploited as a valuable and powerful method for the introduction of C1 fragments. 
 

M
H

RR'

M
H

R'
R

M

R'

M
R

R'
R

M

R

MCO
R

O

 
Figure 1. Migratory insertion of alkenes, carbonyls and carbenes into transition metal-carbon 
bonds.  

Metal-carbene species can be easily generated from diazo compounds4 and other 
carbene precursors (e.g. sulfoxonium ylides5 and , -dihalocarbons). Diazo 
compounds are excellent and widely applied carbene precursors due to their ease of 
preparation and their relative ‘green’ character: the only byproduct upon carbene 
generation is dinitrogen, while other carbene precursors form byproducts that are 
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not so easily removed from the reaction mixture (e.g. DMSO).6,7 
 The large scale applicability of carbene precursors is somewhat limited in 
substrate scope due to some potential safety hazards associated with some diazo 
compounds. Many diazo compounds are toxic, and some of them are even 
potentially explosive under certain conditions.8 Especially aliphatic diazoalkanes 
are very unstable and require handling at low temperatures and low concentrations.  
To avoid this pitfall, much more stable precursors can be used such as 
diazocarbonyl compounds (diazoketones or diazoesters). Hence they are frequently 
applied as carbene precursors in several organic transformations, even in large scale 
industrial reactions. They are excellent substrates for the introduction of highly-
functionalized carbon units, since a wide variety of substituted diazocarbonyl 
compounds is readily available via well-defined synthesis routes developed in the 
past decades.9 Much effort has been put into the development of safer alternative 
methods to handle aliphatic carbene precursors, using either in-situ generation of 
the inherently unstable aliphatic diazo compounds (for a review see Fulton et al.10) 
or avoid the use of diazo compounds entirely (for a review see e.g. Müller11). The 
availability of these alternative methods to generate (aliphatic) carbenes at 
transition metals will certainly stimulate further research into the use of carbenes in 
(catalytic) organic transformations in general. In this light, migratory carbene 
insertion reactions into TM C bonds offer valuable new tools to make new C–C 
bonds, and nowadays large potential substrate scope of several carbene precursors 
available to develop such new reactivity.  

1.2.1. Mechanistic insights from stoichiometric model reactions 
Migratory carbene insertions play an essential role in several catalytic processes 
ranging from a variety of Pd-mediated cross-coupling reactions involving diazo 
compounds, C1 polymerization and Fischer-Tropsch synthesis. This elementary step 
is at the same time difficult to study. The reaction is often very fast, and hence the 
cis-carbene-alkyl intermediate is difficult to detect and characterise. However, some 
model studies focused on slowing-down the reaction in order to detect the carbene 
intermediate and in the next section we will discuss the mechanistic information 
available from experimental model studies. The insertion of carbenes into M H 
bonds will not be considered here. Migratory insertions into metal-hydride bonds 
are generally easier than insertions into metal-carbon bonds, and we consider this 
beyond the scope of the current perspective.12 Noteworthy, Thorn and co-workers 
studied the mechanism of the formation of RhIII and IrIII cis-carbene-allyl species 
(generated by alcohol elimination from M–CH2–OR species) in the presence  
of pyridine (2 in Scheme 2).13,14 
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Scheme 2. Migratory insertion of a ‘hidden carbene’ into an Ir C bond (py = pyridine).  

The intermediate methylene complex is trapped by pyridine. The pyridine adduct is 
stable at room temperature, but if the temperature is raised to 60°C a Ir–hydride 
complex is formed by pyridine loss, methyl migration to the Ir-carbene and 
subsequent -hydride elimination with liberation of ethene. A similar reaction 
occurred when BrCH2OMe reacted with the Ir–starting material, and the ethyl 
intermediate formed before -hydride elimination was isolated in this case. The 
same end-products were obtained for the analogous RhIII complex, but no 
intermediates could be detected.14 
 Mechanistic insight into the carbene insertion process was also gained by 
studying various Pt–alkyl/Pt–aryl complexes15,16,17,18 and mixed Pt–(alkyl)X (X = 
halide) complexes. Exposing various Pt complexes bearing chiral diphosphine 
ligands [(chiral diphosphine)PtX(Me)] to different diazo compounds in polar 
solvents lead mainly to the Pt–C inserted products, although for these complexes 
there is a competition between Pt–C and Pt–X insertion (Scheme 3). The 
chemoselectivity can be tuned towards Pt–C insertion by increasing the polarity of 
the solvent and by varying the halides towards better leaving halides 
(chemoselectivity I < Br < Cl).These observations led to a proposed mechanism 
involving cationic Pt intermediates, which are formed by dissociation of the halide 
from the inner sphere of the metal center. The vacant site is then occupied by the 
carbene, followed by rapid insertion into the Pt–C bond. Afterwards, the halide 
binds again to the metal, forming Pt–(alkyl)X complexes in which the alkyl 
fragment is extended by one carbon unit. Polar solvents stabilize the cationic 
intermediates, thereby facilitating carbene insertion into the Pt–C bond. Insertion 
into the Pt–X bond follows a different pathway that does not involve these cationic 
species and is therefore not affected by the polarity of the solvent.  
 Involvement of cationic Pt complexes in carbene insertions is further emphasized 
by McCrindle et al. who prepared cationic [(cod)Pt(Me)]+ complexes on purpose by 
abstraction of the halide in (cod)Pt(Me)X complexes (cod = 1,5-cyclooctadiene).19 
When these complexes were added to a solution of diazomethane the formation of 
large amounts of polymethylene were observed, indicating that multiple carbene 
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insertions take place for these species. When phosphine ligands were applied 
instead of the cod ligand, the intermediate carbene species are stabilized  (slowing 
down carbene insertions) and in that case Pt–(CH2)n–Me (n ~ 8) species were 
observed, indicating that indeed the cationic Pt complexes are involved in the 
catalysis.  

 
Scheme 3. Carbene insertions into Pt–X or Pt–C bonds. 
 
Cooper et al. reported the insertion of carbenes into W+ alkyl bonds, indicating that 
these reactions also take place for electrophilic (cationic) metal-alkylidene 
fragments.20,21 The resulting cationic insertion product is rapidly converted to the 
coordinated olefin complex via -hydride elimination. This strategy was further 
developed towards W+–aryl insertions, which do not undergo further reactions due 
to the lack of -hydrogens.22 Winter and co-workers showed that insertion in neutral 
W–benzoyl complexes is also possible, although this reaction required harsher 
reaction conditions (reflux in THF, yield ~16%) while the analogous Mo complexes 
readily undergo insertion at room temperature in good yield (53%).23 Later they 
reported formation of W–benzyl complexes that undergo carbene migrations, 
although the actual insertion products were never observed.24 Instead, W–alkyl 
complexes and 3-benzyl complexes were formed, which are proposed to be formed 
upon rapid -hydride elimination/reinsertion after carbene migration (Scheme 4). 
Similar results were obtained with Mo, although here the starting benzyl–Mo–
carbene complexes could not be isolated since the insertion takes place more rapidly 
than is the case for W. 

 
Scheme 4. Observed products upon insertion of carbenes into W–benzyl or Mo–benzyl bonds. 
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Metallacyclopentene-iron complexes bearing a Cp ligand undergo migratory 
insertion to form cyclobutyl-iron complexes, which undergo rapid -hydride 
elimination to the corresponding olefin complexes (Scheme 5).25 Remarkably this 
reaction is also reversible, i.e. forming a Fe–carbene complex from a Fe–alkyl 
complex. This is most probably due to a relief of ring strain in the Fe–cyclobutyl 
complex upon formation of the five-membered metallacycle-carbene complex and 
has also been predicted (but never observed) for cyclopropyl-iron complexes. This 
concept has been applied to the synthesis of metal-stabilized  bridgehead olefins in 
situ, while they are normally very unstable and undergo rapid dimerization.26 

 
Scheme 5. Carbene insertion/formation in ring-strained iron complexes. 

Carbene insertions for other metals have also been studied, but to a much lesser 
extent. Competitive CO and carbene migratory insertion of alkyl fragments has been 
studied for osmium complexes and it turned out that these insertions favor the 
carbene ligand.27 Schrock and co-workers prepared a tantalum carbene complex by 
alkylidene transfer from phosphoranes. The resulting complexes decompose readily 
to the corresponding olefin complexes via carbene insertion and sequential - 
hydride elimination (Scheme 6).28 
 

 
Scheme 6. Carbene insertion formation for Ta–CH3 complexes followed by -hydride 
elimination.  

Albeniz and co-workers were able to spectroscopically observe aryl–Pd–carbene 
species and the subsequent insertion products of the carbenes into the Pd–aryl bonds 
by applying highly fluorinated aryls.29,30 Solé and co-workers demonstrated 
insertions of trimethylsilyldiazomethane (TMSDM) and ethyl diazoactate (EDA) in 
Pd–aryl bonds, giving rise to the formation of azapalladacycles (Scheme 7).31  
 

 
Scheme 7. Formation of azapalladacycles upon insertion of carbenes into Pd–aryl bonds. 
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1.3. Catalytic reactions 
1.3.1 Single carbene insertions: Cross-coupling reactions 

Insertions of carbenes have recently been used as starting point for various cross-
coupling reactions. The interest in cross-coupling reactions as a tool for C–C bond 
formation has increased rapidly over the last decades, since these reactions 
contribute to facile synthesis of many biologically active building blocks and 
functional materials. Pd is often used as catalyst for these reactions, although Ni and 
Cu catalyzed  cross-couplings have also been developed. Although a wide variety of 
products can be synthesized  via traditional Heck reactions based on coupling of 
aryl halides with acrylates, the use of carbenes in this reaction can lead to wider 
substrate scope. As stated above, many carbene precursors are commercially 
available or can easily be made according to known procedures, giving rise to easy 
synthesis of a wide range of compounds extended by one carbon unit.  
 Recently, Van Vranken et al. developed C–C coupling reactions based on 
insertions of TMSDM into Pd–C bonds generated by oxidative addition of benzyl 
halides, leading to the synthesis of styrene derivatives in low to moderate yields 
(scheme 8).32 The SiMe3 functionalities introduced in the product were easily lost 
by desilylation while ester functionalities introduced via reaction with EDA 
remained in the product, resulting in the synthesis of ethyl cinnamates with various 
substituents on the phenyl ring in good yields (up to 74%).33 This reaction was 
further extended to the synthesis of , -diarylacrylates by reaction of -
aryldiazoesters with various benzyl halides.34 Both benzyl bromides and chlorides 
were converted in good yields and stereoselectivities (up to 85% and 81% 
respectively with stereoselectivities >20:1). The reaction is tolerant towards many 
functional groups on the benzyl halide as well as the aromatic ring of the diazo 
compound, making this reaction a versatile pathway for the synthesis of many 
biologically active substrates.  

Pd0L2
ArCH2Br

PdL2Br
CH2Ar N2

R1 R2

Pd

N2 + L R2R1

Br
L

ArH2C

Pd
L

Ar
R2
R1
BrPd

L
Br

Ar
R1
R2

Base, L

-H eliminationH

R1 = SiMe3, R2 = H
R1 = COOEt, R2 = H
R1 = COOMe, R2 = Ar

R1 = Ar, R2 = H
R1 = Ar, R2 = Ar

Ar
R1

R2

Scheme 8. Proposed mechanism for Heck-type C–C bond formation from benzyl halides and 
carbenes with Pd catalysts. 

199220-bw-Walters.indd   14 14-11-13   10:59



C-C bond formation by carbene insertion reactions 

 15

The proposed mechanism of these reactions is outlined in Scheme 8. The catalytic 
cycle starts by oxidative addition of the benzyl halide, followed by coordination of 
the diazo compound. Subsequent nitrogen loss leads to the formation of a benzyl–
Pd–carbene species, which undergoes migratory insertion. The final products are 
formed by -hydride elimination and the initial catalyst is recovered by treatment 
with a base. 
 Insertions into Pd–aryl bonds have also been developed and this concept was 
exploited as a tool for the synthesis of a variety of products. Van Vranken et al. 
demonstrated the synthesis of various indenylsilanes via insertions of TMSDM into 
Pd–aryl bonds, followed by a carbopalladative cyclisation reaction (Scheme 9).35  
 

 
 
Scheme 9. Mechanism for the formation of indenylsilanes. 

Due to their instability, the use of diazo compounds without electron-withdrawing 
substituents in this reaction is rather limited. However, Barluenga and co-workers 
demonstrated that these substrates can be used in Pd–catalyzed  cross-coupling 
reactions by generating them in situ from tosylhydrazones. The conditions for 
hydrolysis of the tosylhydrazones turned out to be compatible with cross-coupling 
catalysis. In this way both diazoaryls and diazoalkanes can be generated and 
coupled to aryl halides in a catalytic fashion, allowing the synthesis of 
polysubstituted olefins36 and even 4-aryltetrahydropyridines,37 which are valuable 
building blocks in medicinal chemistry (Scheme 10). Similarly, Wang et al. 
demonstrated the synthesis of di- and tri- substituted olefins under mild conditions 
in good yields (> 67%) by using these in situ generated diazo compounds directly in 
Pd–catalyzed  cross-coupling reactions with benzyl halides as depicted in scheme 
8.38  
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Scheme 10. Synthesis of polysubstituted olefins via insertion of in-situ generated carbenes (left) 
and structure of 4-aryltetrahydropyridines (right).  

Pd–catalyzed  cross-coupling of -diazocarbonyl compounds with arylboronic acids 
affords 2-phenylacrylates (Scheme 11).39 This concept was extended to 
stereoselective synthesis of , -diarylacrylates by applying bulky bidentate N-donor 
ligands around the Pd center.40 In all cases the reaction was selective towards the 
formation of the E-isomer and mechanistic studies to account for this selectivity are 
ongoing. Remarkable about this reaction is that it requires solely molecular oxygen 
to reoxidise the catalyst, while most other processes based on boronic acids require 
external oxidants (e.g. benzoquinone) to initiate a new catalytic cycle.  
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Scheme 11. General mechanism for Pd-catalyzed coupling of diazo compounds and arylboronic 
acids. 

Recently, Wang and co-wokers have shown that aryl boronic acids can also be 
coupled to tosylhydrazones, which are assumed to generate aryl diazomethane 
compounds in situ (Scheme 11).41 This reaction further demonstrates the generality 
of coupling reactions based on carbene insertions. Tosylhydrazones have also been 
used as carbene precursors in a three-component coupling reaction involving 
carbenes, aryl halides and terminal alkynes (Scheme 12).42 After insertion of the 
carbene into the Pd aryl bond the terminal alkyne is introduced on the Pd center via 
transmetallation from copper. Reductive elimination of both alkyne and alkyl 
groups yields benzhydryl acetylene derivatives from easily available starting 
compounds. 
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Scheme 12 Proposed mechanism for three-component coupling of carbenes, aryl halides and 
terminal alkynes. 

The yields of the competing Sonogashira reaction between aryl halides and terminal 
alkynes could be reduced by carefully tuning the reaction conditions. This reaction 
is an elegant example in which two separate C–C bonds are formed on the same 
carbene carbon atom and it clearly shows that carbene insertions can be applied in 
combination with transmetallation from various metal-organic complexes.  
 Recently, Van Vranken and co-workers prepared vinyl silanes by reacting vinyl 
halides with TMSDM in presence of a Pd catalyst and a nucleophile (amines43 or 
stabilized  carbon nucleophiles44) (Scheme 13). The resulting vinylsilanes are 
excellent functional groups for nucleophilic substitution reactions and are therefore 
useful intermediates for stereospecific organic transformations.45 This concept was 
extended to the synthesis of ,  unsaturated -amino esters by insertion of EDA into 
Pd–vinyl bonds, followed by attack of the nucleophile.46 This route allows for a 
one-step synthesis of various -amino esters bearing both natural and non-natural 
side chains.  

 
Scheme 13 Preparation of vinylsilanes via carbene insertion followed by nucleophilic attack (left) 
and structure of ,  unsaturated -amino esters (right). 

Carbene insertion has been proposed as a possible pathway in the reaction of allyl 
halides with -diazocabonyl compounds leading to functionalized 1,3-diene 
compounds (Scheme 14).47 However, different pathways involving non-carbenoid 
species can lead to the formation of similar products and mechanistic studies of this 
reaction are ongoing. 
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Scheme 14 Synthesis of functionalized 1,3-diene compounds via carbene insertion into Pd–allyl 
bonds. 

Wang et al. have exploited the similarities between CO insertions and carbene 
insertions to develop a tandem catalytic insertion reaction using both CO and 
carbenes (scheme 15).48 The catalytic cycle starts with insertion of CO into a Pd–
aryl bond and the key step is believed to be migratory insertion of a carbene unit 
into the newly formed Pd–acyl bond. In presence of a base, the product formed is an 
enone, while the saturated counterparts (ketones) are formed in presence of Et3SiH 
as external hydrogen source. The reaction is applicable for both carbenes with and 
without stabilizing carbonyl fragment, thereby giving rise to a large substrate scope. 
This reaction opens up new possibilities for Pd-catalyzed  carbene transfer 
reactions. 

Scheme 15. Pd–catalyzed tandem insertion reactions of CO and carbenes. 

1.3.2. Multiple carbene insertions 

Besides single carbene insertion reactions, also multiple catalytic carbene insertion 
reactions are known. If the rate constant for carbene insertion is significantly larger than 
the rate constant for elimination/termination or other follow-up reactivity, multiple 
carbene insertions will occur, leading to the formation of oligomers or polymers 
(provided an excess of the carbene precursor is available in the reaction mixture). As 
such, this process has gained much attention since it provides a valuable alternative to 
conventional olefin polymerization based on the coupling of C=C bond containing 
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monomers, allowing the synthesis of densely functionalized polymers that (so far) 
cannot be synthesized  in any other way. In the next sections we will highlight 
transition-metal catalysts that allow multiple insertions of both functionalized and non-
functionalized carbenes and we will show recent advances in this field. Aside from 
transition metals several Lewis acids and main group metals are suitable for catalyzing 
this process and the whole field of the so-called ‘C1 polymerization’ has recently been 
reviewed.49,50 The reactions can be performed in a heterogeneous way, both in 
polymerization reactions and in the related Fischer-Tropsch synthesis, or in a 
homogenous way to obtain polymers with polar- and/or apolar side-groups. First the 
heterogeneously catalyzed carbene polymerization reactions will be described, followed 
by a more detailed overview of the homogenously catalyzed carbene polymerization 
reactions (involving either or both polar and non-polar ‘carbenes’) known to date, which 
are most relevant for the topics discussed in this Thesis.  

1.3.2.1 Carbene polymerization: Catalysis on heterogeneous metal surfaces 

Heterogeneous metal surfaces catalyze the polymerization of carbenes. Encouraged 
by the findings that colloidal gold particles catalyze polymerization of diazoalkanes 
(vide supra) Nasini and co-workers found that polymers can as well be obtained by 
applying thin films of gold as catalysts in the reaction of various diazoalkanes.71 
When diazoethane was used as carbene precursor, small amounts of stereoregular 
polyethylidene were formed, although the exact tacticity was not assigned (Scheme 
16). Many other metal surfaces have also been explored in their catalytic activity 
towards diazoethane polymerization and most of them showed activity (Cu, Ti, Fe, 
Mg, W, Ni, V, Mn, Ta, Pt, Co, Zn, Cd, Cr, Al, Mo; listed in order of decreasing 
yield). No activity was obtained for metallic Pd, Rh, Zr and Ag, although a clear 
reason for this lack of activity could not be found. Remarkably, none of the other 
active surfaces gave rise to the formation of stereoregular polyethylidene. 
 The catalytic activity of gold surfaces in the polymerization of diazomethane 
(DM) has been used to obtain ultra-thin films of polymethylene on gold surfaces, 
since these films can be applied in areas as microelectronics and packaging.51 The 
films start to grow as nanometer-scale polymethylene assemblies on defect sites at 
the gold surface but in later stages these assemblies coalesce to uniformly cover the 
whole surface. Jennings et al. have exploited this fact and modified the gold surface 
with either copper or silver, thereby enabling polymer growth uniformly on the 
whole surface.52 More recently, the same group found that EDA can act as co-
catalyst for DM polymerization on gold surfaces.53 Although homopolymerization 
of EDA was not possible, small amounts (1-4%) of esters were incorporated in 
copolymerization attempts. The thickness of the films could be tuned by changing 
the EDA concentration and films up to several hundreds of nanometers could be 
obtained. The effect of EDA on the polymerization of DM is thought to be caused 
by the removal of electron density from the gold surface by adsorbed ethyl ester 
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carbene species and these electron-deficient gold sites are believed to be the active 
sites for polymerization. This effect is similar to that of copper-modified surfaces, 
in which the electropositive copper atoms remove electron density from gold. 

 
Scheme 16. Proposed mechanism of propagation steps for the polymerization of diazomethane on 
gold surfaces. 

Although the mechanism of these reactions is still elusive, most evidence points to 
the direction of carbene insertions involving M=CH2 (or M CH) species, which are 
similar to intermediates in the Fischer-Tropsch synthesis (for an overview of similar 
C–C bond forming reactions on surfaces see reference 54 and 55). 

1.3.2.2. Fischer-Tropsch Synthesis 

In the Fischer-Tropsch synthesis (FTS), reduction of carbon monoxide takes place 
in the presence of a heterogenous transition metal catalyst and hydrogen. This leads 
to carbon-carbon formation and produces higher moleculair weight (Mw) 

hydrocarbons.56 The reaction exists already for more than 75 years and much 
research was devoted to reveal the reaction mechanism behind this catalytic ‘fuel 
production’ reaction. Since the identification of the elementary steps is difficult for 
heterogeneous surface reactions, several reports deal with contradictory reaction 
paths, either based on insertion of carbenes or direct insertion of CO (see Scheme 
17; for reviews on the mechanism see e.g. Hindermann57 and Dry66). Key 
intermediates in the carbene mechanism are oxygen-free C1ads units, generated by 
hydrogenation of CO followed by the cleavage of the C–O bond. Chain propagation 
occurs via insertion of the carbene-like CH2 units into metal–alkyl bonds, giving 
rise to the formation of surface alkyl species. The CO insertion mechanism is based 
on the direct insertion of CO into metal-alkyl bonds. The resulting acyl species 
arereduced by H2 to form a new metyl-alkyl species that can undergo further 
insertions of CO. A third mechanism based on oxymethylidene species is known 
under many different names, e.g. the formyl mechanism or the hydroxycarbene 
mechanism. In this mechanism CO is partially hydrogenated to hydroxy-carbenes in 
which the C–O bond is not cleaved. Chain growth occurs in this case via 
condensation of two surface-bound hydroxycarbene species with elimination of 
water. This mechanism was once proposed as the main pathway, although more 
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recent papers clearly disfavor this mechanism.58  
 More recent papers have indicated that a single reaction pathway cannot be 
responsible for the observed product distributions and therefore the FTS is 
presumed to be a combination of at least two parallel reactions, likely involving 
both carbene insertion and CO insertion steps.59,60,61  
 

 
Scheme 17. Different mechanisms proposed for the Fischer-Tropsch synthesis on heterogeneous 
catalysts. 

However, there is still much debate on the mechanism, and research will be 
continued until direct observation of the active species will lead to conclusive 
evidence for one of the above-described mechanisms.  
 In principle all group VIII metals show some activity towards C–C bond 
formation in the FTS process, although the most active catalysts are found to be 
iron, cobalt, nickel and ruthenium.57 Of these catalysts only (the cheapest) iron and 
cobalt are used in industrial processes. Ruthenium is the most active metal, but is 
not economical for FTS due to its high price. The problem with nickel is that it 
produces mainly methane instead of higher olefins under industrial conditions. Most 
of the above-described mechanistic studies are performed with industrially relevant 
iron or cobalt systems, and thereby possible alternative pathways for other metals 
are mostly being neglected. Some homogeneous multinuclear complexes proved to 
be good models for the catalytically active multinuclear metal sites at 
heterogeneous surfaces in the Fischer-Tropsch process. Curtis et al. reported in 
1980 the reaction of diazoalkanes with binuclear compounds containing a metal-
metal bond. The reaction led to binuclear -alkylidene complexes with a bridging 
alkylidene-ligand.62,63 The formation of alkylidene species from diazoalkanes at 
multinuclear complexes is non-trivial, and can follow several pathways and can lead 
to several alkylidene coordination modes. 
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Scheme 18. Products obtained by reacting heterobinuclear complex 1 with diazomethane at 
varying temperatures. 

Cowie et al. studied binuclear Rh,Os species as synthetic homogeneous models for 
the active heterogeneous surfaces in the FTS process. They focused on the 
relevance of the bridging methylene groups and the role of the two different metals 
(Rh and Os).64 Mixing [RhOs(CO)4(dppm)2](BF4) compound 5 with diazomethane 
led to the formation of complex 8, which is likely formed by a series of consecutive 
carbene insertions (Scheme 18).65 In order to get a better insight in the mechanism 
of this methylene-coupling reaction, the reaction was performed at different 
temperatures. This allowed them to obtain more information about the 
intermediates.  
Mixing [RhOs(CO)4(dppm)2](BF4) with diazomethane at 78°C yielded the 
methylene-bridged [RhOs(CO)3( 2-CH2)( 2-CO)-(dppm)2][BF4]  compound 6. By 
increasing the temperature from 60°C to 0°C compound 6 transformed into the 
butanediyl species 7. Compound 4 can be observed at higher temperatures between 

40°C and room temperature. Compound 6 can be converted to 7 and 8 by raising 
the temperature, but 7 and 8 do not interconvert. The mechanism likely proceeds via 
discrete Rh=CH2 intermediates at the coordinatively unsaturated Rh site, and after 
diazomethane activation at this metal, methylene insertion into the Rh–C bond of 
the bridging methylene follows. The Os-hydrocarbyl bond strength increases by this 
process, and this is crucial for the chain growth. If otherwise, loss of ethene would 
stop the methylene coupling sequence. This underlines the importance of the 
bridging binding modes. The group of Dry described a similar type of methylene 
coupling sequence to support the carbon-carbon coupling in the Fischer-Tropsch 
process.66  
 To gain more information about these insertion reactions, 13C and 2H labelled 
diazomethane was used. This, however did not provide much more information 
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regarding the formation of 7 and 8.64 Further information was however obtained by 
adding diazomethane to vinylidene-bridged species (Scheme 19). This leads to 
similar types of carbene insertion reactions with a comparable temperature 
dependency,67 and shows that carbene insertion into bridging positions is possible. 
Alkyl ligand migration between the two metals apparently plays an important role.  
The properties of the metals, the lability, the coordinative unsaturation of the Rh 
atom and the strong coordination of the hydrocarbyl ligands to Os make these 
homogeneous hetero-binuclear Rh,Os systems quite suitable to model Fischer-
Tropsch-like C C bond formations. 

 
Scheme 19. Products obtained by reacting of diazomethane with vinylidene bridged 
heterodinuclear Rh–Os compounds. 

1.3.2.3. Carbene polymerization: Homogeneous & colloidal catalytic systems   

Polymers from diazoalkanes 
Although many different metals have been attempted as catalysts for the 
polymerization of diazoalkanes, most of the earlier reports deal with the activity of 
copper and gold and have been reviewed (Scheme 16).68,69  In 1909 polymerization 
of diazoalkanes was attempted with Cu-bronze. Unfortunately this reaction 
produced only dimers (dialkyl maleate and dialkyl fumerate) and short oligomers.70 
Later on a broad range of copper reagents (copper metal, CuI and CuII salts) has 
been applied for the polymerization of carbenes from diazo compounds. The 
molecular weights (Mw) of polymethylene obtained from diazomethane with these 
copper reagents are up to 20,000 Da.69 The active catalyst is a CuI  species. If the 
reaction is starting with a CuII catalyst (e.g. copper sulfate, copper stearate) it is 
thought to be reduced in situ to CuI during the reaction. Several mechanistic 
proposals for the Cu-mediated polymerization have been postulated: rapid growth of 
a cationic chain, step-growth via repetitive migratory insertion steps of carbene 
units (generated from the diazo compound) into a CuI–alkyl growing chain, and 
radical polymerization by a stabilized  CuI radical have all been proposed.68  
 Colloidal gold particles were later found to be highly active catalysts for the 
polymerization of diazomethane.71 The active colloidal gold species were formed 
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upon immediate reduction of the AuCl3 precursor upon reaction with the diazo 
compound, resulting in almost quantitative formation of polymethylene with Mw up 
to 50 kDa. After complete reduction of all AuCl3, new polymer chains with similar 
lengths were obtained upon addition of fresh diazomethane, indicating that metallic 
gold is the catalytic active center. Higher diazoalkanes could also be polymerized 
by this system with some indications of the formation of stereoregular 
(syndiotactic) polymer, albeit with lower reaction rates and lower yields (< 
35%).72,73   

 
Scheme 20. General mechanism for polymerization of diazomethane by TM catalysts. 

The activity of other metals is less extensively studied, but there are some reports 
mentioning the activity of nickel and palladium towards polymerization of 
diazoalkanes. Nickel carbene complexes are mainly used as catalysts for 
cyclopropanation reactions74 and insertion of carbenes into TM–C bonds with these 
complexes is rare. Nevertheless, Werner and co-workers found a highly selective 
nickelocene complex that is able to polymerize diazomethane to polymethylene in 
almost quantitative yield.75 The reaction is much faster than reactions carried out by 
copper powder and ferric chelates and in all cases the catalyst is recovered 
unchanged after the reaction. The unique feature of this catalyst is that it produces 
exclusively polymers without the formation of byproducts such as ethene or low-Mw 
oligomeric material. These results do not change when the reaction is performed in 
the presence of alkenes or aromatic hydrocarbons, emphasizing the high selectivity 
of this reaction towards polymerization over e.g. addition to double bonds. This 
suggests that no free carbenes are formed during the reaction. The high selectivity is 
likely the result of extremely fast propagation rates of the polymerization. The 
intermediacy of radicals could also be ruled out since addition of radicals does not 
influence the reaction.  
 The reactivity of the [Ni(Cp)2] complex towards other diazalkanes and 
diazoesters diminishes with increasing steric bulk of the carbon bearing the diazo 
group, thereby limiting its use. Reaction of phenyldiazomethane yields only a small 
amount of polymer while diphenyldiazomethane or diazofluorene shows no reaction 
at all. Ethyl diazoacetate was not polymerized and the main products were the 
dimers diethyl fumarate and diethyl maleate. In the presence of double bonds, the 
cyclopropanation product was formed as a third reaction product due to the lack of 
polymerization activity.  
 Polymethylene was also produced by the iridium chloro-carbonyl-
bis(triphenylphosphine) complex [IrICl(CO)(PPh3)2] upon reaction with 
diazomethane.76 By electrophilic attack of the Ir-species on the carbon of the 
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diazomethane a methylene (:CH2) moiety coordinates as a fifth ligand and the 
resulting complex is stable in air. In contrast with the above-described nickel 
catalyst, the iridium complex decomposes in solution and the only products 
obtained after reaction with diazomethane are polymethylene and decomposition 
products.76 
 More recently Ihara and co-workers showed that phenyldiazomethane can be 
converted to small amounts of low-Mw oligomers (Mw ~ 1500 Da, yield < 20%) in 
presence of Pd2(dba)3(CHCl3) and pyridine.77 The 1H NMR spectrum of the 
resulting polymers shows broad resonances for both the aromatic protons and the 
proton attached to the carbon atom of the polymer backbone, indicating the 
formation of atactic material. Elemental analysis showed the incorporation of a 
large amount of azo groups in the polymer (~ one per four monomer insertions), 
which indicates that the reaction is not fully selective towards carbene insertion 
(Scheme 21). This, in combination with the low yields and the lack of 
stereoregularity of the reaction, shows that the reaction needs to be optimized to 
exploit its full potential. 

 
Scheme 21. Polymerization of phenyl diazomethane by Pd2(dba)3(CHCl3).

Polymers from carbenes bearing polar functionalities 
C1 polymerization of carbenes bearing polar functionalities is much more 
challenging due to the increased stability of the corresponding carbene precursors 
and most metal catalysts form only the corresponding dimers upon the 
decomposition of these precursors.75,78,79   
 From 2003 on Ihara and co-workers investigated the polymerization of diazo 
compounds bearing polar functionalities catalyzed  by a variety of PdII catalysts. 
They were able to obtain a variety of highly-functionalized oligomers/polymers via 
so-called ‘poly(substituted methylene) synthesis’ by both homo- and 
copolymerization of different diazo monomers. Amongst these were mainly 
diazoesters,77,80,81 diazoketones,77,82 cyclic diazoketones83 and diazoacetamides84 and 
all could be converted to oligomeric or low Mw atactic polymeric material. In 2003 
they reported that PdCl2 reacts with methyl diazoacetate (MDA) and ethyl 
diazoacetate (EDA) in the presence of an amine with formation of low-Mw 
oligomers (up to 700 Da) that could be isolated as viscous oils in good yields (50-
100%).80 NMR analysis showed broad resonances indicative for atactic material and 
the spectra looked similar to those of the product obtained by radical polymerization 
of fumarates. However, MALDI-ToF analysis of the resulting materials confirmed 
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that the polymers consisted of repeating carbene units, thereby excluding 
participation of olefin polymerization. From the m/z values it could be deducted that 
polymers bear amine functionalities at both chain ends of the polymer. Since then, 
several Pd salts have been applied as catalysts for this reaction and it turned out that 
the results are quite similar in all cases.82 Surprisingly, Pd0 sources such as 
Pd2(dba)3(CHCl3) show similar activity towards polymerization. The authors 
proposed that in this case the active species are formed by in-situ oxidation of Pd0 
to PdII. Later reports deal mainly with the use of PdCl2(MeCN)2 as the catalyst, 
because this catalyst has a better solubility in organic solvents.  
 This reaction could be extended to oligomerization of saturated and unsaturated 
diazoketones. A clear relation between the structure of the monomer and the ease of 
polymerization was observed.77,82 For example, diazo compounds with a double 
bond next to the carbonyl functionality could be polymerized in good yields (e.g. 
Mw ~ 2500 Da, yield ~ 50%) while the corresponding saturated diazoketones gave 
only low yields and lower molecular weights under the same conditions with the 
same catalyst (Mw ~ 900 Da, yield ~ 13%).82 This indicates that the presence of a 
double bond adjacent to the ketone functionality is beneficial for polymerization, 
although it is not exactly clear why this is the case.85 Polymerization is hampered by 
steric hindrance around the metal center during polymerization, as is emphasized by 
very low reactivity of Pd systems towards bulky diazoketones and a variety of 
cyclic diazoketones (scheme 22).83 Unsaturated cyclic diazoketones can be 
polymerized, albeit in low yields (9-24%, Mw = 900-1400 Da), while saturated 
cyclic diazoketones do not undergo polymerization reactions. 
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Scheme 22. Structure of some diazoketones attempted as monomers in the Pd–catalyzed  
polymerization.

Depending on the structure of the diazoketone various amounts of azo 
functionalities were incorporated in the polymer main chain, sometimes giving rise 
to rather ill-defined copolymeric structures. Cyclic diazoketones gave rise to higher 
amounts of azo groups (~25%) than acyclic diazoketones (<10%), although in the 
latter case the amounts varied significantly for the different monomers.  
 Oligomers functionalized with N-substituted carbamoyl groups were available via 
polymerization of certain diazoacetamides, although they were obtained in low 
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yield (~10%) and with higher azo contents (~20%) than the oligomers described 
above.84 These results indicate that the catalyst system is not sensitive to the 
presence of functional groups in the monomer, emphasizing the wide range of 
applicability of this technique towards the synthesis of functional materials. 
 Recently the authors have shown that higher-Mw polymers of EDA (up to 24 kDa) 
could be obtained in reasonable yields by applying a Pd0(NHC)/BPh4

– systems as 
catalysts.81 NMR analysis of the polymeric material showed that the material is 
atactic, although variations in the structure of the NHC ligand seem to have a slight 
effect on the tacticity, thereby creating possibilities for stereocontrol. Activation of 
the Pd0(NHC) catalyst by BPh4

– is required to obtain higher-Mw polymers. For all 
catalysts, the authors propose a PdII–based mechanism that does not involve discrete 
carbene intermediates, thereby formally excluding these systems from the scope of 
this perspective. According to Ihara and co-workers the initiation takes place via 
nucleophilic attack on the -carbon atom of the diazo compound, which leads via 
nitrogen extrusion to the formation of a PdII–carbon bond. Amines80 are proposed as 
initiating species but, since the reaction also proceeds in absence of amines, this 
could well involve the attack of weak nucleophiles such as as water, MeCN or the 
monomer.82 The observation of amines at both chain-ends suggests that two 
polymer chains might grow simultaneously from one Pd center and the final 
polymer could well be formed by reductive elimination of both chains.  
 Propagation was proposed to involve direct migration of the growing polymer 
chain onto the coordinated diazo monomer, followed by nitrogen extrusion (Scheme 
23). A true carbene polymerization mechanism involving discrete Pd-carbene 
intermediates can however not be excluded. 
 

 
Scheme 23. Proposed chain propagation in Pd-mediated ‘carbene’ polymerization from diazo 
compounds.
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The proposed mechanism (Scheme 23) contrasts with other reports suggesting that 
carbenoid species are intermediates in insertion reactions with diazo compounds 
catalyzed  by Pd,32,33 and since there is no direct evidence for direct attack on the 
diazo compounds, the intermediacy of carbene species in Pd-catalyzed  
oligomerization reactions cannot be ruled out. Since these reports contribute for a 
large part to the development and understanding of carbene polymerization (and C1 
polymerization in general) we decided to include them in this perspective, despite 
the ambiguity about the mechanism.  
 Recently, we have shown in our group that most likely low valent Pd species 
(probably Pd0) are involved as catalytically active species in this reaction.86 Several 
Pd0 complexes, including heterogeneous Pd0 on carbon, catalyzed  the formation of 
oligomers from EDA in good yields (up to 80%) and higher Mw (up to 2000 Da) 
than the previously reported PdII salts. Furthermore, these systems do not 
incorporate olefins in the growing carbene polymer chain, which would have been 
expected if PdII–alkyl intermediates were involved. This, in combination with the 
known reducing power of diazo compounds, makes the involvement of low valent 
Pd more likely. These results might contribute to a more strategic reaction design, 
directed to the development of highly active and (stereo)selective Pd-based C1-
polymerization catalysts. 
 In 2006, we reported that polar functionalized carbenes generated from diazo 
compounds were polymerized in a stereoregular manner by transition metal 
catalysts.87 By reacting EDA and other diazoesters with RhI(diene) catalysts, 
syndiotactic (co)polymers are produced with high molecular weights and in high 
yields (Mw up to 150,000 Da, yields up to 85%) (scheme 24). The remaining 
products are atactic oligomer (Mw ~ 1200 Da, Mw/Mn ~ 3) and diethyl maleate and 
fumarate.88,89,90,91 The syndiotactic polymers are highly crystalline, and reveal 
thermotropic and lyotropic liquid crystalline (LC) properties.87,91  

 
Scheme 24. Formation of syndiotactic poly-carbenes from diazo-esters mediated by 
Rh(diene) catalysts.

The observed LC behavior of these materials is unexpected for flexible sp3-carbon 
backbone polymers. Recently, our group disclosed that these polymers reveal a 
liquid crystalline thermotropic phase for a special reason. A combined set of 
experimental measurements, supported by molecular mechanics-based molecular 
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dynamic studies, suggests that the LC behavior is due to self-aggregation of the 
polymer chains into triple helix aggregates (see Figure 2). This triple helix is 
stabilized mostly by inter-chain van der Waals interactions.92 Helix formation 
renders the polymer-chains much more stiff than individual chains, thus explaining 
the LC properties of these materials. Cross-linking of different triple helices can 
also take place (involving the same self-assembly process but involving 
interconnecting triple helices). This explains why these polymers are quite difficult 
to melt, as well as their gel-forming abilities at higher concentrations in solution. 
The intriguing supramolecular self-assembling behavior of these polymers is an 
additional interesting aspect of these new materials. 

 
Figure 2. Liquid-crystalline behavior of poly-carbenes explained by supramolecular self-
aggregation, reflecting the importance of the ‘tertiary structure’ of synthetic polymers on their 
material properties. 

Rh-mediated stereoselective polymerization is also applicable to other polar 
functionalized C1 monomers, such as n-butyl diazoacetate, 3-butenyl diazoacetate, 

benzyl diazoacetate and t-Bu-diazaoacetate. This reaction allows the synthesis of 
random and [homo-A]-[random-B>A]-type block copolymers (scheme 25).91 

Both the homopolymers and the above block copolymers (Scheme 25) are rather 
long, and have a functional group on every carbon atom of the stereoregular 
polymer chain. This makes  these highly crystalline polymers quite difficult to 
(melt) process. Hence, attempts were undertaken to incorporate non-functionalized 
monomers to improve the polymer processability. Additionally, copolymerization of 
functionalized carbenes with (cheap) non-functionalized olefins would be of 
industrial commercial interest to prepare polyolefins containing small amounts of 
surface-active polar-groups. Such polymers are of interest to improve the surface 
properties of polyethylen or polypropylene, so that paint and ink attach better in a 
durable manner to the surface-area of such modified polymers. Only a small amount 
of functionalized carbene monomers should be enough to achieve this effect.93,94  
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Scheme 25. Formation of random and [homo-A]-[random-B>A] block copolymers by Rh-
mediated carbene polymerization.

Formation of copolymers of functionalized and non-functionalized monomers is 
further of interest to make compatibilizers for use in polymer blends. Such blending 
agents can act as glue between polymers with and without functionalities, and can 
be obtained by copolymerizing functionalized carbenes with non-functionalized 
ones. Three ways were developed in our group to synthesize these type of block-
polymers: copolymerization of diazomethane and EDA,95 copolymerization of 
ethene and EDA,96 and copolymerization of sulfur ylides and EDA.97 This last 
example uses an alternative carbene sources in the carbene-polymerization reaction. 
Like diazo compounds, also  sulfoxonium ylides can form a metal-bound carbenoid 
species upon reaction with transition metals (leading to loss of dimethyl sylfoxide; 
DMSO). Using Rh(diene) catalysts with a bulky group on the diene, this leads to 
polymerization activity producing linear polymethylene (nearly identical to linear 
polyethylene) in up to 80% polymer yield. 

 
Scheme 26. Rh-mediated carbene polymerization using dimethyl sulfoxonium methylide as 
carbene precursor.  

When EDA is added to the catalyst/substrate mixture, the polymerization reaction 
yields linear diblock copolymers with a –{(CH2)n(CHCOOEt)m}  structure. This 
method, as well as the ethene-EDA copolymerization technique is an interesting 
alternative for the relatively dangerous copolymerization of EDA with 
diazomethane (DM). Nonetheless, DM is potentially explosive and highly toxic. 
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However, the ylide based copolymerization only allows the synthesis of linear 
diblock copolymers, and a limitation of the Rh-mediated ethene-EDA 
copolymerization is the fact that only a small amount of ethene (maximal 11%) can 
be incorporated in the polymer chain. The DM-EDA copolymerization allows 
random copolymerization reactions in which the CH2 to CHCOOR ratio in the 
final polymer chain can be controlled by changing the feed ratio of the monomers. 
This is an advantage of this polymerization technique.  
 
Previous mechanistic studies 
Mechanistically, the carbene polymerization reaction is still associated with many 
open questions. The initiation efficiency (IE) of this Rh-mediated carbene 
polymerization is low (< 5%). To understand this low IE number, catalyst screening 
and mechanistic studies have been performed.98 The conclusion from these studies 
was that the O,N-ligand and the diene ligand of the [(O,N-ligand)Rh(diene)] 
precatalysts have different effects on the polymerization reaction. The O,N-ligands 
have a strong influence on IE of the polymerization reaction, while the diene-ligand 
is important for stabilization of the active species during the propagation-steps.99 
The exact role of the anionic- and the diene-ligand during the polymerization 
process is, however, still unknown. Furthermore, the exact structure of the active 
species remains unidentified and has to be clarified by deeper mechanistic studies.  
In case Ir analogues of this Rh catalyst were used for the polymerization of EDA, 
only [(N-benzyl-L-prolinate)IrI(cod)] proved active.88 In 2007, Buchmeiser et al. 
studied the reactivity of another IrI-complex, [(N-acetyl-N,N-dipyrid-2-
yl)(Cl)IrI(cod)], towards EDA. This did not polymerize EDA at all, while the 
analogous Rh complex proved quite active in the polymerization of EDA.100 Some 
attempts to use cobalt-based catalysts in our own group also failed to produce 
polymer from EDA. Hence, rhodium seems essential for these reactions. 

DFT calculation on the polymers bearing polar functionalities 
ADFT study was performed to explain the formation of stereoregular polymer with 
non-chiral catalysts, suggesting that the propagation steps are chain-end 
controlled.88 The diene ligand, or a ligand derived from the diene formed under the 
applied reaction conditions, must be stabilizing the active species for polymer 
formation. This can be derived from the large influence of the applied diene ligand 
on the obtained polymer lengths and molecular weight distributions.88 DFT 
calculations using unmodified [(cod)Rh(polymeryl)] species as a simplified model 
of the catalyst suggest that the reaction proceeds via a migratory insertion 
mechanism (Scheme 27). 88   
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Scheme 27. Proposed mechanism of propagation steps of the Rh-mediated polymerization of 
polar functionalized carbenes (P = growing polymer chain, E = COOMe). 

The termination steps of the polymerization reaction were also investigated 
computationally, again using unmodified [(cod)Rh(polymeryl)] species as a 
simplified model. Interestingly, these DFT calculations revealed a low energy 
pathway for -H elimination compared to propagation.101 Hence, these studies 
revealed that unmodified [(cod)Rh(polymeryl)] species can actually not be 
responsible for polymer formation. Such species are expected to form only dimers 
or short, unsaturated and atactic oligomeric chains, which are the products of rapid 

-H elimination. This is in marked contrast with the experimentally observed long 
isotactic polymers. Hence, catalyst modification must occur during the initiation-
phase of the polymerization reaction. This is in agreement with the previously 
observed induction period during which the selectivity changes from predominant 
dimerization/oligomerization activity to almost exclusively polymerization 
activity.88 Ligand modification or other catalyst alteration steps occurring under the 
applied reaction conditions (e.g. ligand and/or metal oxidation by H2O/O2 in case of 
1,5-dimethylcyclooctadiene)89 cannot be excluded. Additional DFT studies were 
performed to elucidate the potential nature of the active species. Calculations on the 
Rh(diene)-species showed that stabilization of the active species is achieved by the 
formation of a five-membered chelate ring which includes the -ester group of the 
last inserted ester unit (see Figure 3).102 This, however, does not help in achieving 
higher propagation over termination rates in the calculations.  

 
Figure 3. Calculated active species for the polymerization. 

Experimental work confirmed that preformation of [(cod)Rh(polymeryl)] species as 
shown in Figure 1 (with an unmodified Rh(diene) moiety) does not lead to higher 
amounts of catalyst active in polymerization compared to regular 
[(prolinate)Rh(diene)] precatalysts normally used in carbene polymerization 
reactions.102 This further suggested that a modification of the diene-ligand is 
required to obtain active catalysts. However, it is also clear that much more research 
is needed to fully understand these systems. Considering the abovementioned 
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interesting applications of the Rh-mediated carbene polymerization reaction could 
be in the synthesis of novel materials with potential ‘specialty’ applications (e. g.  
plastic electronics, conducting materials, batteries, polymeric organic LEDs, 
compatiblizers in polymeric blends, etc.). Alsol the intriguing supramolecular self-
aggregation of poly-carbenes into LC triple-helix assemblies can be beneficial. Our 
group has developed a strong drive to advance this interesting new polymerization 
protocol. Hence, in order to exploit the full potential of these new reactions, a 
detailed mechanistic understanding is crucial.  

1.4 Conclusions
Migratory carbene insertions into the TM C bonds offer interesting opportunities in 
catalytic C C bond formation and this reaction already has some exciting 
applications. Intriguing examples show the preparation of densely functionalized 
polymers from C1 monomers, and hence the synthesis of new (stereoregular) 
polymers that are functionalized with (polar) substituents at every carbon atom of 
the polymer backbone. Such polymers are not so easily obtained by conventional 
olefin polymerization techniques. Carbene insertions most likely also play an 
important role in the related Fischer-Tropsch synthesis, and therefore renewed 
mechanistic insights into this reaction based on (stoichiometric) studies of carbene 
insertion reactions may well contribute to further developments of this catalytic 
‘fuel production’ reaction. Several of such model reactions reveal the feasibility of 
the migratory carbene insertion elementary step, and underline the importance of 
electronic and steric influences of ligands and (partial) charges on the outcome of 
the reaction, both in homogeneous systems as on heterogeneous metal-surfaces. 
This offers ample opportunities for catalyst development (catalysis by design). This 
will be important to gain control over the chain-growth and chain 
termination/transfer processes in (existing) Fischer-Tropsch and C1 polymerization 
reactions, but also holds the promise to develop completely new (catalytic) 
reactions based on migratory carbene insertions. In this respect, recent 
developments in Pd-catalyzed  cross-coupling reactions show that transmetallation 
can be successfully combined with migratory carbene insertions, thus expanding the 
substrate scope substantially and allowing the efficient synthesis of new molecular 
compounds.  
Another significant challenge in this field of research is to obtain a detailed 
mechanistic understanding of the Rh-mediated stereoregular carbene polymerization 
reactions. Important goals are to reveal the exact structure of the key polymer 
forming Rh-species, understanding the process of catalyst activation and how the 
(modified) ligands influence this process. Furthermore, revealing details about the 
propagation, termination and chain-transfer mechanisms is important to further 
develop this new polymerization reaction.  
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1.5 Outlook of the thesis 

The importance of understanding the key elementary steps in the reaction 
mechanism of Rh-mediated stereoregular carbene insertion reactions has been  
illustrated by the previously described examples. The main focus of this thesis is to 
elucidate the mechanistic details of the Rh-mediated, stereocontrolled carbene 
polymerization. This reaction is currently the only tool to obtain highly 
functionalized syndiotactic polymers, and it allows the design and synthesis of 
special polymers with desirable properties. While some fragmented mechanistic 
information was obtained in previous studies, a detailed mechanistic picture was 
lacking thus far. Mechanistic understanding of this new reaction is important for 
several reasons. First of all the development of new and improved catalysts 
critically depends on a detailed understanding of catalyst activation process. 
Understanding this process should allow us to achieve higher initiation efficiencies 
towards the active catalyst, thus allowing us to synthesize polycarbenes in higher 
yields while using less of the expensive Rh-catalyst (in earlier studies a polymer 
yield of maximum 50% could be achieved using catalysts with a typical initiation 
efficiency lower than 5%). Understanding the process of stereoregulation is also 
important for the development of future catalysts, and may eventually allow us to 
steer the tacticity from syndiotactic to isotactic, and in-between. This, in turn, is 
expected to have a strong influence on the polymer properties. Understanding the 
mechanistic details of propagation, termination and chain-transfer is important to 
decrease the formation of dimeric and oligomeric side-products and to allow a 
better control over the molecular weight and weight distribution of the polymer 
obtained (e.g. through addition of specific chain-transfer agents). The latter is 
important to improve the (melt) processability of the new materials.  
In this Thesis we study in detail the structure of the active species of the carbene 
polymerization reaction, how it is formed and why it produces polymer with a high 
syndiotacticity. We further focus on the factors influencing chain termination and 
chain transfer, and we performed supporting DFT calculations to rationalize the 
results in a detailed mechanistic picture. The obtained mechanistic information 
provided is further used to synthesize improved catalysts and to control the polymer 
molecular weights. Specific research questions that will be addressed include:  

 
(a) Why is the initiation efficiency of the catalyst in the polymerization reaction 
low, and can we enhance the efficiency of catalyst activation?  

 (b) What is the structure of the polymer-forming active species?  
 (c) What are the propagation, termination and chain-transfer mechanisms?  

(d) Does chain-transfer occur at all? 
(e) Why are highly stereoregular polymers formed?  
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The answers to these questions should lead to a better understanding of the Rh-
mediated carbene polymerization protocol, which in turn is important to fully 
exploit the potential of these intriguing new polymerization reactions. 
 In chapter 2 we report the mechanistic details of the carbene polymerization 
reaction using the originally reported RhI(cod)-based catalysts. These precatalysts 
are involved in a multistep activation process leading to several different active 
species, which are responsible for the formation of the different products obtained 
(dimers, atactic oligomer and syndiotactic polymer). The studies further expose 
important experimental details about the chain-termination and chain-transfer 
processes. Strikingly, the studies reveal an important role of added alcohols, which 
induce chain-transfer. This leads to protonation of the growing chain and alkoxide-
transfer to the metal, thus producing saturated H-chain-OR polymers. A new 
polymer chain grows from the formed Rh-OR moiety. 
In Chapter 3 and 4 we focus on identification of  the active Rh-species responsible 
for formation of the stereoregular polymers. Detailed information was obtained by 
following an important lead from previous studies, showing that aerobic oxidation 
of the solid [(prolinate)RhI(Me2cod)] precatalyst (containing two diastereomers) led 
to higher polymer yields, suppressed formation of unwanted dimers and oligomeric 
side-products, and resulted in improved catalyst activation efficiency. This 
observation was initially thought to be the result of selective decomposition of one 
of the two diastereomers of the (pre)catalysts, the one believed to be responsible for 
formation of the side-products (leaving only the desired activity of the diastereomer 
responsible for polymer formation). To shine more light on this hypothesis, we 
investigated the influence of the diastereomer-ratio of several related derivatives of 
[(prolinate)Rh(Me2cod)] on the polymerization activity (Chapter 3). Since for some 
of these precatalysts the opposite effect was observed as initially hypothesized, we 
actually disproved the theory that the effect of aerobic oxidation of the precatalyst 
is only due to the removal of a side-product forming form of the (pre)catalyst. 
Hence, aerobic oxidation must play a more active role in catalyst activation. Hence, 
we next investigated the influence of aerobic oxidation of the solid precatalyst 
samples in more detail (Chapter 4).  
In Chapter 4 we show that the RhI(diene) precatalysts are in fact oxidized to 
RhIII(allyl-hydroxide-diene)-species. These species are only one step away from 
forming the actual active RhIII(allyl-diene)(alkyl) species responsible for polymer 
formation. The active form of the catalyst could be identified by using ultra-high 
ESI-MS analysis and the important role of alcohol as a chain-transfer agent was 
confirmed by these studies as well. Hence, these studies led to an important 
modification of the mechanistic features of the reaction.  
In Chapter 5 we further investigated the propagation, termination and chain-transfer 
steps of the polymerization reaction using DFT methods, and using a slightly 
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simplified model of the active RhIII(allyl-diene)(alkyl) species. The details of the 
computational model are in excellent agreement with all experimental observations.  
Chapter 6 deviates from the general mechanistic topic of this Thesis, and here we 
describe two functionalizations of the new, highly functionalized, stereoregular 
polymeric materials towards potential new applications of these polymeric 
materials. First, we will show that we can generate amphiphilic block copolymers 
that form micelles by initiating the EDA polymerization on a preformed PEG 
polymeric chain containing an alcohol end-group. Secondly, we investigated the 
synthesis of polymers from several different diazo compounds expected to produce 
polymers with electron-conducting properties. Such polymers potentially find 
application in new polymeric solar cells.
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2.1 Introduction
Polymers bearing polar functionalities are important within the vast field of polymer 
chemistry, since they exhibit beneficial properties with respect to adhesion, 
paint/printability and surface properties.1,2 Commercial synthesis of these materials is 
mainly based on radical processes, which (so far) only allow relatively poor control over 
the stereochemistry of the resulting polymers.3 Promising routes towards stereoregular 
and polar functionalized polymers are living “group transfer” polymerization techniques 
developed by Chen, allowing the controlled synthesis of both syndiotactic and isotactic 
(rich) polymers from (methyl)methacrylates, acrylates, (meth)acrylamides, acrylonitriles 
and vinylketones.4,5,6,7,8,9 However, to the best of our knowledge, there are no catalysts 
known that can polymerize di-functionalized olefins, such as fumarates or maleates, in a 
stereocontrolled manner (even controlled radical polymerization of di-functionalized 
polar vinyl monomers is not trivial and an unsolved problem to date). The synthesis of 
high molecular weight stereoregular densely functionalized sp3-carbon chain polymers 
containing a polar substituent at every carbon of the polymer backbone is therefore 
currently restricted to the Rh-mediated carbene polymerization techniques developed in 
our group (C1 polymerization).10,11,12,13,14,15,16,17 These new, highly functionalized sp3-
carbon backbone polymers reveal interesting and unexpected material properties, such 
as thermotropic and lyotropic liquid crystallinity, a broad thermal stability range, and a 
high storage modulus up to high temperatures.16  The substrates, diazoalkanes bearing 
electron-withdrawing substituents (such as diazoacetates, N2CHCO2R), are reasonably 
stable,18,19,20,21 easy to prepare and relatively cheap carbene precursors, and therefore 
extensively used in organic synthesis. Related Cu and Pd catalyzed 
oligomerization/polymerization reactions of diazoesters and diazoketones have been 
reported by Li and Ihara, which yield rather low molecular weight and atactic 
materials.22,23,24,25,26,27,28,29,30,31 

 
Scheme 1. Rh-mediated carbene polymerization leading to fully functionalized, high molecular 
weight and stereoregular (syndiotactic) carbon-chain polymers. 

The highest polymer yields in Rh-mediated carbene polymerization were achieved by 
using RhI(diene) complexes bearing N,O-type ligands. By variation of the ligands, we 
were able to show that the molecular weight and mass distribution of the obtained 
polymer is strongly dependent on the applied diene-ligand while the anionic N,O-ligand 
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largely influences the polymer yield. Previous investigations suggested that the high 
syndiotacticity of the polymerization could be explained by chain-propagation 
proceeding via chain-end controlled migratory carbene insertion (see Scheme 1).17 A 
further remarkable feature of the Rh(cod)-based system is that the reaction is associated 
with a rather low amount of active polymer forming Rh-species (~5%) and an 
incubation time. During this incubation time, the selectivity of the catalyst drastically 
changes from predominant dimerization and oligomerization activity to almost fully 
selective polymerization.17 We also investigated the importance of -hydride 
elimination as a possible chain-transfer mechanism. While this process is competing 
with chain-propagation according to our computational studies,32 we found so far no 
experimental evidence for its occurrence during carbene oligomerization or 
polymerization using the Rh(cod) systems. Hence, it is clear that the processes leading 
to catalysts activation, chain-initiation, chain-termination and/or chain-transfer 
associated with this reaction are not well understood, and require more attention. In this 
Chapter we give more information about these processes by means of catalyst variation, 
end-group analysis, dilution-kinetic studies and polymerization reactions in the presence 
of alcohols to get more insight in the active species of the polymerization and insight in 
the mechanism of the polymerization. 

2.2 Results and Discussion 
2.2.1 Characterization of the oligomeric fraction by MALDI-ToF MS end-group analysis. 

In an attempt to obtain more information about the nature of the initiation and chain-
termination processes, we performed MALDI-ToF MS analysis of the oligomeric 
fraction. Polymer end-group analysis generally provides valuable information about the 
initiation and termination processes of a polymerization reaction. However, the high 
molecular weight and broad molecular weight distribution of poly(ethyl 2-ylidene-
acetate) (PEA) hampers end-group analysis by NMR spectroscopy or mass 
spectrometry. Hence, we resorted to analyze the oligomeric fractions, which are always 
formed as side products in varying amounts depending on the reaction conditions and 
the applied precatalyst (Scheme 2).  
 

 
Scheme 2. Polymerization of ethyl diazoacetate (EDA) (50 eq.) with Rh (0.04 mmol) to form high 
molecular weight, stereoregular poly(ethyl 2-ylidene-acetate) (PEA). As side products, atactic 
oligomers of low molecular weight and the cis and trans dimers are formed. 
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The oligomeric fraction is separated from the polymer by evaporation of the solvent and  
subsequently washing of the polymer with methanol, leading to a solid polymer fraction 
and a MeOH-soluble oligomeric fraction. The methanol and the dimers are then distilled 
off from the oligomeric fraction, leaving the oligomeric products as an orange to dark 
brown viscous oil. Their molecular weight (Mw ~1.2 kDa, PDI ~3.5) corresponds to 5-
15 carbene units. Our combined experimental data show that the polymers and 
oligomers are formed by different active species. First of all, the oligomers have 
different stereochemical properties, and show broad signals in the 1H and 13C NMR 
spectra (Figure 1) indicative for ill-defined, atactic (and possibly branched) oligomers. 
In contrast, the polymers exhibit sharp signals in the 1H and 13C NMR spectra 
characteristic for syndiotactic chains.17  

 
Figure 1. NMR spectra (top: 1H NMR, 500 MHz, CDCl3; bottom: 13C NMR, 125 MHz, CDCl3) 
of the poorly defined MeOH soluble oligomers obtained during work-up of PEA. Typically, there 
are no signals of possible end-groups and the backbone in the 1H NMR spectra while the signals 
of the carbonyl and backbone carbons in the 13C NMR spectra reveal the atactic structure of the 
chain. 

SEC-analysis of the reaction products further confirms that the oligomers must be 
formed by different Rh-species than those producing the polymer. The SEC traces of the 
reaction mixtures produced by precatalysts 1 and 2, for example, show that the 
molecular weight distributions of the oligomer and the polymer fractions are well-
separated (Figure 2). The same is true for the other precatalysts; the molecular weight of 
both fractions differs too strongly to be formed by the same Rh species.33  
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Figure 2. SEC-traces of the products produced by 1 (black line) and 2 (gray line) in the 
polymerization of EDA.  

As the broad NMR spectra of the oligomeric products do not allow us to draw 
conclusions about the mechanism of their formation, we decided to analyze them by 
MALDI-ToF mass spectrometry. The oligomers formed by the reactions of catalyst 
precursors 1-10 (Figure 3) with EDA were used for this purpose. The synthesis of the 
complexes 1-3,13,17 5-7,17,34 and 9, 10,35,36 has been described previously, while 
complexes 4 and 8 are reported for the first time.  
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Figure 3. Catalyst precursors used for the polymerization of EDA. 

Important to note at this point is that the oligomers used to obtain the MALDI-ToF mass 
spectra described below were obtained by similar carbene polymerization reactions, 
employing the different catalyst precursors 1-10, but otherwise identical reaction 
conditions (reactions in (EtOH stabilized) CHCl3

 at room temperature using the same 
concentrations for all reactions).  

The oligomeric chains are detected in the typical range between 500 and 1300 Da, 
and the peaks with the highest intensity are between 600 and 900 Da, corresponding 
with 6-10 carbene units. For most experiments two or more series of signals are detected 
due to a combination of different oligomer end-groups and charge carrier cations. 
However, addition of different metal-salts and variation of the applied catalysts allow 
conclusive assignments of the oligomer end-groups. Quite remarkably, in most cases 
saturated chains H–{CHC(O)OEt}n–Y with different ‘–Y’ chain-ends are dominating 
species in the MALDI-ToF MS spectra (see Figure 4). For example, with precatalyst 3 
we obtained one strong series of signals with a repetitive pattern of 86 Da (the mass of 
one carbene unit), thus confirming a (migratory) carbene insertion mechanism (Scheme 
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1). The peaks correspond to (86n + 25) Da (e.g. 799.37 Da with n = 9) which we 
interpret as saturated oligomeric chains with two hydrogen chain-ends and Na+ as a 
charge carrier: Na+[H–(CHCO2Et)n–H] ( ). This interpretation was confirmed by 
addition of CF3CO2Li: then the same oligomeric chains are detected, this time with Li+ 
as charge-carrier, i.e. Li+[H– (CHCO2Et)n–H].  

 
Figure 4. Part of the MALDI-ToF mass spectrum (reflectron mode) of the oligomers obtained 
with 3 (top), 7 (center) and 6 (bottom). The assigned series correspond to 
Na+{H (CHCO2Et)n H} ( ), Na+[EtO–(CHCO2Et)–H] ( ) and Na+[AcO-(CHCO2Et)–H] ( ). 

Furthermore, saturated chains with hydroxyl and ethoxy ‘-Y’ end-groups are also 
observed: e.g. Na+[HO–(CHCO2Et)–H] (not marked in Figure 437) and Na+[EtO–
(CHCO2Et)–H] ( ). Interestingly, for the oligomers obtained with precatalysts 6 and 8, 
the anionic ligand of the starting complex is detected as end-group of the chains, i.e. 
acetate ( ) or mesityl groups respectively. Na+, Rh+ or even Rh(diene)+ (diene = cod, 
dcp, nbd, hxd, dmcod) can possibly act as charge carrier, rendering the interpretation 
sometimes ambiguous. However, mass changes triggered by addition of sodium or 
lithium salts to the samples allow a detailed assignment of the charge carriers, and 
thereby the oligomer chain-ends in most cases. For example, the MALDI-ToF mass 
spectrum of the oligomeric fraction obtained with precatalyst 4 contains mainly chains 
with Rh+ as charge carrier; by addition of CF3CO2Na and CF3CO2Li, the masses of the 
saturated chains are shifted accordingly (see Figure 5). 

Previous DFT calculations already suggested that -H elimination plays a minor role 
as a chain-transfer process.32 The above observations are in good agreement with these 
results. Only rarely can unsaturated chains be detected, likely containing a vinylic end-
group generated by -H elimination, i.e. H–(CHCO2Et)n–CCO2Et=CHCO2Et. An 
illustrative example is shown in the MALDI-ToF mass spectrum measured in the 
absence of salts (Figure 5, top). These unsaturated oligomers are mainly detected with 
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Rh+ and Rh(diene)+ as charge carrier; addition of Na+ or Li+ salts mostly suppresses 
them.38 There are no unsaturated equivalents of the chains with ethoxy or hydroxyl end-
groups. The ratio between saturated and unsaturated chains seems to be dependent on 
the applied catalyst, the reaction conditions,39 and the reaction time.  

 
Figure 5. MALDI-ToF mass spectra (reflectron mode) of the oligomers obtained with 4; without 
salt addition (top), addition of CF3CO2Na (center) and CF3CO2Li (bottom, for clarity a part of the 
spectrum is deleted). The series correspond to Rh+/Na+/Li+[H (CHCO2Et)n H] ( ); 
Rh+/Na+/Li+[EtO (CHCO2Et)n H] ( ), Na+/Li+[HO (CHCO2Et) H] ( ) and 
Rh+[H (CHCO2Et)n CCO2Et=CHCO2Et] ( ).  

The MS-data reveal that oligomer chain-growth can be initiated from several 
nucleophiles or nucleophilic ligands (–OH, –OEt, –H, –Mes and AcO–). The 
observation of –OH and –OEt chain-ends suggests further that water and the ethanol 
stabilizer in chloroform may play an important role. Only in some cases, the actual 
anionic ligands of the precatalysts act as chain-initiator. Chain-termination occurs via 
two distinct pathways: -H elimination and protonolysis. Whereas -H elimination is a 
minor pathway,32 protonation of the chain by water, ethanol (present in the solvent as a 
stabilizer) or possibly the weakly acidic diazo ester is the dominating chain-termination 
route that explains the formation of saturated chains.40,41 These results are quite 
remarkable, considering the fact that -H elimination is generally an easy and fast 
reaction for Rh complexes, since Rh-hydride formation is energetically more 
favorable.42 Interestingly, there seems to be a shift from unsaturated to saturated chains 
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at higher masses indicating that both types of chains are produced by different catalytic 
species (see Figure 6).  

 
Figure 6. MALDI-ToF mass spectra of [{Rh(cod)H}2] (9), assigned series with  = [H–
(CHCO2Et)n–C(CO2Et)=CHCO2Et] with Rh+ as charge carrier, = with Rh(olefin)+ as charge 
carrier (olefin = cod, dcp, dmcod, hxd, nbd),  = [H–(CHCO2Et)n–H] with Rh(olefin)+ as charge 
carrier (olefin = cod, dcp, dmcod, hxd, nbd). 

This observation points to the presence of two different active species, differing in their 
chain-termination behavior. This agrees with our previous computational results on the  

–H elimination step, and the fact that EtO– or HO– end groups are only observed for 
the (dominating) saturated oligomers, but not for the (minor) unsaturated ones with 
vinylic end-groups. The most straightforward explanation for these results is that the 
Rh(diene) precatalysts get modified under the applied catalytic reaction conditions in 
the beginning of the reaction with EDA (Scheme 3). Considering the previously 
described large effect of the employed diene ligand on the Mw, Mn and PDI of the 
polymer obtained,13,17 catalyst modification is likely to occur at the diene ligand. 

Rh Y(diene) Rh Y(diene')
catalyst

modificationY = H Y = H, OEt, OH,
(OAc, Alkyl, Aryl)

Rh oligomer(diene) H Rh oligomer(diene') Y

HY

unsaturated chains saturated chains
catalyst

modification

Polymers  
Scheme 3. Proposed product formation in the reaction of the Rh-catalyst precursor with EDA. 

 
The ability of these modified Rh(diene’) species to undergo -H elimination seems to be 
absent or markedly suppressed compared to the starting Rh(diene) species. The 
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formation of oligomers with two hydrogen end-groups further implies that some of the 
chains must have started growing from a Rh-hydride complex. These could be formed 
by prior -H elimination of an oligomeric chain32 or ethanol,43,44,45,46 by protonation at 
the metal or by activation of the diene ligand.47,48 Since the oligomers must be formed 
by different active species than the polymers (see Figure 2), the Rh(diene’) species 
probably get further modified in order to form the polymer forming Rh(diene’’) species 
after the incubation time. Based on our previous kinetic studies, it seems that the 
oligomer and polymer forming species can exist as independent active species for about 
30 minutes during the incubation time of the reaction, after which only polymerization 
activity remains.17 These produce only high molecular weight and stereoregular 
polymers instead of short (and atactic) oligomers. As we will show in the following 
section, the catalyst activation process leads eventually to formation of two (or more) 
active polymer-forming Rh-species. 

2.2.3. Polymerization activity of a variety of well-defined Rh-alkyl, aryl and allyl complexes.  

Migratory carbene insertion polymerization (Scheme 4) requires the presence of a Rh–C 
bond,17 which is not present in the precatalysts 1-7.17 We therefore wondered if the low 
initiation efficiencies (~5%) observed in the polymerization with these precatalysts is 
simply an effect of slow chain-start (i.e. Rh–C bond formation) or perhaps a more 
complicated (ligand) modification process to form the active polymer forming species. 
Slow chain-start can be prevented by the use of well-defined RhI(diene)-alkyl 
complexes, and if this is the only activation process higher initiation efficiencies are 
expected for such complexes containing a preformed Rh–C bond. Similar strategies 
were used to increase the initiation efficiencies in example within the polymerization of 
substituted acetylenes and isocyanides.49,50,51,52,53  

 
Scheme 4. Proposed mechanism of propagation steps of the Rh-mediated polymerization of polar 
functionalized carbenes (P = growing polymer chain, E = CO2R, R = alcohol moiety of the ester). 

Therefore, we decided to investigate a series of different RhI(cod)-alkyl, aryl, hydride 
and allyl complexes (8-15) in the polymerization of EDA (see Figure 7 and Table 1). A 
broad variety was used to ensure that our results are not hampered by fast 
decomposition of the often labile compounds before the actual start of the 
polymerization experiment. We also included the RhIII compound [Rh(TACN)Me3] (16, 
TACN = 1,4,7-trimethyl-1,4,7-triazacyclononane) in our studies, which is one of the 
few reported Rh-based olefin insertion polymerization catalysts.54  
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Figure 7. Influence of chain-initiation: different Rh complexes studied in the polymerization of 
EDA (py = pyridine). 

Table 1 summarizes the results of the polymerization experiments in comparison to 1. 
Remarkably, and contrary to our expectations based on a slow chain-start mechanism, in 
all cases, the polymer yields for the tested compounds 8-16 are lower or comparable to 
those obtained with 1. The same is true for the amount of active polymer forming Rh-
species.55 Hence, inefficient chain-start (i.e. Rh-alkyl bond formation) at the unmodified 
RhI(diene) species alone does not explain the low initiation efficiencies. The polymer 
yield drops when the Rh:EDA ratio is lowered (entries 1 and 2, 9 and 10, 12 and 14), 
and the different catalysts produce quite comparable molecular weights (130 – 270 kDa 
at 1:50 ratios). Noteworthy is the inactivity of that catalyst 16 shows no catalytic 
activity in the polymerization of EDA even after activation with an acid.56  

Table 1. Polymerization of EDA with Rh-alkyl/aryl complexesa 

Entry Catalyst 
precursor 

Rh:EDA Solvent Polymer 
yield (%) 

Mw 
(kDa) 

Mw/Mn Chains:Rh 
(%)b 

0 1 1:50 CHCl3 50 150 3.6 5.2 
1 8 1:50 CHCl3 41 270 6.3c 4.1 
2d 8 1:500 CHCl3 3 125 4.1 4.8 
3e 9 1:50 DCM 16 180 3.1 1.1 
4 9 1:50 DCM 19 200 3.6 1.5 
5e 10 1:50 DCM 10 210 4.2 0.8 
6f 10 1:50 DCM 40 280 3.1 1.9 
7d,g 11 1:200 Et2O 3 160 8.3c 2.6 
8d,g 12 1:100 Et2O/DCM 6 220 8.3c 1.9 
9 13 1:50 CHCl3 36 130 3.2 3.9 
10 13 1:90 DCM 10 80 3.3 3.1 
11 14 1:50 DCM 14 230 3.6 1.0 
12 15 1:50 DCM 25 160 3.1 2.1 
13e 15 1:50 DCM 26 180 3.1 2.0 
14 15 1:200 DCM 8 135 3.8 3.9 
15h 16 1:100 DCM no reaction - - - 
a Conditions if not indicated otherwise: 5 ml CHCl3 or distilled and dried CH2Cl2 or Et2O, 2 mmol EDA, room 
temperature, reaction time: 14 hours. b Number of polymer chains per Rh in % (mol/mol × 100%). c Bimodal 
distribution. d Conversion not complete. e Strict inert conditions using distilled and degassed EDA. f  Catalyst 
in solution exposed to air for 1h before addition of EDA. g Prepared in situ without isolation, for details see 
experimental section. h Activated by addition of 1.75 equivalents of HBArF. 
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To investigate the possible influence of air on the activity of these rather sensitive 
compounds, 9, 10 and 15 were also tested under strictly inert conditions using EDA that 
had been washed, dried and distilled under argon.57 Catalyst precursors 9 and 15 give 
virtually identical results (see entries 3, 4 and 12, 13), and the polymer yield increases 
upon exposing allyl complex 10 to air (entries 5 and 6). The effect of air on increasing 
the actual amount of active Rh species in case of 10 is however small.  

The above results indicate that the low initiation efficiencies are not likely caused by 
a slow chain-start, but rather due to a more complicated catalyst activation process. The 
Rh complexes are rather precatalysts that need to be activated, most likely by diene 
ligand modification under the applied reaction conditions. 

2.2.3 Dilution-Kinetic Studies 

To obtain more information on the carbene polymerization process, we decided to study 
the influence of the [EDA] and [catalyst] concentrations on the polymerization kinetics, 
the obtained molecular weights and yields. We focused on the behavior of precatalyst 1 
(giving the highest polymer yields) in these studies. Simply increasing the substrate to 
catalyst ratio leads to a substantial drop of the polymer yield, and therefore we decided 
to dilute the absolute reaction mixture by increasing the solvent volume (see Table 2).  

Table 2. Polymerization of EDA with 1 at different catalyst and substrate concentrations.a 

Entry Solvent (ml) Polymer yield (%) Mw (kDa) Mw/Mn 
1 5 45 150 3.6 
2 15 52 160 4.0 
3 25 65 160 3.7 
4 35 58 180 4.4 
5 45 57 170 4.3 
6 70 58 170 4.7 
7 100 44 180 4.9 
8 200 40 180 5.1 
9b 5 34 170 3.4 

10b 25 39 250 4.5 
11b 45 45 270 4.9 
12b 70 31 200 4.9 

a  Conditions: 0.04 mmol catalyst; 2 mmol EDA, chloroform, room temperature, reaction time: 14 hours.  
b Under strict inert conditions; chloroform without ethanol, EDA and chloroform distilled and dried. 
 
Interestingly, this leads to a strong increase of the reaction rate and higher polymer 
yields of up to 65%. At the same time the weight averaged molecular weights and the 
polydispersities increase as well. The SEC-traces of the polymer samples show that the 
latter effect is caused by a bimodal polymer distribution, which is only seen at lower 
concentrations (Figure 8a). The SEC traces show the activity of two different active 
species, A and B. At higher concentrations species A is dominating the reactivity, but 
upon dilution species B becomes dominant.  
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Figure 8. SEC-traces of polymer samples obtained in diluted reaction mixtures of precatalyst 1 
and EDA in chloroform (the peak intensities were adjusted to obtain a clear picture). a) In 
chloroform containing ethanol as stabilizer and b) under strict inert conditions with pure 
chloroform. 

Quite remarkably, species B produces polymer of a constant molecular weight, 
independent of the applied concentration, while the polymer produced by species A 
shifts to lower molecular weight upon dilution (Figure 8). On the basis of the above 
described MALDI-ToF MS end-group analysis of the oligomers, we suspected that the 
increased polymer yields upon dilution could be the result of a higher relative amount of 
ethanol present in the reaction mixture under these conditions (EtOH is present as the 
solvent stabilizer in chloroform). We therefore repeated some of the dilution 
experiments in pure chloroform from which we removed the ethanol stabilizer (Table 2, 
entries 9-12). Indeed, the increase in yield in this case is lower, but dilution under these 
conditions still has a beneficial influence.58  There is also a bimodal distribution, 
although somehow less pronounced (Figure 8b). Remarkably, the obtained molecular 
weights are higher in the absence of ethanol, especially those produced by species B. 
These data point to a chain-transfer mechanism involving EtOH (and H2O) as the chain-
transfer agent. The role of EtOH (and H2O) as a chain-transfer agent was further 
investigated in detail, and are described below. To obtain more information about the 
different reactivity of species A and B in the carbene polymerization reaction, we 
performed a kinetic study under diluted conditions. This was done by monitoring the 
reaction in 45 ml of chloroform in time (Table 3). In marked contrast to more 
concentrated solutions, the reaction in diluted solutions leads already within 10 minutes 
to the formation of high molecular weight polymers in moderate yield. Under these 
diluted conditions the polymerization reaction is dominated by species B, and chain-
propagation at B becomes apparently much faster than chain-propagation at species A 
(which dominates at higher concentrations).59 The polymer yield increases with time 

a) b)
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(Table 3), while the molecular weight of the polymer produced by B does not change 
significantly (Figure 9). In contrast, the polymer produced by A still grows in time 
(Figure 9). Both, chain-propagation and (EtOH mediated) chain-transfer at A, are 
relatively slow on the time scale of these experiments, and substantially slower than for 
B. The combined activity of A and B under diluted conditions (45 ml of solvent) leads 
to markedly different results than those obtained previously at higher concentrations.60  

Table 3. Polymerization of EDA with 1 under diluted conditions, monitored in time.a 

Entry Time 
(min) 

Polymer yield 
(%) Mw (kDa) Mw/Mn 

1 10 17 169 4.0 
2 25 22 167 4.0 
3 40 25 176 4.0 
4 55 27 181 3.7 

a Conditions: 0.04 mmol of 1, 2 mmol of EDA, 45 ml of chloroform, room temperature. 

 
Figure 9. SEC-traces of polymer samples obtained in a diluted reaction mixture (45 ml) of 1 and 
EDA in chloroform at different reaction times (the peak intensities were adjusted to obtain a clear 
picture). 

The formation of two different active polymerization species depending on the reaction 
conditions supports our hypothesis that an activation process occurs that changes the 
activity from atactic oligomerization to stereoregular polymerization (Scheme 3). 
The above observations can be summarized in the following way: 

- The carbene polymerization reaction involves at least two different active Rh 
species, A and B.  

- Species B produces polymer with a constant molecular weight, which is 
independent of dilution but strongly dependent on the absolute [EtOH]. For 
species B this implies an EtOH mediated chain-transfer mechanism and a chain-
propagation mechanism which is effectively zero order in the [EDA]. 

- Species A produces substantially lower molecular weight polymers upon 
dilution, revealing kinetics with a positive order in [EDA]. Chain-propagation 
and (EtOH mediated) chain-transfer at A are both relatively slow on the time 
scale of the experiments, and substantially slower than for B. 
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These observations are most conveniently interpreted by the kinetic models shown in 
Scheme 5. The main differences between the kinetic models for A and B are basically 
that for species A the affinity for EDA is low and chain-propagation and EtOH mediated 
chain-transfer compete for the same vacancy, while B has a higher affinity for EDA 
(leading to effectively zero order kinetics in [EDA]) and chain-transfer and chain-
propagation can proceed from the same intermediate. This readily explains the large 
influence of the absolute [EtOH] on the, obtained molecular weights (determined by 
vP/vCT) while at the same time the polymer molecular weights produced by B are not 
influenced by dilution of the reaction mixture.  

 
Scheme 5. Mechanistic model explaining the carbene polymerization kinetics of A and B. P = 
polymer chain,  = vacant site. 

The models in Scheme 5 also explain why dilution leads to a shift from dominating 
activity of A to dominating activity of B at lower concentrations (zero order reaction 
kinetics in [EDA] for B, but not for A). In addition to these kinetic differences, we 
cannot exclude the possibility that A and B are perhaps formed in different ratios 
depending on the applied concentrations, which would also contribute to the observed 
shift in relative activities. Possibly A is formed only in the presence of a relatively high 
concentration of EDA or could be a static dinuclear species formed only at higher 
concentrations.61 

2.2.4. Alcohol-Mediated Chain-Transfer. 

To further investigate the chain-transfer properties of water and alcohols in Rh-mediated 
carbene polymerization reactions, we decided to investigate in detail the influence of 
different concentrations of water and alcohols on the obtained polymer yields and 
molecular weights. For this purpose, we first removed the ethanol stabilizer from the 
solvent (commercial chloroform contains varying amounts of ethanol). In all 
experiments in Table 4, we used precatalyst 1, [(L-pro)Rh(cod)] (Figure 3), that gives 
moderate to high polymer yields.13,17  

Performing the reaction under argon with distilled and dried EDA leads to a drop of 
the polymer yield by ~10%, while the molecular weight of the polymer increases 
slightly (entry 1 in Table 4). Interestingly, the yield is significantly higher if the 
experiment is repeated with EDA as obtained from the supplier (i.e. containing traces of 
water and dichloromethane as stabilizer; Table 4, entry 2), although still not as high as 
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under standard conditions (entry 15). It appears that sub-stoichiometric amounts of 
water increase the polymer yield significantly. This is confirmed if the experiment is 
repeated under inert conditions, but with addition of a very small amount of water (entry 
3).62 Higher amounts of water lead to a decrease in the molecular weight (reflected in 
the number average Mn) and a drop in yield (entries 4 - 6). Hence, besides its likely role 
as a chain-transfer agent (and possibly catalyst activator), water is apparently also 
involved in catalyst deactivation at higher concentrations. In contrast, alcohols act 
mainly as chain-transfer agents and much higher amounts can be added without 
apparent catalyst deactivation. Addition of ethanol leads to higher yields (up to 50%), 
while the molecular weight of the polymer clearly drops in the presence of higher 
ethanol concentrations (entries 11 - 14).63 Methanol has a similar effect, but the polymer 
yield increases less while its influence on the molecular weights is larger. The clear 
influence of water and alcohols on the polymerization reaction is in line with our 
previous conclusions based on MALDI-ToF MS experiments concerning the oligomeric 
fractions (vide supra). 

Table 4. Polymerization of EDA with precatalyst 1 in pure chloroform and different amounts of 
added water, methanol or ethanol.a 

Entry Remarksb Polymer 
yield (%) 

Mw 
(kDa) 

Mn 
(kDa) Mw/Mn 

Chains:Rh 
(%)c 

1d   34 170 51 3.4 3.8 
2   39 140 46 3.1 3.6 
3d 0.7 eq.  H2O 41 110 40 2.7 4.4 
4 1 eq.  H2O 39 140 42 3.2 4.1 
5 10 eq.  H2O 28 150 36 4.2 3.5 
6 100 eq.  H2O 24 110 29 3.8 3.6 
7 1 eq.  MeOH 40 120 40 2.9 4.4 
8 10 eq.  MeOH 43 100 34 2.9 5.7 
9 100 eq.  MeOH 44 80 24 3.2 8.1 
10 1 ml  MeOH 22 90 24 3.6 4.0 
11 1 eq.  EtOH 40 150 43 3.4 4.0 
12 10 eq.  EtOH 46 120 38 3.2 5.2 
13 100 eq.  EtOH 50 100 32 3.2 6.7 
14 1 ml  EtOH 41 90 30 2.9 5.9 
15e “normal”    CHCl3 45 150 42 3.6 4.6 

a Conditions: 0.04 mmol 1, 5 ml distilled and dried CHCl3 without added stabilizer, 2 mmol EDA, room 
temperature, reaction time: 14 hours. b Equivalents of water, methanol and ethanol in relation to catalyst. c 

Number of polymer chains per Rh in % (mol/mol × 100%). d Under inert conditions with distilled EDA. e 

CHCl3 as obtained from the supplier containing 0.5 - 1.5% EtOH as stabilizer. 
 
In all cases lower polymer molecular weights (Mn) are produced in the presence of 
higher alcohol concentrations. At the same time, we observe an increase of the number 
of formed polymer chains per Rh at higher alcohol concentrations. These observations 
reveal a relatively slow alcohol-mediated chain-transfer process that is faster at higher 
alcohol concentrations. However, even at high alcohol concentrations the chain-transfer 
process remains relatively slow compared to chain-propagation. This, in combination 
with a low percentage of active Rh catalyst species, explains why still a low absolute 
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number of polymer chains is being produced, even with the occurrence of chain-
transfer.64 We will discuss the alcohol-mediated chain-transfer aspect in more detail 
below. To understand the role of the alcohol-mediated chain-transfer, we studied the 
influence of using different alcohols and varying nucleophilicity and acidity. This time 
we used [{Rh(cod)( -Cl)}]2 (17, Figure 7) as the catalyst. This dimeric complex can 
break-up easily and should be able to form the active species in the presence of alcohols. 
Catalyst 17 affords polymers in lower yields compared to 1, but with comparable 
molecular weights (Table 5, entry 1). In accordance with our results above, the addition 
of alcohols leads to shorter polymers. For instance, after addition of 1 ml of ethanol the 
polymer yield (20%) is the same but the molecular weight and therefore the number of 
polymer chains per Rh change (entry 3). Assuming that the amount of active 
polymerization catalyst stays essentially the same, we can conclude that chain-transfer is 
about five times faster. This is also observed for MeOH, PrOH and BuOH. Remarkably, 
trifluoroethanol and trichloroethanol give lower polymer yields than the other alcohols, 
but distinctly higher molecular weights (Table 5, entries 4 and 5). This means that 
chain-termination  does not proceed by direct protonation of the Rh–C bond of a 
growing polymer chain, because in that case one would expect to form the shortest 
polymers in the presence of the most acidic alcohols (i.e. trifluoroethanol and 
trichloroethanol). Instead, the rate of chain-transfer in the presence of alcohols appears 
to be mainly a function of the nucleophilicity of the alcohol. Increasing the steric bulk of 
the alcohol leads to an increase in the polymer molecular weights, and the chain-transfer 
process is clearly slower (entries 6-10).65  

Table 5. Polymerization of EDA with [{Rh(cod)( -Cl)}]2 (17) in dichloromethane/alcohol 
mixtures.a 

Entry Alcohol Polymer 
yield (%) 

Mw 
(kDa) 

Mn 
(kDa) 

Mw/Mn Chains:Rh 
(%)b 

Nc pka
d 

1 - 20 135 60 2.2 1.4   
2 MeOH 15 20 13 1.6 6.9 7.54 29.0 
3 EtOH 20 25 13 1.9 5.9 7.44 29.8 
4 CF3CH2OH 9 100 23 4.3 1.6 1.23 23.5 
5 CCl3CH2OH 6 110 28 4.1 0.9   
6 n-PrOH 18 25 12 2.1 6.6 7.05  
7 i-PrOH 24 40 17 2.3 6.1 6.49 30.3 
8 n-BuOH 25 30 15 2.0 6.3   
9 sec-BuOH 25 45 19 2.4 5.6   

10 t-BuOH 22 45 23 2.0 5.7  32.2 
a Conditions: 0.02 mmol 2, 2 mmol of EDA, 5 ml CH2Cl2, 1 ml alcohol, reaction time: 14 hours. b Number of 
polymer chains per Rh in % (mol/mol × 100%). c Nucleophilicity66 d pka values in DMSO.67  

 
The alcohol-mediated chain-transfer process enables the preparation of much shorter 
syndiotactic polymers, which are in a range suitable for MALDI-ToF MS 
measurements, and thus allow a proper chain-end analysis of the syndiotactic material 
produced in these catalytic reactions. In this respect, it is important to note here that the 
addition of alcohols does not influence the stereochemistry of the polymers. The 
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polymeric fraction still reveals sharp signals in the 1H and 13C NMR spectra 
characteristic for well-defined syndiotactic polymers.13,16,17 However, the reaction in the 
presence of alcohols does influence the product distribution of the oligomeric fraction. 
In fact, in the presence of higher alcohol concentrations, the formed syndiotactic 
polymers become so short that part of the obtained syndiotactic polymeric material (still 
having a relatively broad molecular weight distribution) remains within the oligomeric 
fraction. Hence, the obtained oligomeric material is a mixture of the ill-defined, atactic 
oligomers (which are always obtained as a brown oily byproduct) and short but well-
defined syndiotactic oligomers. This is obvious from 1H NMR spectroscopic analysis of 
the oligomeric fraction, which shows the presence of short stereoregular polymer 
reflected in a backbone signal at  3.1 ppm.13 The syndiotactic and atactic oligomers can 
be separated from each other on a short silica column (CHCl3 eluent), on which the 
brown atactic oil remains absorbed, while the short syndiotactic material runs and can 
be easily flushed off the column (obtained as a white solid revealing the same sharp 
signals in the 1H and 13C NMR spectra as reported for the syndiotactic polymers).13,16,17 
This means that the polymer yields in Table 5 are somewhat underestimated.  
Remarkably, the short, but well-defined syndiotactic material obtained in the presence 
of excess MeOH has a completely different signature in MALDI-ToF mass 
spectrometry when compared to the ill-defined atactic oligomeric side-products (vide
supra, see also ref. 17). While the MALDI-ToF mass spectra of the atactic oligomers 
revealed weak signals at lower masses (and complicated patterns due to the presence of 
different end-groups), the syndiotactic material (Table 5, entry 2) reveals a very clear 
repeating pattern with strong signals (Figure 10, top) showing only one set of end-
groups: Na+[H (CHCO2Et)n OMe]. In fact, these signals are so strong that even in the 
non-separated mixture of atactic and syndiotactic oligomers the signals of the 
syndiotactic material completely dominate the MALDI-ToF mass spectrum, resulting in 
an identical spectrum as obtained for the separated syndiotactic oligomers.68 The 
oligomers prepared in the presence of 1 ml of ethanol and butanol (Table 5, entries 3 
and 8) were also analyzed with MALDI-ToF MS.69 In all cases the MALDI-ToF mass 
spectra show very clear repeating patterns with mass differences of 86 Da (Figure 10), 
which corresponds to the mass of the carbene formed from EDA, thus proving the 
carbene insertion chain-growth pathway. All obtained patterns are consistent with a 
poly-carbene chain having one hydrogen, one alkoxy end-group, and sodium as the 
charge carrier: Na+[H (CHCO2Et)n OR]. Correspondingly, the series of the oligomers 
prepared in the presence of ethanol and butanol are shifted by 14 Da and 42 Da to 
higher masses compared to methanol. Due to the short chain-length of the polymer 
prepared in the presence of methanol (Table 5, entry 2), we were also able to obtain a 
MALDI-ToF mass spectrum of the longer (MeOH insoluble) polymeric fraction (see 
Figure 11; linear detection mode). The series correspond again with 
Na+[H (CHCO2Et)n OMe]. Hence the data reveal that the added alcohols end-up as 
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chain-ends, and confirm their role as chain-transfer agents.The implications of the 
gathered data are illustrated in Scheme 6, and can be summarized as follows: The 
decrease of the molecular weight with increasing amounts of alcohol (Table 5) and the 
detection of mainly saturated chains in the MALDI-ToF MS experiments (vide supra) 
prove that chain-termination occurs most probably via alcoholysis of the Rh-bound 
growing chains (framed species in Scheme 6).  

 
Figure 10. Part of the MALDI-ToF mass spectra (reflectron mode) of oligomers obtained with 
[{Rh(cod)( -Cl)}2] (17) in the presence of methanol, ethanol or butanol. 

Figure 11. Part of the MALDI-ToF mass spectrum (obtained in linear mode) of polymer obtained 
with 17 in the presence of methanol.  
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The occurrence of alkoxy end-groups, the somewhat increased yields and the higher 
number of chains per Rh produced upon addition of alcohols further demonstrate their 
importance in chain-initiation and chain-transfer. Chain-initiation could well occur by 
nucleophilic attack at a non-chain bearing Rh-carbene unit (pathway I, left upper side) 
or via carbene insertion into a Rh-alkoxide bond (pathway II, right side).  

Protonation at the metal (with concomitant coordination of the alkoxide, i.e. formal 
oxidative addition of the alcohol H–OR bond), followed by reductive elimination of the 
thus formed alkyl-hydride species, or direct protonation of the Rh–C bond (again with 
concomitant coordination of the alkoxide) would both be likely chain-transfer pathways 
in case of low-valent RhI species, and would also explain the formation of saturated H-
(CHCOOR)n-OR polymer chains (pathway I, Scheme 6). However, the rate of these 
pathways should correlate with the acidity of the alcohol. Hence, if chain-transfer would 
occur by direct protonation of low-valent RhI–polymeryl species (Scheme 6; pathway I), 
the chain-length should be dependent on the pKa of the alcohol. This is however not the 
case (see Table 5), and therefore pathway I (Scheme 6) can be excluded as the chain-
transfer mechanism. Hence, an alternative chain-transfer pathway in which the 
nucleophilicity of the alcohol is more important must be operative (pathway II, Scheme 
6).  

Scheme 6. Proposed chain-initiation and chain-transfer mechanisms for carbene polymerization in 
the presence of alcohols. 

The most likely nucleophilic pathway for alcohol-mediated chain transfer is depicted in 
Scheme 7 (pathway A), and involves coordination of the alcohol to an active Rh–
polymer chain species (a1), followed by intramolecular ( -bond metathesis type) proton 
transfer from the alcohol ligand to the Rh-bound polymer chain (a2). However, the data 
do not exclude an alternative mechanism (Scheme 7, pathway B) involving direct SN2-
type nucleophilic attack of the alcohol at the at the Rh–C bond (b1) followed by 
protonation of RhI to form a Rh–H species (b2). For higher-valence (e.g. RhIII or RhII), 
more electrophilic active Rh species, both pathways (A and B) in Scheme 7 become 
preferred over pathway I in Scheme 6. The rate of these processes should correlate with 
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the nucleophilicity of the alcohol rather than its acidity, and this is exactly what is 
observed: The obtained chain-lengths are clearly correlated with the nucleophilicity of 
the applied alcohol (Table 5). This is an important mechanistic observation, because the 
involvement of higher-valent electrophilic RhII or RhIII–species is not directly expected 
when starting from the applied RhI oxidation state precatalysts. These observations 
further underline the importance of the initial catalyst activation process. 

At this point, we consider pathway B in Scheme 7 less likely than pathway A. It is 
doubtful if the sp3 carbon atom is sterically sufficiently accessible and if the Rh–C(sp3) 
bond is sufficiently polarized towards the (less electronegative) Rh atom to allow SN2-
type nucleophilic attack at this carbon atom from outside by an alcohol (b1, pathway B). 
In fact, there are only a few rare precedents for related reactions at transition metals.70 In 
contrast, pathway A involves a rather common ( -bond metathesis type) protonolysis of 
the Rh–C bond involving a normal Rh–C polarization. Hence, we consider pathway A 
in Scheme 7 as the most likely chain-transfer pathway.71  

Scheme 7. Possible nucleophilic pathways for alcohol-mediated chain-transfer: Pathway A 
involves alcohol coordination (a1) followed by ( -bond metathesis type) intramolecular proton 
transfer (a2). Pathway B involves direct SN2-type nucleophilic attack of the alcohol at the Rh–C 
bond (b1) followed by protonation of RhI to form a Rh–H species (b2). Note that a new chain 
starts growing at a Rh–OR moiety in case of pathway A, but at a Rh–H moiety in case of pathway 
B.  

2.3 Conclusions 
Detailed end-group analysis, dilution-kinetic studies, and a comparison of the activity of 
well-defined catalysts containing a preformed Rh–C bond has provided valuable new 
mechanistic information about Rh-mediated carbene polymerization reactions. The 
obtained data unveil the mechanisms of chain-initiation and chain-termination during 
the polymerization process, and shed new light on the processes leading to catalyst 
activation. The use of well-defined RhI(cod)-alkyl, aryl and allyl complexes does not 
lead to better initiation efficiencies or higher polymer yields, thus pointing to a more 
complex catalyst activation processes under the applied reaction conditions. Indeed, 
dilution-kinetic studies reveal a complex, multistep catalyst activation process. Catalyst 
modification first leads to oligomerization activity with a suppressed tendency towards 
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-hydrogen elimination, and accordingly a shift to saturated oligomeric chains that are 
generated by protonolysis. Further catalyst modifications lead to a shift from atactic 
oligomerization to stereoregular high molecular weight polymerization activity. 
Remarkably, under diluted conditions the activity of two different polymer forming 
species is apparent, and these species differ largely in their chain-propagation and chain-
transfer behavior. This surprising result adds another remarkable aspect to this new 
polymerization reaction. 

The chain-initiation and chain-termination processes were further investigated by 
detailed analysis of the oligomeric fractions by MALDI-ToF MS. Chain-initiation can 
occur by insertion of a preformed carbene into a Rh–ligand or Rh–hydride bond or by 
attack of water and/or alcohol on a Rh-carbene moiety. Chain-termination takes place 
mainly by alcoholysis of the Rh–C bond of the growing chain. In the absence of 
alcohols, chain-initiation can occur by insertion of a preformed carbene into a Rh-ligand 
or Rh-hydride bond, but in the presence of alcohols (or water) the dominant chain-
initiation process takes place by (internal or external) nucleophilic attack of the alcohol 
(or water) at a Rh-carbene moiety. Chain-termination mainly involves nucleophilic 
alcoholysis (most likely -bond metathesis type protonolysis), and leads to chain-
transfer. A remarkable feature of the chain-transfer process is a clear correlation 
between the chain-length of the polymer and the nucleophilic character of the alcohol. 
This points to an electrophilic polymer producing Rh-species, and thereby suggests that 
the active species has a higher oxidation state (i.e. RhII or RhIII) than the starting RhI 
precatalysts.  

The results obtained in the presence of alcohols are very different than those under 
alcohol free conditions. In the absence of alcohols, chain-transfer is very slow compared 
to chain-propagation so that chain-growth can be observed in time and block-type 
copolymers can be prepared.13,16,17 Addition of alcohols accelerates chain-transfer. This 
is a significant finding that not only features a new control-factor to steer the polymer 
molecular weights, but also allows true catalytic turnover. Hence, the active species for 
the polymerization is not yet exactly identified, however the termination and initiation 
steps are more clarified. The initiation efficiency of the catalyst remains low, but this 
will be more investigated in chapter 3. 

2.4 Experimental Section 
General procedures 

All manipulations, except the polymerization reactions, were performed under an argon 
atmosphere using standard Schlenk techniques. All solvents used for metal complex synthesis 
were dried over and distilled from sodium (diethyl ether, pentane, THF, toluene) or CaH2 
(dichloromethane, methanol). The syntheses and catalytic activity of [Rh(cod)(L-pro)] (1),13,17 
[Rh(dcp)(L-pro)] (2),17 [Rh(nbd)(L-pro)] (3),17 [Rh(dmcod)(L-pro)] (5),15 [{Rh(cod)( -OAc)}]2 
(6),17,34 and [Rh(cod)(gly)] (7)17 have been described previously. [{Rh(cod)H}4] (9),35  
[Rh(cod)( 3-C6H9)] (10),36 [{Rh(cod)( -CH3)}2] (11),72 [{Rh(cod)(py)(CH3)] (12),73 [{Rh(cod)( -

199220-bw-Walters.indd   59 14-11-13   10:59



Chapter 2 

 60

CH2-py-6Me-C,N)}2] (13),74 [Rh(cod)( 3-C4H7)] (14),75 [Rh(cod)( 3-Bz)] (15),76 
[Rh(TACN)(Me)3] (16),54 [{Rh(hxd)( -Cl)}2],77 [{Rh(cod)( -Cl)}]2 (17) 

78 and HBArF 79 were 
prepared according to published procedures. All other chemicals were purchased from 
commercial suppliers and used without further purification. 

For the polymerization reactions, chloroform (stabilized by ethanol; 0.5-1.5 %w/v) and 
dichloromethane were purchased from Biosolve and used as such if not otherwise mentioned. 
Ethyl diazoacetate (EDA) was used as purchased from Aldrich (up to 15% dichloromethane, 
actual content determined by NMR). For inert conditions, the experiments were undertaken under 
an argon atmosphere in flame dried glassware. For some of the experiments, chloroform was 
shaken with concentrated H2SO4 to remove ethanol, washed extensively with water, dried and 
distilled over CaCl2, degassed and stored over molecular sieves at -20 °C. EDA was washed as a 
diethyl ether solution with aq. Na2CO3, dried over MgSO4, distilled, degassed and stored at 4 °C 
over molecular sieves in the dark.  

NMR spectroscopy experiments were carried out on a Varian Inova 500 spectrometer (500 
MHz and 125 MHz for 1H and 13C, respectively) or a Varian Mercury 300 spectrometer (300 
MHz and 75 MHz for 1H and 13C, respectively). Assignment of the signals was aided by COSY, 
13C HSQC and APT experiments. Solvent shift reference for 1H NMR spectroscopy: CDCl3: 7.26 
ppm; for 13C NMR spectroscopy: CDCl3: 77.0 ppm. Abbreviations used are: s = singlet, d = 
doublet, dd = doublet of doublets, m = multiplet). Elemental analyzes (CHN) were performed by 
the Kolbe analytical laboratory in Mülheim a/d Ruhr (Germany). Molecular-weight distributions 
were measured using size-exclusion chromatography (SEC) on a Shimadzu LC-20AD system 
with two PLgel 5 m MIXED-C columns 300 mm x 7.5 mm (Polymer Laboratories) in series (1 
ml/min and T = 35°C) or with Waters Styragel HR1, HR2, and HR4 (300 mm x 7.8 mm) columns 
in series (1 ml/min and T = 40°C) and a Shimadzu RID-10A refractive-index detector, using 
dichloromethane as mobile phase. Polystyrene standards in the range of 760-1,880,000 g/mol 
(Aldrich) were used for calibration. Further abbreviations used in the text: AcO = acetate, cod = 
1,5-cyclooctadiene, dcp = endo-dicyclopentadiene, dmcod = 1,5-dimethylcyclooctadiene, gly = 
glycinate, hxd = 1,5-hexadiene, Mes = mesityl, nbd = norbornadiene, pro = prolinate, py = 
pyridine, Bz = benzyl, EDA = ethyl diazoacetate and PEA = poly(ethyl 2-ylidene-acetate). 

Synthesis of [Rh(hxd)(L-pro)] (4). A solution of L-proline (166 mg, 1.4 mmol) and sodium 
hydroxide (58 mg, 1.4 mmol) in methanol (8 ml) was added to a orange suspension of 
[{Rh(hxd)( -Cl)}2] (318 mg, 0.7 mmol) in methanol (5 ml). The obtained clear orange solution 
was stirred for 30 min at room temperature. The solvent was removed in vacuo and the yellow 
solid was extracted with dichloromethane (20 + 10 + 10 ml). The product was recrystallized from 
hot methanol, yielding orange crystals suitable for X-ray diffraction (148 mg, 0.5 mmol, 35%). 
1H NMR (500 MHz, CDCl3, 298 K) (mixture of two isomers):  4.81 (br m, 1H, CH=CH2), 4.68 
(br m, 1H, CH=CH2), 4.10 (br m, 1H, CH=CH2), 3.90 (d, J = 7 Hz, 1H, CH=CH2), 4.0-3.8 (br m, 
4H, 2× COO CH, NH, CH=CH2), 3.65 (br m, 1H, NH), 3.59 (d, J = 7 Hz, 1H, CH=CH2), 2.99 (br 
m, 2H, 2× NH CH2), 2.92 (d, J = 7 Hz, 1H, CH=CH2), 2.87 (d, J = 13 Hz, 1H, CH=CH2), 2.65 
(br m, 1H, CH2=CH CH2), 2.47 (br m, 3H, 2× CH=CH2, CH2=CH CH2), 2.33 (br m, 1H, 
CH2=CH CH2), 2.3-2.0 (br m, 6H, CH=CH2, CH2=CH CH2, 4× COO CH CH2), 2.0-1.9 (br m, 
3H, CH2=CH CH2, 2× NH CH2 CH2), 1.85 (d, 1H, J = 13 Hz, CH=CH2), 1.7-1.5 (br m, 3H, 2× 
NH CH2 CH2, CH2=CH CH2), 1.50 (br m, 1H, CH2=CH CH2), 1.20 (br m, 1H, CH2=CH CH2) 

199220-bw-Walters.indd   60 14-11-13   10:59



Multistep catalyst activation and chain-transfer 

 61 

ppm. 13C NMR (125 MHz, CDCl3, 298 K):  89.8, 89.4 (br, 2× CH=CH2), 78.3, 77.5 (br, 2× 
CH=CH2), 67.1, (br, CH=CH2), 64.1 (COO CH), 62.5 (br, CH=CH2), 53.0 (br, CH=CH2), 49.5, 
49.4 (br, 2× NH CH2), 48.5 (br, CH=CH2), 29.8 (br, 2× COO CH CH2), 25.3 (br, 2× 
NH CH2 CH2) ppm (the C=O and CH2=CH CH2 signals were not observed). Elemental analysis 
for C11H18NO2Rh: calcd. C 44.16, H 6.06, N 4.68; found C 43.93, H 6.01, N 4.62%. Summary of 
the crystal data for: 4, C11H18NO2Rh, Mr = 299.17, crystal size = 0.20 x 0.06 x 0.05 mm, 
orthorhombic, space group: P212121, a = 10.3322(4) Å, b = 10.5059(5) Å, c = 10.5751(5) Å, V = 
1147.53(9) Å3, Z = 4, calcd = 1.732 g cm-3, F(000) = 608, (MoK ) = 14.68 cm-1, T = 208(2) K, 

(MoK ) = 0.71073 Å,  range = 2.73 to 27.49°, reflections collected = 12655, unique = 2624 
(Rint = 0.0326), final R indices [I>2 (I)] = R1 = 0.0254, wR2 = 0.0422, R indices (all data) = R1 = 
0.0300, wR2 = 0.0454. 

Synthesis of [Rh(cod)(PPh3)(Mes)] (8).80 Mesityllithium was prepared by addition of n-
butyllithium (0.4 ml; 1 mmol of a 2.5 M solution in hexanes) to a cooled ( 50°C) solution of 2-
bromomesitylene (0.15 ml; 200 mg; 1 mmol) in tetrahydrofuran (5 ml). The solution was stirred 
for 10 minutes and subsequently warmed to room temperature. A yellow solution of [{Rh(cod)( -
Cl)}]2 (123 mg; 0.25 mmol) and triphenylphosphine (295 mg; 1.13 mmol) in tetrahydrofuran (10 
ml) was added to the solution at room temperature. After stirring the obtained orange solution for 
30 minutes, methanol (2 ml) was added. The solvent was removed in vacuo and the product was 
purified by column chromatography (aluminum oxide 90 active neutral (Merck), toluene). The 
yellow fraction was collected and the solvent was evaporated. Washing with pentane (3  ~1 ml) 
and drying in vacuo afforded an orange solid (110 mg; 37%). Cooling ( 20°C) a solution of 8 in 
n-hexane yielded crystals suitable for X-ray diffraction. 1H NMR (500 MHz, CDCl3, 298 K):  
7.34-7.28 and 7.24-7.18 (m, 15H, PPh3), 6.38 (s, 2H, CHMes), 4.66 (m, 2H, CH=CH), 3.67 (m, 2H, 
CH=CH), 2.5-2.3 (m, 4H, CH2 cod), 2.37 (s, 6H, o-Me), 2.2-2.1 (m, 2H, CH2 cod), 2.1-2.0 (m, 
2H, CH2 cod), 2.12 (s, 3H, p Me) ppm. 13C NMR (125 MHz, CDCl3, 298 K):  142.54 (d, J = 2 
Hz, Cq), 134.10 (d, JC P = 11 Hz, PPh3 CH) 133.96 (s, Cq), 133.68 (s, Cq), 131.10 (s, Cq), 129.02 
(d, JC P = 2 Hz, PPh3 p CH), 127.50 (d, JC P = 9 Hz, PPh3 CH), 126.22 (s, Mes CH), 93.67 (dd, 
1JC Rh = 10 Hz, 2JC P = 10 Hz, CH=CH trans to PPh3), 86.12 (d, 1JC Rh = 7 Hz, CH=CH trans to 
Mes), 31.01 (s, cod CH2), 30.51 (d, 3JC P = 2 Hz, cod CH2), 26.04 (s, CH3), 20.58 (s, CH3) ppm. 
13P NMR (121 MHz, CDCl3, 298 K):  25.70 (d, 1JP Rh = 181 Hz) ppm. Elemental analysis for 
C35H38PRh: calcd. C 70.94, H 6.46; found C 71.27, H 6.29%. Summary of the crystal data for: 8, 
C35H38PRh, Mr = 592.53, crystal size = 0.27 x 0.15 x 0.08 mm, monoclinic, space group: C2/c, a = 
32.151(4) Å, b = 9.3724(10) Å, c = 19.869(3) Å,  = 107.394(9)°, V = 5713.5(13) Å3, Z = 8, calcd 
= 1.378 g cm-3, F(000) = 2464, (MoK ) = 6.76 cm-1, T = 208(2) K, (MoK ) = 0.71073 Å,  
range = 2.15 to 27.50°, reflections collected = 84976, unique = 6567 (Rint = 0.0551), final R 
indices [I>2 (I)] = R1 = 0.0403, wR2 = 0.0905, R indices (all data) = R1 = 0.0502, wR2 = 0.0940. 

Standard experiment for polymerization of carbenes. EDA (2 mmol) was added to a yellow 
solution of catalyst precursor (0.04 mmol or less according to chosen ratio or complex 
composition) in chloroform (5 ml) or dichloromethane (5 ml). Upon addition, N2 gas evolution 
was visible, and the color of the reaction mixture became slightly darker. The mixture was stirred 
for 14 h at room temperature. Subsequently the solvent was removed in vacuo, and methanol was 
added to the oily residue. The precipitate was centrifuged and washed with methanol until the 
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washings were colorless. The resulting white powder was dried in vacuo and identified as 
poly(ethyl 2-ylidene-acetate) (PEA) using 1H NMR spectroscopy. For the dilution experiments 
larger amounts of chloroform were used. 
 
Polymerization of carbenes with catalyst precursor 1. Alcohol or water and subsequently EDA 
(2 mmol) were added to a yellow solution of 1 (0.04 mmol) in chloroform (5 ml). Upon addition, 
gas evolution was visible and the color of the reaction mixture became slightly darker. The 
mixture was stirred for 14 h at room temperature, then the solvent was removed in vacuo and 
methanol added to the oily residue. The precipitate was centrifuged and washed with methanol 
until the washings were colorless. The resulting white powder was dried in vacuo and identified as 
PEA using 1H NMR spectroscopy.  

Polymerization of carbenes with catalyst precursors 10, 14 and 15. The more sensitive 
compounds 10, 14 and 15 were handled under inert conditions, solved in 5 ml of degassed 
dichloromethane and only exposed to air when EDA was added. Subsequent procedure as above. 

Polymerization of carbenes with catalyst precursor 11.72 A suspension of [{Rh(cod)( -Cl)}2] 
(39 mg; 0.08 mmol) in diethyl ether was cooled to -70°C. Methyllithium (0.1 ml; 0.16 mmol; 1.6 
M in Et2O) was added and the obtained orange solution was stirred for 1 h at -70°C. The clear 
orange solution was warmed to -40°C and EDA (3.9 g; 32 mmol) was added. The color of the 
reaction mixture became darker and then yellow. No N2 gas evolution was observed at this point. 
The reaction vessel was placed in an ice bath and stirred for 2 h, during which gas evolved and the 
color of the reaction mixture turned orange. After 45 min at 0°C the mixture became turbid. The 
reaction mixture was stored overnight at 4°C. After warming to room temperature, a white 
precipitate was visible in the orange solution. The solid product was filtered and washed with 
diethyl ether and dried in vacuo. Yield: 80 mg; 3%. 

Polymerization of carbenes with catalyst precursor 12.73 Complex 12 was prepared from 
[{Rh(cod)( -Cl)}2] (20 mg; 0.04 mmol), methyllithium (0.05 ml; 0.08 mmol; 1.6 M in diethyl 
ether) and pyridine (0.01 ml; 0.1 mmol) in diethyl ether (20 ml). Without isolation, EDA (0.9 g; 8 
mmol) in dichloromethane (10 ml) was added to the reaction mixture. The color of the solution 
changed from yellow to orange. After this as described for the standard experiment. Yield: 40 mg; 
6%. 

Polymerization of carbenes with complex 16. EDA (0.5 ml) was added to a solution of 16 (0.02 
g; 0.04 mmol) in dichloromethane (5 ml) at room temperature. The reaction mixture was stirred 
for 2 h during which no N2 gas evolution was observed. Subsequently, HBArF (64 mg; 0.07 
mmol) was added. Analysis by 1H NMR spectroscopy showed that no reaction occurred. 

Polymerization of carbenes with catalyst precursor 17. EDA (2 mmol) was added to a yellow 
solution of 17 (0.02 mmol) in dichloromethane (5 ml) with or without an alcohol (1 ml). The 
mixture was stirred for 14 h at room temperature and then worked up as described above. 

MALDI-ToF mass spectrometry. The mass spectra were recorded using a Kratos Axima-CFR 
MALDI-ToF mass spectrometer (Kratos Analytical LTD., Manchester, England), equipped with a 

199220-bw-Walters.indd   62 14-11-13   10:59



Multistep catalyst activation and chain-transfer 

 63 

nitrogen laser (  = 337 nm), operating with a pulse repetition rate of 10 Hz. Positive ion spectra 
were recorded in reflectron mode, accumulating at least 100 acquisitions. Ions were accelerated at 
20 kV, applying a pulsed extraction delay time optimized for m/z 1000. The instrument was 
externally calibrated, using five peptide solutions in the mass range of 700 to 5700 Da. For these 
solutions a maximum deviation of 50 mDa of the true mass was found. The matrix, 2-(4-
hydroxyphenylazo)benzoic acid (HABA, 20 mg/ml) and the oligomers (7 mg/ml) were dissolved 
in THF, the polymers (7 mg/ml) were dissolved in chloroform. The measurements were 
performed with and without the addition of salts (sodium and lithium trifluoroacetate). 
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Chapter 3 

The Influence of Crystal Packing on the 
Diastereomeric Ratio of [(prolinate)Rh(diene)] 
Complexes and its Effect on the Selectivity of 

Carbene Polymerization Reactions  
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3.1 Introduction 

Highly functionalized and stereoregular polymers with a large structural diversity are 
difficult to prepare by traditional olefin polymerization.1–5 Polymerization of 
functionalized C1 monomers is a way to obtain these desired polymers.6–8 Rh-mediated 
carbene polymerization with carbenes from diazoesters is a new method to synthesize 
syndiotactic poly(ethyl 2-ylidene-acetate) (PEA).9,10 In this process, ethyl diazoacetate 
(EDA) reacts with [RhI(diene)(N,O-ligand)] catalysts to produce stereoregular carbon 
chain polymers with ester moieties attached to every carbon atom of the polymer 
backbone (Scheme 1).7,11–15 

 

Scheme 1. RhI(diene) mediated polymerization of carbenes from diazoesters, to produce 
syndiotactic poly(ethyl 2-ylidene-acetate) (PEA) R = Et, Bn. 

These new highly functionalized sp3-carbon backbone polymers reveal interesting and 
unexpected material properties, such as thermotropic and lyotropic liquid crystallinity, a 
broad thermal stability range16 and a high storage modulus up to high temperatures.17 
The polar functionalities are important for the printability and the surface properties of 
the polymers.3,16 Some of these reactions are high yielding, but there are still many 
questions about the mechanism. In attempts to get more insight into the reaction 
mechanism of these new polymerization reactions, some previous investigations focused 
on revealing the nature of the active species responsible for syndiotactic carbene 
polymerization.18 Several catalysts were tested with different anionic and diene 
ligands.1,14,18,19  Most catalysts proved poorly active or selective, and in all cases three 
products were formed in different relative yields: polymer, oligomers and carbene 
dimers (fumarate and maleate). Most notably in this series, one of the systems 
investigated showed a significant  improvement in polymer yield (80%) by suppressing 
carbene dimerization as one of the unwanted side-reactions.1 This catalyst system was 
obtained by exposing solid [(L-prolinate)RhI(1,5-dimethyl-cyclooctadiene)] ([(L-
pro)RhI(Me2cod)])  to air for a prolonged period of time. Yet, the exact reason for 
obtaining better polymer yields by this system remained unclear. To illustrate the status 
in understanding of the details of this system, the main observations from a previous 
study are summarized below:  

Freshly prepared [(L-pro)RhI(Me2cod)] (obtained by reacting racemic 
[{(Me2cod)RhI( -Cl)}]2 with deprotonated enantiomerically pure L-proline in methanol 
at room temperature; see Scheme 2) is poorly active as a polymerization catalyst, and 
produces mainly fumarate and maleate carbene dimers. The effect of air on this system 

199220-bw-Walters.indd   68 14-11-13   10:59



 Diastereomers of [(prolinate)RhI(diene)] 

 69 

is complicated, and can be interpreted in multiple ways. The non-oxidized catalyst 
reveals the presence of two diastereoisomers in a ratio of ca. 5:3.1  

DFT optimization of the two possible diastereomers revealed an energy difference of 
~1 kcal/mol.1 The small energy difference can be explained by steric hindrance between 
the methyl group on the diene ligand and the five-membered ring of the prolinate. 
Formation of these diastereomers is a direct result of the fact that both the L-prolinate -
and the Me2cod ligand attached to Rh are chiral, while both enantiomers of Rh(Me2cod) 
are contained in the [{(Me2cod)RhI( -Cl}]2 starting material used to prepare catalyst 1. 

 
Scheme 2. Synthesis of catalyst precursor 1

 

 

 

0  +1.1 kcal mol-1 

 

 
 

+ 
 

5 : 3 
Figure 1. Diastereomers 1a and 1b of [(L-pro)RhI(Me2cod)], C* = C Me, and their DFT 
optimized geometries and relative energies. 

Using this diastereomeric mixture directly as a precatalyst for carbene polymerization 
afforded only 30% of isolated polymer. Intriguingly, however, exposing the solid 
diastereomeric mixture 1a/1b to air for several days, led to a significant increase in 
polymer yield (80%) relative to the freshly prepared non-oxidized precatalyst. Important 
to note is that carbene polymerization is typically associated with only a small 
percentage of active Rh species (typically 3-10% of starting Rh catalysts become 
active). Furthermore, exposing the mixture of 1a/1b to air for several weeks does not 
lead to quantitative oxidation of all Rh(diene) species. Instead, the diastereomer 1b 
which is present in lower amounts in the beginning of the experiment, is consumed first, 
leaving a sample containing non-oxidized 1a and oxidized 1b. This is clear from a 
comparison of the NMR spectra of the air-exposed mixture with the freshly prepared 
one (see Figure 2).   
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Figure 2. Parts of 13C APT NMR spectra with a) freshly prepared 1 and b) 1 exposed to air for 1 
month (125 MHz, 298 K, CDCl3), showing the gradual disappearance of diastereoisomer 1b.  

Hence, the improved performance of the air-exposed precatalyst mixture in carbene 
polymerization can potentially be explained by two different hypotheses (or a 
combination of these):  

(I) In the first hypothesis, “type-a” diastereoisomers  are the important 
precatalysts leading to formation of the active polymer forming 
species upon activation by EDA, while “type-b” diastereoisomers  are 
responsible for the formation of unwanted side-products. Upon 
prolonged exposure to air, the undesirable activity of 1b is suppressed 
by predominant oxidation of this species, leaving the desirable activity 
of 1a in carbene polymerization.  

(II) The second hypothesis is opposite, in which we can assume that 
oxidation of the Rh(diene) precatalysts leads to activation of the 
catalyst mixture toward polymerization. 

    
We explored both these hypotheses and in this chapter we describe our investigations 
assuming hypothesis I (deactivation of diastereomers responsible for formation of 
unwanted oligomeric and dimeric side products). In the next Chapter (Chapter 4) we 
describe our investigations assuming hypothesis II.   
   In this chapter we followed different synthetic approaches to directly and indirectly 
influence the diastereomeric ratio of a variety of [(N,O-ligand)RhI(Me2cod)] catalysts, in 
order to influence the catalytic performance in carbene polymerization in this manner.  
For this reason, we explored different methods to influence the outcome of the 
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reactions, which includes a variation of the exposure times of the catalyst mixtures to air 
and the use of different anionic N,O-ligands to influence the diastereomeric ratio of the 
non-oxidized mixture. 

3.2 Results and discussion 
The fact that in the preparation of [(L-pro)RhI(Me2cod)] from enantiomerically pure L-
prolinate and a racemic mixture of Rh(Me2cod) in the [{(Me2cod)RhI( -Cl}]2 starting 
material produces a non-stoichiometric mixture of diastereomers in a ratio of 5:3 
suggests that these two isomers are perhaps formed in an equilibrium mixture involving 
partial racemization and shows the relative thermodynamic stability of the diastereomers 
(see also Figure 1). However, preferential crystallization or faster crystallization of 1a 
compared to 1b or a different kinetic profile for formation of 1a versus 1b cannot be 
excluded. In any case, these data suggest that the ratio of diastereomers formed could 
well be sensitive to variations in the reaction conditions, and should respond to changes 
in the chiral anionic N,O-ligand.  

We shortly investigated the influence of changing the reaction conditions on the ratio 
of 1a/1b formed from L-prolinate and [{(Me2cod)RhI( -Cl}]2, by varying the reaction 
temperature (RT, -70ºC or refluxing solvents), however, this had no influence at all on 
the diastereomeric ratio formed, and also changing the solvent had little influence. 
Hence, we focused our attention on the use of different analogues of the prolinate 
ligands to influence the diastereomeric ratio. Changing the peripheral substitution of the 
proline ligand could also have an effect on the electronic and steric properties of the 
catalyst, which could have an influence on the catalytic activity of the actual active 
species rather than influencing catalyst activation. Therefore, we further prepared  
Rh(Me2cod) catalysts with non-chiral N,O-ligands and N,N-ligands to avoid the 
formation of diastereomers completely, and studied their behavior in carbene 
polymerization. With these approaches we aimed at obtaining more information about 
the reaction mechanism of the Rh-mediated carbene polymerization reactions.  

3.2.1. Synthesis and characterization of catalyst precursors with different anionic-
ligands  

The [(anionic-ligand)RhI(Me2cod)] catalysts 1-6 (Figure 3) were synthesized by reaction 
of the [{(Me2cod)RhI( -Cl}]2 precursors with in situ deprotonated anionic-ligands in 
methanol at room temperature (Scheme 2).19 Catalyst 1 was previously reported,1 and 
catalysts 2-6 are newly synthesized and characterized with NMR experiments and X-ray 
analysis. 
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Figure 3. RhI(Me2cod) catalysts with different N,O-ligands and N,N-ligand. For the proline 
derivatives only one of the two possible diastereomers is depicted (catalyst  6, prepared with 
racemic proline and catalyst 2, prepared with enantiopure 4-L-hydroxyproline, contain only one 
diastereomer). 

Catalyst 2 was synthesized to see if the electronic and H-bonding properties of the 
hydroxyl group on the proline ligand influenced the crystallization process favoring one 
diastereomer over the other. Catalysts 4 and 5 were synthesized in an attempt to obtain 
the sterically less hindered diastereomers (possible affected by the peripheral 
substitution of the proline). 3 does not have a prolinate but an anionic picolinacid as 
ligand. This ligand does not have a stereogenic center and hence the complex consists of 
a racemate of enantiomers (due to the chirality of the Me2cod-ligand). To obtain only 
one of the diastereomers of [(pro)RhI(Me2cod)], also a racemic mixture of L- and D-
proline was used in the synthesis of catalyst 6. Due to the unavoidable racemic nature of 
the Rh(Me2cod) units (R and S) in the [{(Me2cod)RhI( -Cl}]2 dimer, the use of 
enantiopure L-proline always leads to formation of two diastereomers: the major 
product [(L-pro)RhI(R-Me2cod)] (1a /1a’) and the minor product [(L-pro)RhI(S-
Me2cod)]  (1b/1b’) are formed (Figure 4). This is clear for catalyst 1. The use of a 
racemic mixture of D- and L-proline in principle allows for the formation of the most 
stable diastereomer, unrestricted by the availability of only one proline enantiomer. For 
catalyst 6, which was synthesized with this approach, indeed the racemate of the most 
stable diastereomer (1a/1a’) was obtained, thus providing a diastereomerically pure 
catalyst.  

 
Figure 4. Two diastereomers [(L-pro)RhI(R-Me2cod)] (1a) and [(L-pro)RhI(S-Me2cod)] (1b) and 
their enantiomers [(D-pro)RhI(S-Me2cod)] (1a’) and [(D-pro)RhI(R-Me2cod)] (1b’). 
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The molecular structures of 2, 4 and 6 were determined by X-ray diffraction. The 
diastereomer ratio in the crystal packing and in solution is the same. No isomerization 
occurs by dissolving the catalyst, which is confirmed by NMR experiments. Like the 
previously reported crystal structure of [(pro)RhI(cod)]19, the structures of 2, 4 and 6 
reveal square planar geometries. The effect of replacing cod by Me2cod as a ligand to 
Rh results in increased bond lengths between the metal and the ligands. Both the Rh-
olefin interactions and the Rh–N distances are significantly longer for the Me2cod 
catalysts compared to the cod catalysts (see Table 1). All bonds towards the Rh are 0.02 
Å longer and the Rh–O and the Rh–C(6) bond even 0.04 Å longer. This difference is 
due to the steric effect of the methyl groups of the Me2cod. The methyl group on C(6) is 
sterically interfering with the proline-ring, which enlarges the angle between C(6)–Rh–
N. This enlargement results in reduction of the C(6)–Rh–O and N–Rh–O bond angles 
(see Table 1 and Table 3). 

 

Figure 5. Molecular structure of 2 with 50% probability ellipsoids. Hydrogen atoms are omitted 
for clarity. 

Table 1. Selected bond length (Å) and angles ( ) of catalyst 2 and [(L-pro)RhI(cod)]. 

 2 [(L-pro)RhI(cod)]1

Rh–N 2.128 2.109 
Rh–O 2.082 2.042 

Rh–C(6) 2.138 2.095 
Rh–C(5) 2.111 2.088 
Rh–C(2) 2.140 2.124 
Rh–C(1) 2.131 2.115 

C(1)–C(2) 1.391 1.362 
C(5)–C(6) 1.400 1.342 

C(6)–Rh–N 98.64 96.58 
C(6)–Rh–O 160.48 163.61 
N–Rh–O 77.88 81.88 

 
Remarkably, two hydrogen bond interactions in the unit cell of catalyst 2 (Figure 6) are 
formed. In the crystal structure of [(pro)Rh(cod)] catalysts only one hydrogen bond 
between the NH of proline and the carboxylate of the proline is present. The second 
hydrogen bond in catalyst 2 between the hydroxyl group on the proline with the 
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carbonyl has a substantial influence on the crystal-packing and thereby influences the 
relative stability of the diastereomers. In fact, the presence of this second hydrogen bond 
leads to crystallization of only one diastereomer of 2, as is clear from the crystal 
structure (Figure 5). Reaction of enantiopure 4-L-hydroxyproline with a racemic 
mixture of [{(Me2cod)RhI( -Cl}]2 does produce a mixture of diastereomers in solution, 
indicating that the hydroxyl group only has an influence on the diastereomeric ratio in 
the solid state. This was confirmed by NMR analysis of the filtrate from which the 
crystals were obtained, showing the presence of two diastereomers in a 1:0.8 ratio (after 
work-up involving evaporation). However, apparently one diastereomer favorably 
crystallizes in the packing shown in Figure 6. Remarkably, this is the ‘minor’  “type-b” 
diastereomer (Figure 4) which has sterically unfavorable interactions between the 
proline ring and a methyl-group of the Me2cod ligand. Apparently favorable crystal 
packing effects involving two different H-bonding interactions between the molecules 
lead to a preferred crystallization of this “type-b” diastereomer (see also Figure 4). 

 
Figure 6. Crystal packing of 3 molecules of catalyst 2. 

Catalyst 4 crystallizes as a 1:1 mixture of both diastereomers (“type-a” and “type-b”). 
The methyl group at the prolinate 2-position apparently does not sterically hinder the 
formation of either of the diastereomers. This methyl group points away from the 
proline ring (Figure 7), and hardly influences the distances of the coordination bonds 
compared to other [(pro)RhI(Me2cod)] structures. The two diastereomers which are 
formed ([L-pro)RhI(R-Me2cod)] and [(L-pro)RhI (S-Me2cod)] respectively “type-a” and 
“type-b”) are two different structures. These structures have different distances between 
the atoms of the Me2cod-ligand and the Rh in the crystal structure, which can be 
explained by more steric hindrance in “type-b” by the Me-group of the cod-ligand (see 
Table 2) . 
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[(2-L-Me-pro)RhI(R-Me2cod)]   [(2-L-Me-pro)RhI(S-Me2cod)] 

Figure 7. Molecular structure of 4 with 50% probability ellipsoids. Hydrogen atoms are omitted 
for clarity. The unit cell contains both “type-a”and “type-b” diastereomers, with R- and S-Me2cod. 

Table 2. Selected bond length (Å) and angles ( ) of catalyst 4. 

 4 (“type-a”) 
[(2-L-Me-pro)RhI(R-Me2cod)]

4 (“type-b”) 
[(2-L-Me-pro)RhI(S-Me2cod)]

Rh–N 2.111 2.112 
Rh–O 2.072 2.072 

Rh–C(1) 2.105 2.128 
Rh–C(2) 2.105 2.106 
Rh–C(5) 2.140 2.151 
Rh–C(6) 2.116 2.098 

C(1)–C(2) 1.390 1.365 
C(5)–C(6) 1.395 1.401 

C(1)–Rh–N 104.76 100.85 
C(1)–Rh–O 153.11 161.30 

N–Rh–O 78.33 78.89 

 

 

Figure 8. Crystal packing of 2 molecules of catalyst 4 with hydrogen bonds between two 
catalysts. The structure consists of alternating “type-a” and “type-b” diastereomers.  
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In the unit cell (Figure 8) only one hydrogen bond between two catalysts is observed, 
similar to the crystal structure of [(pro)Rh(diene)]. The carboxylate and NH moieties 
of the proline are the basis of this H-bonding motif (distance 2.275 Å).  
For catalyst 1, only L-proline was used and no crystals were obtained. However, when 
L- and D-proline were used to synthesize catalyst 6, only one diastereomer is formed 
(“type-a”). this complex was crystallized from MeOH:ether and its structure was solved 
by x-ray analysis (Figure 9). The catalyst crystallizes as racemate. This 
diastereomerically pure catalyst contains only the most stable, sterically favored “type-
a” diastereomer 1a (see also Figure 4).  In the crystal packing of [(L/D-
pro)RhI(Me2cod)]  similar hydrogen-bond interactions are present between the 
carboxylate and the –NH moieties of the proline-ligand as shown in Figure 8 for catalyst 
4. As predicted only one diastereomer crystallizes and both L- and D-proline ligands 
were present in the X-ray structure.  

 
Figure 9. X-ray diffraction of 6 with 50% probability ellipsoids. Hydrogen atoms are omitted for 
clarity. 

Table 3. Selected bond lengths (Å) and angles ( ) of catalyst 6 and [(L-pro)RhI(cod)] 

 6 (1a) [(L-pro)RhI(cod)]1

Rh–N 2.111 2.109 
Rh–O 2.083 2.042 

Rh–C(1) 2.129 2.115 
Rh–C(2) 2.100 2.124 
Rh–C(5) 2.134 2.088 
Rh–C(6) 2.116 2.095 

C(1)–C(2) 1.409 1.342 
C(5)–C(6) 1.404 1.362 

C(1)–Rh–N 102.89 96.58 
C(1)–Rh–O 154.15 163.61 

N–Rh–O 78.47 81.88 
 
This proves that the chirality of the proline-ligand determines the chirality at the 
Me2cod-ligand. L-proline results in the coordination of R-Me2cod and D-proline 
coordinates with S-Me2cod. 
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In summary, we were able to prepare a series of catalysts with different proline-type 
ligands, and the proline-type ligands influenced the diastereomeric ratio of “type-a” and 
“type-b”. While most catalyst were obtained as close to 1:1 mixtures of these 
diastereomers, catalyst 2 could be obtained in a pure ”type-b” form while catalyst 6 
could be obtained in a pure “type-a” form. This makes it interesting to compare the 
catalytic performance of these different catalysts, which should provide mechanistic 
information.  

3.2.2. Polymerization of ethyl diazoacetate  

The purpose of using peripheral substituted proline ligands was to obtain a single 
diastereomer and monitor its performance in carbene polymerization reaction. One of 
the diastereomers of catalysts 2 and 6 was isolated and catalyst 3 was also obtained as 
single isomer since it does not contain a stereocenter in the N,O-donor ligand. All 
catalysts (1-6) were analyzed with 1H and 13C NMR spectroscopy to confirm the a/b 
ratio and no isomerization of the catalysts in solution was observed. The ratio of the 
”type-a” and “type-b” isomers of all catalysts was determined by integration of the 
methyl-peaks present in the Me2cod-ligand (Table 4). 

Table 4. Polymerization of EDA with catalyst 1-6a 

Entry Catalyst Ratiob

a / b 
Polymer 

yield (%)c 
Oligomer 
yield (%) 

Dimer 
yield (%)

Mw  
(kDa)d

Mw/Mn IEe 

1 1 1 / 0.6 25 37 38 736 3.6 0.5 
2 6 1 / 0 47 47 6 621 3.8 1.2 
3 2f 0 / 1 52 28 20 599 3.5 1.3 
4 2 1 / 0.8 48 32 20 577 4.0 1.4 
5 3   8 36 56 616 5.9 0.3 
6 4 1 / 1 29 38 ND 637 2.2 0.4g 
7 5 1 / 0.7 9 40 ND 769 5.1 0.3g 
8 1 1 / 0.6 25 37 38 736 3.6 0.5 
9 1+6 1 / 0.45 24 39 37 673 2.6 0.4 

10 1+6 1 / 0.3 29 40 31 619 2.7 0.5 
11 1+6 1 / 0.15 39 31 30 459 2.4 0.9 
12 6 1 / 0 47 47 6 621 3.8 1.2 

a Conditions: 0.04 mmol of catalyst precursor, 2 mmol of ethyldiazoester, 5 mL of chloroform (solvent), 
room temperature, reaction time: 14 hours. b diastereomeric ratio determined by NMR c Isolated by 
precipitation and washing with MeOH. d SEC analysis calibrated against polystyrene samples. e Initiation 
efficiency: number of polymer chains per Rh in % (mol/mol × 100%), f Diastereomerically pure crystals were 
used in the polymerization reaction, f less than 100% conversion, g Used 0.04 mmol in calculations, ND = not 
determined, since the polymer yield was too low.  

 
Performing the polymerization reaction (Scheme 1) with catalyst 1 leads to 25% 
polymer yield (Table 1, entry 1). We assume due to the presence of both diastereomers 
in catalyst 1, 75% oligomer and dimer yield is formed. The results of catalyst 6 (entry 
2), which is the diastereomerically pure form of the “type-a” isomer (1a), can be 
compared with those of catalyst 1 (diastereomeric mixture of 1a/1b in ratio 1/0.6) (entry 
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1). As is clear from a comparison of entry 1 and 2 in Table 4, pure 1a gives rise to a 
higher polymer yield than a mixture of 1a and 1b. Additionally, carbene dimerization is 
largely suppressed upon removing 1a. In itself, this observation is in line with 
hypothesis I described in the introduction. However, the formation of oligomers is not 
suppressed at all. Additionally, the number of active Rh species (IE in %) is still very 
low, which indicates that 1a still has to undergo a modification to form the active 
species for polymerization. 

The polymer yield increases to 52% when catalyst 2 was used (entry 3), which is 
the highest yield obtained thus far with non-oxidized Rh-diene catalysts. However, 
catalyst 2, as used in crystalline form, consists of a diastereomerically pure form of the 
“type-b” diastereomer. In fact, this completely contradicts hypothesis I as described in 
the introduction, in which we assumed that diastereomers of type-b are responsible for 
formation of unwanted side-products. Assuming that this influence is not caused by the 
proline-ligand variation. Furthermore, for catalyst 2 the pure “type-b” diastereomer 
produces roughly the same polymer yield as a mixture  of  “type-a”  and “type-b” 
diastereomers (in a ratio of 1:0.8, entry 3 and 4), and the mixture produces a similar 
dimer yield as the diastereomerically pure catalyst. This is in complete contradiction 
with hypothesis I described in the introduction.  

Replacing prolinate by another, more strongly coordinating anionic N,O-donor 
ligand leads to poor polymer yield (entry 5). This indicates, perhaps, that ligand 
dissociation of the N,O-donor is important for carbene polymerization catalysis.1 The 
use of prolinate ligands that are substituted at the 2-position also leads to poor polymer 
yields (entry 6). Especially catalyst 5 is poorly active (conversion <100%, polymer yield 
of 9%, see entry 7). This could be caused by lower catalyst activation as a result of the 
steric hindrance of the substituents at the 2-position. In addition, the allyl substituent at 
the 2-position of catalyst 6 might hinder dissociation of the N,O-ligand as it contains an 
additional coordinating olefinic moiety. These are, however, speculations.  

Perhaps for [(pro)RhI(Me2cod)], having the parent proline ligand, hypothesis I still 
partly holds in the sense that the active species responsible for polymer formation seems 
to be mainly responsible for dimer formation. However, the fact that oligomer is still 
formed and only a small fraction of Rh-species 1a actually becomes active in polymer 
formation is indicative of a complicated catalyst activation process. The differences 
between the results in the polymerization reaction of catalyst 1 and 6 are investigated in 
more detail by using a mixture of these two catalysts. Different ratios of 1a and 1b were 
achieved by mixing catalyst 1 and 7, which leads to ratios between 1:0.6 to 1:0 in five 
equal steps (entries 8 - 12). Changing the 1a/1b ratio in non-oxidized mixtures of these 
diastereomers in favor of 1a indeed leads to increased polymer yields (entry 12). This 
effect can be ascribed to a suppressed carbene dimerization activity upon decreasing the 
amount of diastereomer 1b. These observations partly confirm hypothesis I described in 
the introduction. Indeed, diastereoisomer 1b seems to be mostly responsible for the 
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unwanted carbene dimerization activity. However, unwanted oligomerization activity is 
not suppressed by removing 1b from the mixture of the non-oxidized diastereomers. 
Furthermore, the percentage of active Rh species (initiation efficiency,  as estimated 
from the polymer yield and polymer length obtained) generated from pure 1a is still 
very low (1.2%), hardly higher than in a 5:3 mixture of 1a/1b (0.5%). This small 
difference is likely purely an effect of suppressing the carbene dimerization activity.  
Mixtures of 1a/1b which have been exposed to air (hence, consisting of oxidized 1b, 
and mostly non-oxidized 1a) reveal a further increase in percentage of active Rh 
species, show faster EDA consumptions and generate higher polymer yields (80%) by 
suppressing oligomer formation (20%) compared to pure non-oxidized 1a.1 Hence, we 
must conclude that removing 1b indeed has a positive effect on the polymer yield 
(hypothesis I) by suppressing dimerization activity, but this is certainly not the whole 
truth and oxidation of 1 must have a further activating effect on polymerization activity 
(hypothesis II). This was further confirmed by exposing pure 1a to dioxygen and water 
(see Table 5) as  discussed in the next section of this chapter (3.2.4 and 3.2.5).  

3.2.4. Exposing precatalyst 4 to air 

Since we know that oxidation of solid catalyst samples can have a beneficial effect on 
the catalyst activation process, we further explored the effect of exposing the above 
(pre)catalysts to air. If catalyst 1 was exposed to air for prolonged periods of time, the 
carbene polymerization reaction results in higher polymer yield, than the unexposed 
catalyst. Analysis of the oxidized species proved difficult. One of the reasons for this is 
the presence of two diastereomers, leading to complex reaction mixtures upon oxidation 
of the Rh(diene) moiety. To get a better insight in what is happening upon oxidation of 
these catalysts, catalyst 4 was exposed to air. NMR spectra of the non-exposed catalyst 
4 are relative simple to interpret because there is no stereocenter present in the N,O- 
donor ligands of these species. Even after exposing the solid catalyst 3 to air for more 
than 3 months, no differences were observed in the NMR spectra. Interestingly, also no 
differences were obtained in the polymerization reactions when this exposed catalyst 
was applied. The catalyst is apparently too stable and apparently does not undergo any 
modification upon exposing it to air. 

3.2.5 Exposing precatalyst 6 to air 

Catalyst 1 showed more activity after exposure to air. To see if the diastereomerically 
pure catalyst 6 shows the same behavior, it was also exposed to O2 and water and the 
catalytic behavior was followed in time. The solid catalyst was exposed to O2 and water 
for several weeks and the results of the polymerization reaction are shown in Table 5. 
After exposing 6 for 3-4 weeks to O2 and water (entry 3 and 4), the polymer yield and 
the amount of active Rh species (IE) increase, and both the oligomerization and 
dimerization activity are strongly suppressed. The efficiency of catalyst activation (IE) 
from oxidized 6 (entry 3) is somewhat higher than from oxidized mixtures of 1 (entry 
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6), leading to somewhat higher polymer yields which results in shorter polymers. These 
data are clearly in favor of hypothesis II as described in the introduction. The effect of 
catalyst oxidation on the activation of the catalysts for carbene polymerization was 
further explored, and the results are described in detail in Chapter 4 of this Thesis.  

Table 5.  [(L/D-pro)RhI(Me2cod)] exposed to O2 and water.a 

Entry Catalyst 
(diastereomers)  

weeks Polymer yield 
(%)b 

Oligomer 
yield (%) 

Dimer yield 
(%) 

Mw (kDa)c Mw/Mn IEd 

1 6 (1a) 0 47 47 6 621 3.8 1.2 
2 6 (1a) 2 78 14 8 325 2.7 2.9 
3 6 (1a) 3 92 7 1 378 2.3 2.4 
4 6 (1a) 4 88 9 3 334 2.8 3.2 
51 1 (1a+1b) 0 30 35 35 760 1.8 0.3 
61 1(1a+1b) 3 70 20 10 700 4.2 1.8 

a Conditions: 0.04 mmol of catalyst precursor, 2 mmol of ethyl diazoacetate, 5 mL of chloroform (solvent), 
room temperature, reaction time: 14 hours. b Isolated by precipitation and washing with MeOH. c SEC analysis 
calibrated against polystyrene samples. d Initiation efficiency: number of polymer chains per Rh in % 
(mol/mol × 100%).  

3.3. Conclusions 
Diastereomeric mixtures of [(pro)RhI(Me2cod)] catalysts with varying amounts of the 
two possible diastereomers (“type-a” and “type-b”) reveal a variable behavior in 
carbene polymerization depending on the diastereomeric ratio. This previously led us to 
hypothesize that one of the two diastereomers (more) efficiently leads to carbene 
polymerization (“type-a”) while the other (“type-b”) may be responsible for formation 
of unwanted side-products (hypothesis I in the introduction). This hypothesis was 
disproven by several experiments described in this chapter:  
 

(1) A diastereomerically pure catalyst containing only “type-a” diastereomers 
thought to be responsible for carbene polymerization perform slightly better 
than diastereomeric mixtures, but the catalyst activation efficiency is still very 
low and these catalysts produce still large amounts of unwanted oligomers.  
(2) A diastereomerically pure catalyst containing only “type-b” diastereomers 
previously thought to be responsible for formation of mainly unwanted side-
products turned-out to perform almost equally well as pure “type-a” 
diastereomers.  
(3) Oxidation of pure 1a leads to substantially higher polymer yields and 
suppressed oligomer yields. 
 

Hence, catalyst activation by oxidation (hypothesis II in the introduction) seems to play 
the largest role. The effect of catalyst oxidation on the carbene polymerization reaction 
will be described in more detail in the next chapter (Chapter 4). 
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3.4 Experimental 
General procedures 

All manipulations, except the work-up of polymerization reactions, were performed under an 
argon atmosphere using standard Schlenk techniques. Methanol and dichloromethane 
distilled from calcium hydride and toluene distilled from sodium and tetrahydrofuran, diethyl 
ether and pentane distilled from sodium benzophenone ketyl under nitrogen were used for 
metal catalyst synthesis. Chloroform (stabilized by ethanol; 0.5-1.5 %w/v) was purchased 
from Biosolve and used as such. The syntheses and catalytic activity of [(L-
prolinate)RhI(1,5-dimethyl-1,5-cyclooctadiene)](1) and [(picolinacid)RhI(1,5-dimethyl-1,5-
cyclooctadiene)] (3)21, were prepared according to published procedures.1 All other 
chemicals were purchased from commercial suppliers and used without further purification. 
NMR spectroscopy experiments were carried out on a Varian Inova 500 spectrometer (500 
MHz and 125 MHz for 1H and 13C, respectively) or a Varian Mercury 300 spectrometer (300 
MHz and 75 MHz for 1H and 13C, respectively). Assignment of the signals was aided by 
COSY, 13C HSQC and APT experiments. Solvent shift reference for 1H NMR spectroscopy: 
CDCl3: H = 7.26 ppm. For 13C NMR spectroscopy: CDCl3: C = 77.0 ppm. Acetone: H = 
2.05 ppm. For 13C NMR spectroscopy: d-acetone C  = 29.84 and 206.26 ppm. Abbreviations 
used are: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quarter, m = 
multiplet, cod = 1,5-cyclooctadiene, Me2cod = 1,5-dimethyl-1,5-cyclooctadiene pro = 
prolinate, br = broad. Molecular-weight distributions were measured using size-exclusion 
chromatography (SEC) on a Shimadzu LC-20AD system with two PLgel 5 m MIXED-C 
columns 300 mm x 7.5 mm (Polymer Laboratories) in series (1 mL/min and T = 35°C) or 
with Waters Styragel HR1, HR2, and HR4 (300 mm x 7.8 mm) columns in series (1 mL/min 
and T = 40 C) and a Shimadzu RID-10A refractive-index detector, using dichloromethane as 
mobile phase. Polystyrene standards in the range of 760-1,880,000 g/mol (Aldrich) were 
used for calibration. 
 
Synthesis of [(4-(L)-hydroxyprolinate)RhI(Me2cod)] (2). A solution of 4-L-hydroxy-proline 
(131 mg, 1 mmol) and sodium hydroxide (40 mg, 1 mmol) in methanol (10 mL) after stirring for 
45 min and then added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 (275 mg, 0.5 mmol) in 
methanol (10 mL). The obtained clear yellow solution was stirred for 2 h at RT. The solvent was 
removed in vacuo, and the product was extracted with dichloromethane. The mixture was filtered 
over Celite, and subsequently the solvent was evaporated. The product was obtained as a yellow 
powder (210 mg, 57%). Crystallization by 1:20 of MeOH:Et2O. Crystals of 2b: 1H NMR (400 
MHz, CDCl3, 298 K);  4.37 (m, 2H, CH=CMe, CHCOO)  4.18 – 4.10 (m, 2H, NH and 
CH=CMe), 3.74 (m, 2H, NHCH2 and NCH2), 3.62-3.45 (m, 1H, NCH2), 2.95-2.91 (dd, 1H, 
CHOH), 2.64-2.496 (m, 4H, 2 x CH2cod), 2.31 (br, 1H, OH), 2.17-1.97 (m, 5H, 2 x CH2cod and 
NCHCH2), 1.91-1.72 (m, 1H, NCHCH2), 1.49 (s, 3H, CH3), 1.41 (s, 3H, CH3) ppm. 13C NMR 
(125 MHz, CDCl3, 298 K):  73.3 (CHOH), 70.8 (CHCMe), 63.4 (COOCH), 57.3 (NHCH2), 37.1 
(CH2CH), 36.3 (CH2NH), 30.6 (CH3), 30.4 (CH2cod), 28.8 (CH2cod), 28.1 (CH3) ppm. filtrate (no 
crystals): 1H NMR (400 MHz, CDCl3, 298 K); mixture of two diastereomers, 2a and 2b, ratio 
1:0.8:  4.37 (2a, m, 2H, CH=CMe, CHCOO), 4.27 (2b, m, 2H, CH=CMe, CHCOO), 4.18 – 4.07 
(2a, m, 2H, NH and CH=CMe), 3.93 (2b, m, 2H, NH and CH=CMe), 3.74 (2a, m, 2H, NHCH2

and NCH2), 3.65-3.55 (2a, m, 1H, NCH2), 3.5 (2b, m, 1H, NHCH2), 3.35-3.19 (2b, m, 4H, 2 x
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CH2cod),  2.95-2.91 (dd, 1H, CHOH), 2.64-2.496 (m, 4H, 2 x CH2cod), 2.41-2.1 (overlapping, 
6H, 2a and 2b OH and 2b, 2 x CH2cod), 2.10-1.60 (overlapping, 12H, 4 x CH2cod and 2 x 
NCHCH2), 1.58 (s, 3H, CH3), 1.49 (overlapping, s, 6H, CH3), 1.45 (s, 3H, CH3) ppm.13C NMR 
(125 MHz, CDCl3, 298 K):  73.3 (CH-OH), 71.8 (3 (CH-OH), 70.8 (CHCMe), 70.0 (CHCMe), 
63.4 (COOCH), 61.8 (COOCH),  58.84 (NHCH2), 57.3 (NHCH2), 39.9  37.1 (CH2CH), 36.3 
(CH2NH), 30.6 (CH3), 30.4 (CH2cod), 28.8 (CH2cod), 28.1 (CH3) ppm. 
 
Synthesis of [(picolinacid)RhI(Me2cod)] (3). A solution of picolinacid (369.3 mg, 3 mmol) and 
sodium hydroxide (120 mg, 3 mmol) in methanol (15 mL) was stirred for 45 min. The mixture 
was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 (823.5 mg, 1.5 mmol) in methanol 
(10 mL). The obtained clear yellow solution was stirred for 1 h at RT. The solvent was removed 
in vacuo, and the product was extracted with dichloromethane. The mixture was filtered over 
Celite, and subsequently the solvent was evaporated. The product was crsytaillized with 
MeOH:Ether, 1:5. Yellow crystals were obtained (155 mg, 14%). 1H NMR (400 MHz, CDCl3, 
298 K):  8.27 (d, 1H, NCH), 8.14 (d, 1H, NCCH), 7.91 (t, 1H, NCCHCH), 7.47 (t, 1H, 
NCHCH), 4.25 (m, 1H, CHcod), 3.44 (m, 1H, CHcod), 2.52 (overlapping m, 2H 2x CH2cod), 
2.23 (overlapping m, 2H 2x CH2cod), 1.89 (overlapping m, 2H 2x CH2cod), 1.82 (overlapping m, 
2H 2x CH2cod), 1.59 (s, 3H, Mecod), 1.43 (s, 3H, Mecod) ppm. 13C NMR (125 MHz, CDCl3, 298 
K):  171.62 (COO), 154.38 (NC), 146.99 (NCH), 138.96 (NCCHCH), 126.45 (NCCH), 126.28 
(NCHCH), 101.91 (CCH3), 90.53 (CCH3), 80.07 (d, CHcod), 72.25 (d, CHcod), 39.67 (CH2cod), 
37.40 (CH2cod), 29.37 (CH2cod), 28.00 (CH3cod), 27.88 (CH2cod), 27.78 (CH3cod) ppm.
 
Synthesis of [(2-(L)-methylprolinate)RhI(Me2cod)] (4). A solution of 2-L-methylproline (129 
mg, 1 mmol) and sodium hydroxide (40 mg, 1 mmol) in methanol (10 mL) was stirred for 10 min. 
The mixture was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 (275 mg, 0.5 mmol) in 
methanol (10 mL) and stirred for 1h at rt. The solvent was removed in vacuo, and the product was 
extracted with dichloromethane. The mixture was filtered over Celite, and subsequently the 
solvent was evaporated till 2 ml was left. Ether (40 ml) was added slowly to crystallize the 
product in 85% yield (0.85 mmol).1H NMR (400 MHz, CDCl3, 298 K); mixture of two 
diastereoisomers, 5a,b, ratio 1:1,  4.15 (m, 2H, CHCMe), 3.52 (m, 2H, NCH2) 3.4 (m, 1H, 
CHCMe), 3.3 (overlapping m, 2H, NCH2, CHCMe), 3.05 (m, 2H, NCH2), 2.61 (m, 4H, CH2cod) 
2.36 (overlapping m, 4H, CH2cod), 2.22 (overlapping m, 2H, CH2cod), 2.03 (overlapping m, 2H, 
CH2cod), 1.97 (s, 3H, NCCH3), 1.87 (overlapping m, 6H, CH2cod and NCH2), 1.74 (overlapping 
m, 6H, CH2cod, NCH2CH2), 1.63 (s, 3H, NCCH3), 1.61 (s, 3H, CHCCH3), 1.50 (s, 3H, NCCH3), 
1.40 (s, 3H, CHCCH3), 1.38 (s,3H, CHCCH3) ppm. 13C NMR (125 MHz, CDCl3, 298 K): 184.3 
(5b, COO), 181.9 (5a, COO), 100.4 (5b, CMe), 100.3 (5a, CMe), 85.0 (5b, CMe), 83.9 (5a, CMe), 
80.2 (5b, CHCMe), 80.0 (5a, CHCMe), 73.2 (5b, CHCMe) 71.0 (5a, CHCMe), 72.9 (5b, NCMe), 
71.0 (5a, NCMe), 51.2 (5a, NCH2), 49.4 (5b, NCH2), 38.8, 37.2, 36.8, 36.3 (CH2cod), 30.7, 29.6, 
29.0, 27.7 (CH2cod), 30.3, 29.5, 27.8, 27.4 (CCH3), 26.0, 25.3 (NCCH3) ppm. 
 
Synthesis of [(3-(D)-allyl-prolinate)RhI(Me2cod)] (5). A solution of 2-(2-propene)proline 
hydrochloride (192 mg, 1 mmol) and sodium hydroxide (80 mg, 2 mmol) in methanol (10 mL) 
after stirring for 20 min, the mixture was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 
(275 mg, 0.5 mmol) in methanol (10 mL). The obtained clear yellow solution was stirred for 1.5 
hr at RT. The solvent was removed in vacuo, and the product was extracted with dichloromethane. 
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The mixture was filtered over Celite, and subsequently the solvent was evaporated. The product 
was obtained as a yellow powder (244 mg, 62%). 1H NMR (400 MHz, CDCl3, 298 K); mixture of 
two diastereoisomers 5a and 5b, ratio 1:0.7  5.95 (m, 1H, CH2CH), 5.91 (m, 1H,CH2CH ), 5.54 
(dd, 1H, CHCH2), 5.24 (dd, 1H, CHCH2), 4.17 (m, 2H, CHcod), 3.45 (m, 1H, NCH2), 3.28 (m, 
2H,NCH2CH2), 3.21 (m, 2H, NCH2CH2) 3.04 (m 1H, NCH2), 2.91 (m, 2H, NCH2CH2), 2.80 (dd, 
1H, CH2CHCH2), 2.60 (m, 2H, CH2CqCOO), 2.51 (m, 2H, CH2CHCH2), 2.37 (4H, CH2CqCOO), 
2.2 (overlapping m, 3H, CH2CHCH2, NCH2CH2), 2.0 (m, 4H, CH2cod), 1.9 (m, 4H, CH2cod), 
1.71 (overlapping m, 8H,NCH2CH2, CH2cod), 1.60 (overlapping s, 3H, CH3), 1.53 (6b, s, 2H 
CH3), 1.37 (6a and 6b, s, 5H, CH3) ppm. 13C NMR (125 MHz, CDCl3, 298 K):  183.8 (6b, 
COO), 181.6 (6a, COO), 132.9 (6b, CH2CHCH2), 132.1 (6a, CH2CHCH2), 120.9 (6b, CCH2CH), 
120.1 (6a, CCH2CH), 100.0 (6a, CMe), 99.8 (6b, CMe), 85.0 (6b, CMe) 83.8 (6a, CMe), 80.2 (6b, 
CHCMe), 79.7 (6a, CHCMe), 74.6 (6b, NC), 72.5 (6a, NC), 73.2 (7b, CHCMe), 72.0 (6a, 
CHCMe), 51.3 (6a, NCH2), 49.4 (6b, NCH2),  42.7 (6a, CHCH2), 41.6 (6b, CHCH2), 38.7, 37.2, 
36.6, 36.0 (CH2cod), 35.3, 33.1, 30.8, 29.4 (CH2cod), 29.2 (CH2), 27.6 (CH2), 25.7, 24.4 
(NHCH2CH2), 30.4, 29.3, 27.9, 27.5 (CH3) ppm. 
 
Synthesis of [((L/D)-prolinate)RhI(Me2cod)] (6). A solution of racemic (L/D)-proline (0.72 gr, 
6.3 mmol) and sodium hydroxide (0.25 g, 6.3 mmol) in methanol (10 mL) was stirred for 45 
min.The mixture was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 (0.86 gr, 1.57 
mmol) in methanol (10 mL). The obtained clear yellow solution was stirred for 2.5 hr at RT. The 
solvent was removed in vacuo, and the product was extracted with dichloromethane. The mixture 
was filtered over Celite, and subsequently the solvent was evaporated. The product was 
crsytaillized with MeOH:Ether, 1:20. Yellow crystals were obtained (798 mg, 72%). 1H NMR 
(400 MHz, CDCl3, 298 K):  4.14 (m, 1H, CH=CMe), 3.77 (q, 1H, CHCOO), 3.32 (m, 1H, 
NHCH2), 3.21 (overlapping, m, 2H, CH=CMe and NHCH2), 2.33 (overlapping, m, 4H, CH2cod 
and NHCH2CH2), 2.20 (m, 2H, CH2cod), 2.04 (m, 1H, CHCH2), 1.92 (m, 2H, CH2cod), 1.78 
(overlapping, m, 3H, CH2cod and CHCH2), 1.60 (s, 3H, CH3), 1.43 (s, 3H, CH3) ppm. 13C NMR 
(125 MHz, CDCl3, 298 K):  182.31 (s, COO), 100.24 (d, 1JRh C = 13 Hz, CH=CMe), 85.49 (d, 
1JRh C = 14 Hz, CH=CMe), 79.62 (d, 1JRh C = 12 Hz, CH=CMe), 73.20 (d, 1JRh C = 14 Hz, 
CH=CMe), 65.13 (s, COO CH enatiomer) 65.16 (s, COO CH), 50.86 (s, NH CH2), 48.94 (s, 
NH CH2 of enantiomer), 38.83, 37.40, 37.11, 36.35 (s, CH2 of Me2cod), 29.76 (s, CH2), 28.99 (s, 
CH3), 29.25, 26.96, 25.29 (s, CH2), 25.31 (s, CH3) ppm.  
 
Polymerization of carbene from diazoesters. Ethyl diazoacetate (2 mmol) was added to a 
yellow solution of catalyst (0.04 mmol) in chloroform (5 mL). The mixture was stirred for 14 
hours at room temperature. Subsequently, the solvent was removed in vacuo and methanol was 
added to the oily residue. The precipitate was centrifuged and washed with methanol until the 
washings were colorless. The resulting white powder was dried in vacuo. The methanol washings 
were collected and the solvent and dimers were evaporated to collect the oligomer fraction. The 
dimer yield was calculated (100% – Oligomer yield (%) – polymer yield (%) = dimer yield (%)). 
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4.1 Introduction 
Polymers bearing polar functionalities are important materials, since they exhibit 
beneficial properties with respect to adhesion, paint/printability, and other surface 
properties.1,2 The commercial synthesis of these materials is mainly based on radical 
processes, which allow poor control over the polymer stereoregularity. Stereocontrolled 
polymerization generally requires (transition-)metal catalysis. However, to the best of 
our knowledge there are no catalysts known that can polymerize 1,2-difunctionalized 
olefins, such as fumarates or maleates, in a stereocontrolled manner. Therefore, the 
synthesis of high molecular weight and stereoregular densely functionalized sp3-carbon 
chain (co)polymers containing a polar substituent at every carbon atom of the polymer 
backbone is currently restricted to the Rh-mediated carbene polymerization reactions 
recently developed in our group (C1 polymerization; Scheme 1).3–13 These (co)polymers 
reveal interesting and unexpected material properties, such as thermotropic and 
lyotropic liquid crystallinity, gel formation, a broad thermal stability range, and a high 
storage modulus up to elevated temperatures.13 The synthesis of non-stereospecific, 
short (atactic) polymers by Cu and Pd-catalyzed carbene polymerization has also been 
reported, but these materials have very different properties.14–22 Application of these 
new materials23–28 therefore relies on increasing the efficiency of the carbene 
polymerization reaction.29 

The reaction mechanism of this intriguing carbene polymerization reaction has been 
the subject of intensive investigations in our group, but the exact nature of the polymer 
forming Rh-species remained elusive thus far. Recently, we discovered that partial 
oxidation of precatalyst  (Scheme 1) leads to markedly improved polymer yields and a 
higher amount of active Rh-species,30 but the underlying reason was poorly understood. 
In Chapter 3 we demonstrated that partial oxidation of solid catalyst samples affects the 
diastereomeric ratio of catalysts precursors, but also that changing the ratio of non-
oxidized diastereomers up to pure versions of either one of the two diastereomers does 
not lead to the same improved polymer yields as was obtained with partially oxidized 
samples. Hence, we decided to explore the reason for obtaining improved yields with 
oxidized samples in more detail.  

 
Scheme  1. Rh-catalyzed C1 polymerization with precatalyst 1 and 2. 
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As is clear from the results described in Chapter 2 of this Thesis, the catalyst precursors 
used to engage carbene polymerization reactions are (partly) transformed in situ into the 
active species. Hence, a detailed understanding of the catalyst activation process, which 
is needed for further exploration of the potential of this promising unique 
polymerization reaction, requires identification of these active species. We decided to 
reinvestigate the effect of catalysts oxidation on the carbene polymerization reactions, 
because we were still faced with seemingly contrasting observations in our initial 
studies: For example, the non-oxidized precatalysts 1 and 2 (complex 1 does not even 
react with air) give clear access to carbene polymerization under strict anaerobic and dry 
conditions, whereas partial oxidation of 2 leads to higher activities.3-13 All tested 
preformed RhI-allyl and RhIII-alkyl species have very poor (if any) activity.9–11 
In this chapter we further investigated the mechanism of carbene polymerization, in 
particular to answer the following research questions:  

1. What is the nature of the active, polymer-forming, growing-chain Rh 
species formed during carbene polymerization?  

2. How are these active species formed under both anaerobic and aerobic 
conditions?  

3. Why is the catalyst activation process more effective upon oxidation of the 
catalyst precursor with O2?  

4. What happens to the catalyst precursor upon exposing it to air?  

4.2 Results and Discussion 
4.2.1 Oxidation of RhI(olefin) 

Complex 2 reacts sluggishly with air or O2, and hence it takes a long time to convert the 
solid starting material to the fully oxidized solid 3.30 The oxidation process can be 
accelerated by crushing the microcrystalline solid 2 before exposing it to a small amount 
of water and pure O2. After several weeks, the less-soluble oxidized material (3) was 
separated from starting material 2 by adding CHCl3, followed by filtration and thorough 
washing of the solid residue (3) with CHCl3 (see experimental section). Reaction of 2 
with air or with O2 in solution is followed by NMR and proceeds differently. Such 
samples give incomplete conversion in carbene polymerization.  
 

 
Scheme  2. Likely structures of 3 formed by oxidation of 2 (Me2cod = 1,5-dimethylcycloocta-1,5-
diene) and pro = prolinate. 
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Furthermore, the NMR spectra of 3 are complicated, which is indicative of the presence 
of multiple species with overlapping signals, and are therefore not very informative.31 
They are, however, suggestive of the presence of (different geometrical isomers of) 
monooxygenated Rh(Me2cod) species 3 (Scheme 2).32–36 This hypothesis was confirmed 
by ESI-MS; the clear and clean mass spectra revealed only monooxygenated species 
[3H]+. The high-resolution mass spectrometric measurements and isotopic distribution 
of [3H]+ fit exactly to the mass of the functions as the charge carrier: [2 + O + 
H]+=[3H]+ (Figure 3 at the end of this Chapter). On the basis of our previous work in the 
field of RhI(olefin) oxygenation reactions, the most likely monooxygenated species in 
this mixture are (different isomers of) the 2-metallaoxetane37 species 3a, its ring-closed 
analogue 3b, and the allyl- -alkyl-hydroxide species 3c (Scheme 2). Interestingly, the 
fully oxidized sample 3, in which no starting material 2 is present anymore according to 
NMR spectroscopy, give excellent yields in the carbene polymerization reaction.  
In fact, even higher polymer yields are obtained with fully oxidized samples 3 than 
previously with partly oxidized 2. Furthermore, the percentage of active species is 
higher for the oxygenated species 3 (Table 1).30  

Table  1. Carbene polymerization with precatalysts 1-6.a

Catalyst Polymer 
yield (%)b 

Oligomer 
yield (%) 

MW (kDa)c MW/Mn IE 
(%)d 

113,6 50 30 150 3.6 4 
2 45 30 590 4.2 1.6 
39 85 15 311 2.4 2.4 
4 25 38 117 3.4 3.2 
5 66 19 357 4.5 3.6 
6 80 12 111 2.4 7.4 

a Conditions: 0.04 mmol catalyst; 2 mmol EDA, 5 mL chloroform, rt, 14 h. b Isolated by precipitation and 
washing with methanol. c SEC analysis (polystyrene standards). d Initiation efficiency: number of polymer 
chains per Rh in % (mol/mol × 100%). 
 
Next, we monitored the polymerization reaction by ESI-MS using complex (2 and) 3 as 
the catalyst. These experiments revealed the exact nature of the active propagating Rh-
species and allowed us to draw several additional valuable conclusions about the 
carbene polymerization process. The assignment of all detected species is described 
below and is based on high-resolution mass determinations (deviations between 
measured and simulated m/z isotopic pattern masses are consistently smaller than 0.002 
Da). Addition of ethyl diazoacetate (EDA) to a solution of precatalyst 2 in CH2Cl2 
reveals only [2H]+, and these peaks do not visibly decrease over a period of more than 
an hour. Similar experiments with the oxidized precatalyst 3, however, led to an 
immediate decrease of the signals of [3H]+ and the appearance of a clear repeating 
pattern of a [(Me2C8H9)Rh–(CHCO2Et)n–OH]+ propagating species that builds in 
:CHCOOEt carbene units ( M=86 Da; see series I, Scheme 3 and Figure 4).  
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Figure 1. UHR-MS spectrum, of [(Me2C8H9)Rh–(CHCO2Et)n–OH]+ and [H–(CHCOOEt)n–OH + 
Na]+. 
 
Table 1. Peak list of measured and simulated peaks with identification; 
[(Me2C8H9)Rh (C4H6O2)n OH]+ (series II, R = Et, n = 4 - 10) and [H (CHCOOR)n–OH + Na]+ 
(Series II, R = Et, n = 6 - 10). 

Peak m/z Simulated 
m/z 

Identified as 
[(Me2C8H9)Rh (C4H6O2)n OH]+ 

Identified as 
[H–(CHCOOEt)n–OH + Na]+ 

599.1719 599.1722 n = 4  
658.2089 685.2090 n = 5  
771.2456 771.2467 n = 6  
857.2824 857.2825 n = 7  
943.3192 943.3193 n = 8  
1029.3558 1029.3561 n = 9  
1115.3926 1115.3929 n = 10  
557.2199 557.2205  n = 6 
643.2572 643.2572  n = 7 
729.2940 729.2940  n = 8
815.3308 815.3308  n = 9 
901.3671 901.3676  n = 10 

 

 
Scheme  3. Reaction mechanism showing series I-IV (R’= H, Me, R= Et, Bn). 
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The organometallic “(Me2C8H9)Rh” fragment corresponds with the cationic 
[(allyl)RhIII-alkyl]+ species depicted in Scheme 3, which is supported by additional 
experiments (see below). Most interestingly, the MS spectra further show the 
appearance of [H–(CHCOOEt)n–OH + Na]+ chains (series II, Scheme 3). Hence, chain 
growth starts on a hydroxide fragment. Furthermore, addition of MeOH results in the 
appearance of a clear pattern corresponding to [(Me2C8H9)RhIII–(CHCOOEt)n–OMe]+ 
growing chains (series III, Scheme 3) as well as terminated [H–(CHCOOEt)n–OMe + 
Na]+ chains containing a methoxy chain end (series IV, Scheme 3). These observations 
clearly show that the polymer initiates at a hydroxide fragment generated from the 
oxidized precatalyst 3. The chains terminate by protonation, either involving H2O or an 
alcohol.11 In the presence of MeOH, the alcohol clearly functions as a chain-transfer 
agent,11 thus generating H–(CHCOOR)n–OMe terminated polymer chains and allylic 
[(Me2C8H9)RhIII–OMe]+ species from which a new chain starts growing (Scheme 3). 
Representative MS spectra showing series I–IV are shown in Figure 3-12 (at the end of 
this Chapter). Similar results were obtained when using benzyl diazoacetate (BnDA) 
instead of EDA, thus confirming the above assignments (Scheme 3, R=Bn; see Figure 8 
and 9 at the end of this Chapter). The data therefore show that the oxidized species 3 are 
capable of generating the active allyl-Rh-alkyl species [(Me2C8H9)RhIII–P]+ (P = 
polymeryl). Apparently, the hydroxide fragment of species 3c can be transferred to the 
metal to start the chain-propagation process through carbene insertion into the thus 
formed RhIII–OH bond. We were intrigued by the possibility that the active allyl species 
[(Me2C8H9)RhIII–OH]+ (and hence related allylic [(C8H11)RhIII–OH]+ species derived 
from cod) could be generated from the 2-rhodaoxetane species 3a or the allyl- -
hydroxy–alkyl species 3c, and hence we looked for similar activity in related 
compounds. This is described in the next part of this Chapter. 

4.2.2 16-valence-electron RhIII species 

Reported [(C8H12O)Rh(N3-ligand)]+ species32 turned out to be unreactive towards EDA, 
which can be expected for these saturated 18-valence-electron RhIII species. Hence, we 
decided to look at “unsaturated” analogues reported previously. The triazenide 
complexes 5 and 6 (Scheme 4)38–41 seemed good candidates to test our hypothesis that 
active allylic [(C8H11)RhIII–OH]+ species can be generated from precursors containing a 
2-rhodaoxetane fragment (C8H12O)RhIII. 

 
Scheme  4. [(C8H12)RhIII(triazenide)] (4), the 2-rhodaoxetane complex 5, and its isomer allyl- -
alkyl-hydroxide compound 6, which is formed over time in DCM. 
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Complex 5 is formed in good yield and in good purity by oxidation of the triazenide 
precursor [(C8H12)Rh(triazenide)] (4) with O2.41–44 Complexes 4–6 were evaluated as 
catalyst precursors in the carbene polymerization of EDA (Table 1). As expected, 
complex 4 is active, but it is less active than the non-oxidized [(R’2C8H10)RhI(prolinate)] 
complexes (R’=H: 1; R’=Me: 2). However, oxidation of 4 to 5 markedly improves the 
polymerization over oligomerization/dimerization selectivity, thus leading to 
substantially improved polymer yield (66%). Conversion of 5 into 6 further increases 
the selectivity towards polymer formation (80%), while at the same time the initiation 
efficiency (percentage of active Rh species) increases (see Table 1). The above data are 
in excellent agreement with the markedly different polymerization kinetics of complex 
4, 5, and 6 under identical reaction conditions (Figure 2 and Figure 14 at the end of this 
Chapter).  

 
Figure 2. EDA conversion in time with complex 4, 5 and 6 (first 10 minutes) as determined by 
volumetric N2-gas formation measurements.

The reaction with complex 4 is very slow (full EDA conversion requires more than 10 
h). Complex 5 converts EDA substantially faster than 4 (full conversion in ca. 5 h), but 
much slower than 6 (full conversion in only a few minutes). These kinetic data are best 
explained by a progressively easy catalyst activation process on going from 4 via 5 to 6 
under the applied reaction conditions, thus leading to a higher amount of active polymer 
forming Rh species (in good agreement with the data in shown in Table 1). Hence, it is 
clear that the allyl- -alkyl-hydroxide complex 6 more easily converts into the active 
polymer forming species than 2-rhodaoxetane 5. Yet, still only a minor amount of 
species 6 becomes active in the polymerization event (ca. 7%), thus showing that 
complex 6 itself is still a precatalyst that requires further activation under the applied 
reaction conditions (i.e. loss of the triazenide ligand and ligand rearrangement). The low 
efficiency of this process is likely due to competing and unwanted side-reactions with 
EDA during the incubation time of the reaction, possibly related to sluggish 
displacement of the bidentate triazenide ligand from RhIII. However, complex 6 does 
give easier access to the polymer forming growing-chain species than non-oxidized 
[(cod)Rh] or [(Me2cod)Rh] complexes such as 1, 2, and 4. In fact, complex 6 shows the 
highest initiation activity of all Rh compounds studied so far. The (oxygenated) Rh 
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species 3, 5, and 6 produce polymers of the same high syndiotacticity as reported 
previously, based on 13C NMR spectroscopy, which show no detectable stereo-errors.7 

The carbene polymerization reaction using species 5 and 6 was further probed by 
high resolution ESI-MS to obtain a detailed understanding of the reaction mechanism. 
The results are very similar to those obtained with 3 as the precatalyst in EDA and 
BnDA polymerization reactions. In absence of methanol, clear repeating patterns of 
[(C8H11)RhIII–(CHCOOR)n–OH]+ growing chains were detected (series I, R=Et, Table  
1. ), as well as terminated [H–(CHOOR)n–OH + Na]+ chains (series II, R=Et). Again, in 
the presence of methanol patterns of [(C8H11)RhIII–(CHCOOR)n–OMe]+ growing chains 
(series III, R=Et) and patterns of terminated [H–(CHCOOR)n–OMe + Na]+ chains 
containing a methoxy end group (series IV, R=Et) appeared (Figure 7 at the end of this 
Chapter). Similar results were obtained using BnDA instead of EDA (Scheme  3, R’=H, 
R=Bn; Figure 12). Important to note here is that the series I–IV (R’=H) were detected 
using pure samples of 5 and 6 as precatalysts, and hence the RhIII–OH fragments (at 
which chain growth starts) must be formed from these complexes. Therefore, 5 and 6 
must liberate a hydroxide fragment from their oxidized cod-moiety to form the observed 
active cationic allylic [(C8H11)RhIII–OH]+ species. A straightforward explanation is that 
5 rearranges to 6 under the catalytic conditions, after which the complex loses the 
triazenide-ligand and undergoes a -hydroxy elimination from the allyl- -alkyl-
hydroxide ligand to generate the active allylic [(C8H11)RhIII–OH]+ species. DFT 
calculations (b3lyp, def2-TZVP) confirm that this is an energetically favorable and 
kinetically accessible pathway (Scheme 5). Proton transfer from an allylic position to 
the 2-rhodaoxetane oxygen atom is exergonic by 18 kcal mol-1 and has a barrier of 27 
kcal mol-1 (simplified cationic model in the gas phase; Scheme 5).  

This transformation is experimentally observed in the rearrangement from 5 to 6 and 
in related reported reactions.32,41,45,46, More importantly, -hydroxy elimination from the 

 
Scheme  5. DFT calculated pathway for activation of 2-rhodaoxetane precursors to form the 
active (allyl-cod)RhIII–OH species, (b3lyp, def2-TZVP). 
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cationic allyl- -alkyl-hydroxide RhIII species is highly exergonic by approximately 5 
kcal mol-1 and has an accessible transition state barrier of 28 kcal mol-1. Clearly, 
oxidation of [(R’2C8H10)RhI]-type complexes to [(R’2C8H10O)RhIII]-type species, 
followed by rearrangement to [(R’2C8H9)RhIII–OH]+ allyl compounds (R’=H, Me) is an 
effective pathway to engage carbene polymerization activity.  

4.2.3. Activation of non-oxidized RhI-diene precursors. 

Carbene polymerization is also observed for non-oxidized RhI(diene) complexes under 
strict anaerobic conditions. Hence, the active [(R’2C8H9)RhIII-Y]+ allyl species can also 
be generated via a different pathway, directly from the non-oxidized RhI(diene) 
precursors (albeit less effectively). A plausible route for activation of the non-oxidized 
RhI(cod) catalyst precursors is discussed in this part. Oxidative addition of an allylic C–
H bond to form an allyl-hydride intermediate [(R’2C8H9)RhIII–H] seems a likely 
possibility. Such reactions are experimentally observed for IrI(cod) complexes,37 but are 
unreported for RhI(cod).39–41,45 This suggests that this pathway is not very effective, 
which correlates with the very low initiation efficiencies of non-oxidized RhI(diene) 
species in the carbene polymerization reaction (see also Table  2). Indeed, DFT 
calculations indicate a very high barrier (~52 kcal mol-1) for oxidative addition of an 
allylic C–H bond of the [(C8H12)RhI]+ moiety to form the [(C8H11)RhIII–H]+ allyl-
hydride species (Scheme  6).  

 
Scheme  6. DFT calculated pathways for activation of non-oxidized RhI(cod) precursors to form 
the active (allyl-cod)RhIII-Y species (Y = H), (b3lyp, def2-TZVP). 

Binuclear pathways were not computationally investigated, but may have lower barriers. 
More importantly, the equilibrium lies strongly at the [(C8H12)RhI]+ side. The allyl-
hydride formation is endergonic by almost +20 kcal mol-1, so there is a strong driving 
force for the back-reaction from the cationic hydride species (Scheme 6).  

Hydride migration to the double bond is a further complication that may prevent 
trapping of the hydride by a carbene-unit to form the active [(C8H11)RhIII–alkyl]+ 
species. The combination of these effects (high barrier, endergonic reaction and 
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competing hydride migration pathway) provides a good explanation for the fact that 
catalyst activation is cumbersome when starting from non-oxidized RhI(diene) species 
(Scheme  6), but becomes more effective upon oxygenation (Scheme 5).  

4.2.4. Failed attempts to make the active Rh(allyl)-species 

 
Scheme  7.  Oxidation of the [(cod)RhI(N,N-dimethyl-1-(pyridin-2-yl)methanamine)](PF6) 
complex in an attempt to form [(allylic-cod)RhIII(N,N-dimethyl-1-(pyridin-2-yl)methanamine)] 
species.  

Knowing the identity of the active species for the polymerization we briefly investigated 
different oxidation methods to synthesize these species. To our knowledge no [(allyl-
cod)RhIII(hydroxide)] species  (nor [(allyl-cod)RhIII(alkyl)] species) are reported in 
literature, but nonetheless we attempted to prepare these species. To simplify the 
preparation of the active species we first looked into the synthesis of the Rh(allylic-cod) 
moiety. The 16-valence electron [(cod)Rh(N,N-dimethyl-1-(pyridin-2-
yl)methanamine)](PF6) complex (7)47 was used in these attempts. One-electron 
oxidation of RhI(cod) complexes is known to produce (allyl-cod)RhIII complexes,48 and 
hence we argued that RhIII(allyl)(hydroxide) species may be accessible by one-electron 
oxidation in the presence of OH-. The N,N-dimethyl-1-(pyridin-2-yl)methanamine-
ligand49 was selected, since this ligand is weakly coordinated to Rh. The complex was 
mixed with different oxidizing agents (Ag2O, AgPF6, and FcPF6), in the 
presence/absence of water or different hydroxide salts, in combination with different 
kinds of deuterated solvents (d-acetone and d-acetonitrile). The reactions were followed 
in time by NMR spectroscopy, but unfortunately none of these reactions led to the 
desired formation of [(allyl-cod)RhIII(hydroxide)] species  (nor other identifiable (allyl-
cod)RhIII species)  (see Scheme 7).  

In previous experiments it was shown that the addition of EDA plays a role in the 
formation of the active species. To promote the formation of the active species, several 
in situ activation attempts to prepare the active species from different RhI(cod) catalyst 
precursor in the presence of EDA were investigated. Again different one-electron 
oxidants (Ag2O, AgPF6, and FcPF6), as well as stronger oxidants (H2O2), in the 
presence/absence of water or  hydroxide salts were attempted, all in the presence of 
EDA. However, none of these attempts led to the desired result of achieving more 
efficient catalyst activation. This could have different reasons, like side-reactions with 
the oxidizing agent and EDA or the active species was not formed under these 
conditions or easily undergoes side-reactions with the reagents present in solution. 
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Hence, complex 6 is still the most efficient catalyst precursor for the formation of the 
active [(allyl-cod)RhIII(alkyl)] species. No further analysis of the above ill-defined 
reaction mixtures were performed, and after these failed attempts to generate [(allyl-
cod)RhIII(alkyl)] species in an alternative manner than from 6 we further focused on the 
steps in the reaction mechanism which were still rather faint, namely the propagation 
and the termination steps. These elementary reaction steps are elucidated by DFT 
calculations as described in Chapter 5. 

4.3 Conclusions 

In conclusion, high-resolution ESI-MS measurements allowed us to characterize the 
polymer-forming growing chain Rh species that are active during Rh(diene)-catalyzed 
stereoregular carbene polymerization reactions. These turn out to be cationic 
[(allyl)RhIII–polymeryl]+ species. Unexpectedly, these species are most efficiently 
generated from oxygenated complexes [(“diene–O”)RhIII], which produce higher 
polymer yields and allow better initiation efficiencies than their non-oxidized 
[(diene)RhI] precursors. Rearrangement of 2-rhodaoxetanes to allyl- -alkyl-hydroxide 
species followed by -hydroxy elimination gives access to [(allyl–diene)RhIII–OH]+ 
species. To the best of our knowledge, this is the first unambiguous example of a 
concerted -hydroxy syn-elimination reaction at a Rh center,50,51,52 which adds further 
diversity to the remarkable palette of 2-metallaoxetane reactivity.12 The active 
[(allyl)RhIII–polymeryl]+ growing chains are formed by carbene insertion into the Rh–
OH bond. These important new mechanistic insights will greatly aid the development of 
Rh-mediated stereoregular carbene polymerization reactions in the near future, and hold 
the promise to make new polymeric materials from carbene precursors in a much more 
effective, selective, and better controllable manner. The data further imply that catalyst 
oxidation can be crucial to convert catalyst precursors into active species, and 
emphasize that the cod-ligand (which is widely applied in [{M(cod)( -Cl)}]2 and 
[(M(cod)2]BF4 precursors (M = Rh, Ir) for in situ catalyst generation in a variety of 
catalytic reactions) should not be inadvertently assumed to be labile or easily displaced, 
but can actually be or become a potent ancillary ligand during catalytic turnover. 

4.4 Experimental 
General procedures 

All manipulations (except the workup of polymerization reactions and the exposure of solid 
samples of 2 to air or O2) were performed under an argon atmosphere using standard Schlenk 
techniques. Methanol and dichloromethane distilled from calcium hydride under nitrogen were 
used for metal complex synthesis. All other chemicals were purchased from commercial suppliers 
and used without further purification, EDA (from Aldrich, up to 15% dichloromethane, actual 
content determined by NMR spectroscopy) were used as purchased. The synthesis and catalytic 
activity of [{RhI(cod)( -Cl)}]2, [(L-pro)RhI(cod)] (1), [(L-pro)RhI(Me2cod)] (2) [(cod)Rh(N,N-
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dimethyl-1-(pyridin-2-yl)methanamine)](PF6) ([7]PF6)47 were synthesized by published 
procedures.30 Benzyl diazoacetate (BnDA)53 was synthesized from glycine benzyl ester 
hydrochloride54 according to literature procedures.13 The triazenide containing complexes, 
[Rh(C8H12)(Ph2N3)] (4), [{Rh( -O-C8H12)(Ph2N3)}]2 (5) and [{Rh(HO–C8H12)(Ph2N3)}]n (6) were 
prepared according to literature procedures.43 NMR spectroscopy experiments were carried out on 
a Bruker DRX 400 MHz spectrometer (400 and 100 MHz for 1H and 13C, respectively) or a 
Varian Mercury 300 spectrometer (300 and 75 MHz for 1H and 13C, respectively). Solvent shift 
reference for 1H-NMR spectroscopy: CDCl3,  = 7.26 ppm; CD2Cl2,  = 5.32 ppm; C6D6,  = 7.16 
ppm. Solvent shift reference for 13C NMR spectroscopy: CDCl3,  = 77.00 ppm; CD2Cl2,  = 
54.00 ppm; C6D6,  = 128.06 ppm. Abbreviations used are as follows: s = singlet, d = doublet, dd 
= doublet of doublets, t = triplet, q = quartet, m = multiplet, br = broad, cod = 1,5-cyclooctadiene, 
Me2cod = dimethyl-1,5-cyclooctadiene, pro = prolinate. Molecular-weight distributions were 
measured using size-exclusion chromatography (SEC) on a Shimadzu LC-20AD system with two 
PLgel 5 m MIXED-C columns 300 mm x 7.5 mm (Polymer Laboratories) in series (1 ml/min and 
T = 35°C) or with Waters Styragel HR1, HR2, and HR4 (300 mm x 7.8 mm) columns in series (1 
ml/min and T = 40°C) and a Shimadzu RID-10A refractiveindex detector, using dichloromethane 
as mobile phase. Polystyrene standards in the range of 760-1,880,000 g/mol (Aldrich) were used 
for calibration. ESI-MS measurements were performed on a UHR-TOF Bruker Daltonik (Bremen, 
Germany) maXis, an ESI-ToF MS capable of resolution of at least 40,000 FWHM. Detection was 
in positive-ion mode with source voltage 4.0 kV and flow rates 180 L/hour. The drying gas (N2), 
to aid solvent removal, was held at 180°C. The machine was calibrated prior to every 
measurement via direct infusion of the Agilent ESI-ToF low concentration tuning mixture, which 
provided an m/z range of singly charged peaks up to 2700 Da.  
 
Synthesis of the oxidized catalyst 3. The microcrystalline material of solid catalyst 2 was 
grinded, and subsequently exposed to a mixture of pure O2 and H2O-vapour for a period of 31 
days. The compound was washed over an empty SPE tubes 3 mL filter with PTF E-frits 20 m 
porosity under N2 with CHCl3 (20 x 2 mL). The solid material was used in the polymerization 
reaction. For N MR data, see Figure 13.  

Standard experiment for polymerization of carbenes.30 EDA (2 mmol) was added to a solution 
of the applied catalyst precursor (0.04 mmol) in chloroform (5 ml) or dichloromethane (5 ml). 
Upon addition, N2 gas evolution was visible. The mixture was stirred for 14 h at RT. 
Subsequently the solvent was removed in vacuo, and methanol was added to the residue. The 
precipitate was centrifuged and washed with methanol until the washings were colorless. The 
resulting white powder was dried in vacuo and identified as poly(ethyl-2-ylideneacetate) (PEA) 
using 1H NMR spectroscopy.  
 
Kinetic measurements. The kinetic measurements of the polymerization reactions with catalyst 
4, 5 and 6 were followed under identical conditions as described in Table 1. The EDA conversion 
was determined in time with complex 4, 5 and 6 by volumetric N2-gas formation measurements. 
The conversion of EDA was recalculated form the measured N2 gas volumes using the ideal gas 
law (PV = nRT).  
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Computational details. Geometry optimizations were carried out with the Turbomole program 
package55 coupled to the PQS Baker optimizer56 via the BOpt package,57 at the DFT/b3-lyp58–60 
level. We used the def-TZVP basisset61,62 (small-core pseudopotentials on Rh63) for the geometry 
optimizations. All minima (no imaginary frequencies) and transition states (one imaginary 
frequency) were characterized by calculating the Hessian matrix. ZPE and gas-phase thermal 
corrections (entropy and enthalpy, 298 K, 1 bar) from these analyzes were calculated. The nature 
of the transition states was confirmed by IRC calculations. 
 
Following the carbene polymerization event with ESI-MS spectrometry. The reaction was 
performed as standard for the polymerization of carbenes.30 For the polymerization reaction 
without methanol, ~ 0.01 mmol of the respective catalyst was dissolved in dichloromethane (2 
mL). Prior to addition of the corresponding diazo compound, a mass spectrum was recorded ( 
Figure 3). After the addition of 0.5 mmol (50 eq.) of the diazoester, mass spectra were recorded 
every 10 minutes for at least 3 h. In order to slow-down the reaction, the reaction mixture was not 
stirred during the experiment. For the reaction where methanol was present, the same conditions 
as described above were applied. However, 0.4 mL of methanol was added in addition to the 2 mL 
of dichloromethane. For the measurements, 10 L of the reaction mixture was diluted with 1 mL 
of acetonitrile prior to injection into the mass spectrometer. All spectra are displayed with the 
corresponding simulated isotopic pattern for the peaks of interest. The simulations were created 
using Bruker Daltonik Data Analysis 4.0 software. 
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Additional information belonging to Chapter 4 

High resolution ESI-MS spectra 
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Figure 3. Top: High resolution ESI-MS measurement of complex 3. The recorded mass corresponds to the 
mass of the starting material plus one oxygen atom, and a proton as the charge carrier: [2 + O + H]+ (= [3H]+). 
Bottom: of complex 3, Comparison of the molecular ion peak of [3H]+ with the simulated isotopic pattern of  
[3H]+. Peak at m/z 370.0881, simulated m/z 370.0884, identified as [RhC15H25NO3]+
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Figure 4. ESI-MS pattern of [Rh(Me2C8H9)–(CHCOOR)n–OH]+ growing chains (Series I, R’ = Me, R = Et, n 
= 4 - 10; see Scheme 3 main text). 
Table  2. Peak list of measured and simulated peaks with identification; [(Me2C8H9)Rh (C4H6O2)n OH]+.  

Peak m/z Simulated m/z Identified as 
[(Me2C8H9)Rh (C4H6O2)n OH]+ 

599.1719 599.1722 n = 4 
658.2089 685.2090 n = 5 
771.2456 771.2467 n = 6 
857.2824 857.2825 n = 7 
943.3192 943.3193 n = 8 
1029.3558 1029.3561 n = 9 
1115.3926 1115.3929 n = 10 
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Figure 5. ESI-MS pattern of terminated chains [H–(CHCOOR)n–OH + Na]+ (Series II, R = Et, n = 6 - 10; see 
Scheme 3 main text).  

Table  3. Peak list of measured and simulated peaks with identification; [H (CHCOOR)n–OH + Na]+ (Series 
II, R = Et, n = 6 - 10).

Peak m/z Simulated m/z Identified as 
[H–(CHCOOEt)n–OH + Na]+ 

557.2208 557.2205 n = 6 
643.2580 643.2572 n = 7 
729.2947 729.2940 n = 8
815.3315 815.3308 n = 9 
901.3684 901.3676 n = 10 
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Figure 6. ESI-MS pattern of [(Me2C8H9)Rh–(CHCOOR)n–OMe]+ growing chains (Series III, R’ = Me, R = 
Et, n = 3 - 5; see Scheme 3 main text).

Table  4. Peak list of measured and simulated peaks with identification; [(Me2C8H9)Rh C4H6O2)n OMe]+ 

(Series III, R’ = Me, R = Et, n = 3 - 5). 

Peak m/z Simulated m/z Identified as 
[(Me2C8H9)Rh C4H6O2)n OMe]+ 

527.1509 527.1511 n = 3 
613.1877 613.1878 n = 4 
699.2249 699.2246 n = 5 
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Figure 7. ESI-MS pattern of terminated chains [H–(CHCOOR)n–OMe + Na]+ , Series IV, see Scheme 3 main 
text , R = Et), A: n = 7, B: n = 8,  C: n = 9. 

Table 5. Peak list of measured and simulated peaks with identification; [H(C4H6O2)nOCH3Na]+ (Series IV, R 
= Et, n = 3 - 5). 

Peak m/z Simulated m/z Identified as 
[H(C4H6O2)nOCH3Na]+ 

657.2733 657.2729 n = 7 
743.3098 743.3097 n = 8 
829.3463 829.3465 n = 9 

657.2733

658.2769

+MS, 2.9-5.1min #(174-304)

657.2729

658.2763

659.2796

C29H46NaO15(C4H6O2)0, M ,657.27
0.0

2.5

5.0

7.5

10.0

12.5

Intens.
[%]

0

20

40

60

80

100

[%]

656.5 657.0 657.5 658.0 658.5 659.0 659.5 m/z

743.3098

744.1876

744.3133

745.2688

+MS, 2.9-5.1min #(174-304)

743.3097

744.3130

745.3163

C29H46O15Na(C4H6O2), M ,743.31
0

2

4

6

8

10

12

Intens.
[%]

0

20

40

60

80

100

[%]

742.0 742.5 743.0 743.5 744.0 744.5 745.0 745.5 m/z

829.3463

830.2257

830.3496

831.3060

832.3075

+MS, 2.9-5.1min #(174-304)

829.3465

830.3498

831.3531

832.3541

C29H46O15Na(C4H6O2)2, M ,829.35
0

2

4

6

8

Intens.
[%]

0

20

40

60

80

100

[%]

829.0 829.5 830.0 830.5 831.0 831.5 832.0 832.5 833.0 m/z

A 

B 

 

199220-bw-Walters.indd   102 14-11-13   11:00



Oxygenated Rh(diene) Species 

 103 

308.0897

370.0887
434.0836

493.1376

593.1902

728.1731

847.2357

905.2277

995.2875
1143.3404

1291.3928

1439.4451

+M
S, 2.2-4.1m

in #(133-247)

699.1824

C10H14Rh(C9H8O
2)3O

H, M
+nH ,699.18

847.2348

C10H14Rh(C9H8O
2)4O

H, M
+nH ,847.24

995.2872

C10H14Rh(C9H8O
2)5O

H, M
+nH ,995.29

1143.3396

C10H14Rh(C9H8O
2)6O

H, M
+nH ,1143.34

1291.3921

C10H14Rh(C9H8O
2)7O

H, M
+nH ,1291.39

1439.4445

C10H14Rh(C9H8O
2)8O

H, M
+nH ,1439.45

0 20 40 60 80

100

Intens.
[%

]0 20 40 60 80

100

[%
]0 20 40 60 80

100

[%
]0 20 40 60 80

100

[%
]0 20 40 60 80

100

[%
]0 20 40 60 80

100

[%
]0 20 40 60 80

100

[%
]

400
600

800
1000

1200
1400

1600
m

/z  
Figure 8. ESI-MS pattern of [(Me2C8H9)Rh–(CHCOOR)n–OH]+ growing chains (Series I, R’ = Me, R = Bn, n 
= 4 - 8; see Scheme 3 main text).

Table  6. Peak list of measured and simulated peaks with identification; [(Me2C8H9)Rh–(CHCOOR)n–OH]+ 
(Series I, R’ = Me, R = Bn). 

Peak m/z Simulated Identified as 
[(C10H15)Rh (C9H8O2)n OH]+

847.2357 847.2348 n = 4 
995.2875 995.2872 n = 5 
1143.3404 1143.3396 n = 6 
1291.3928 1291.3921 n = 7 
1439.4451 1439.4445 n = 8 
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Figure 9. ESI-MS pattern of terminated chains [H–(CHCOOR)n–OH + Na]+ (Series II, R = Bn, top: n = 2 and 
bottom n = 3; see Scheme 3 main text). Peak at m/z 337.1047, simulated m/z 337.1046, identified as 
[H(C9H8O2)n–OH + Na]+ 

Table  7. Peak list of measured and simulated peaks with identification; [H(C9H8O2)n–OH + Na]+ (Series I, R 
= Bn). 

Peak m/z Simulated Identified as 
[H(C9H8O2)n–OH + Na]+ 

337.1047 337.1046 n = 2 
485.1568 485.1571 n = 3 
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Figure 10. ESI-MS pattern of [(C8H11)Rh(CHCOOR)n–OH]+ growing chains (series I, R’ = H, R = Et, n = 2 - 
10; see Scheme 3 main text).

Table  8. Peak list of measured and simulated peaks with identification; [(C18H11)Rh (C4H6O2)n OH]+ (series 
I, R’ = H, R = Et, n = 2 - 10). 

Peak m/z Simulated m/z Identified as 
[(C18H11)Rh (C4H6O2)n OH]+

399.0668 399.0673 n = 2 
571.1404 571.1409 n = 4 
657.1771 657.1777 n = 5 
743.2139 743.2144 n = 6 
827.2507 827.2512 n = 7 
915.2874 915.2880 n = 8 
1001.3242 1001.3248 n = 9 
1087.3608 1087.3616 n = 10 
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Figure 11. ESI-MS pattern of [(C8H11)Rh(CHCOOR)n–OMe]+ growing chains (Series III, R’ = H, R = Et, n = 
4; see Scheme 3 main text). Peak at m/z 585.1548, simulated m/z 585.1565, identified as [Rh 
(C8H11)(C4H6O2)nOCH3]+

, top: 
 n = 4, bottom: n = 5. 

Table  9. Peak list of measured and simulated peaks with identification; [(C8H11)Rh(CHCOOR)n–OMe]+  
(series III, R’ = H, R = Et, n = 4 and 5). 

Peak m/z Simulated m/z Identified as 
[(C8H11)Rh(CHCOOR)n–OMe]+

585.1548 585.1565 n = 4 
671.1925 671.1933 n = 5 
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Figure 12. ESI-MS pattern of [Rh(C8H11)–(CHCOOR)n–OH]+ growing chains (Series I, R’ = H, R = Bn, n = 2 
– 8; see Scheme 3 main text).  

Table  10. Peak list of measured and simulated peaks with identification; [Rh(C8H11)–(CHCOOR)n–OH]+ 
(Series I, R’ = H, R = Bn, n = 2 – 8). 

Peak m/z Simulated m/z Identified as 
[(C8H11)Rh (C9H8O2)n OH]+

523.0986 523.0986 n = 2 
671.1513 671.1511 n = 3 
819.2038 819.2035 n = 4 
967.2563 967.2559 n = 5 
1115.3086 1115.3083 n = 6 
1263.3614 1263.3608 n = 7 
1411.4141 1411.4132 n = 8 
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1H NMR spectrum 

Figure 13.  1H NMR spectrum of (partly) oxygenated samples obtained upon exposure of crushed solid 2 to 
dioxygen for 31 days (no further purification or other treatments; spectrum in D6-DMSO)

 

Kinetic profile 

 
Figure 14. EDA conversion in time with complex 4, 5 and 6 (first 200 minutes) as determined by volumetric 
N2-gas formation measurements. 
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5.1 Introduction 
The synthesis of stereoregular, high molecular weight, densely functionalized sp3-
carbon chain polymers that contain a polar substituent at every carbon of the polymer 
backbone is currently restricted only to the Rh-mediated carbene polymerization 
techniques developed in our group (C1 polymerization).1,2,3  These polymerization 
reactions involve a chain growth process in which the polymer chain is built up by a 
sequence of migratory insertion steps involving carbene units generated at chain-bearing 
Rh complexes (Scheme 1).  Typically, syndiotactic polymers are produced,4 which for a 
C1 polymerization reaction means that the substituents all point to the same side when 
the polymer chain is projected in a regular zig-zag conformation. This contrasts with 
syndiotactic olefin polymerization, which leads to a polymer having its substituents in 
an alternating front-back orientation along the zig-zag projected chain. This difference is 
a direct result of inserting C1 monomers versus C2 monomers.4 

 

 

Scheme 1. Rh-mediated carbene polymerization leading to fully functionalized, high molecular 
weight and syndiotactic carbon-chain polymers. 

While the basic carbene-insertion mechanism shown in Scheme 1 was quickly 
established for the Rh-mediated carbene polymerization, several details of the 
polymerization mechanism have remained unclear for a long time. In particular, it has 
proved to be quite challenging to determine the structure of the active Rh-species as 
well as establishing certain details about the initiation, termination and chain-transfer 
mechanisms. However, recent mechanistic investigations have shed much more light on 
these matters, providing important information. In the previous chapters details were 
provided explaining three crucial steps of the polymerization reaction, all based on 
experimental observations: (a) Initiation of the reaction involves participation of water 
or a nucleophilic alcohol moiety; (b) the termination process involves water or alcohol 
present in the reaction medium, leading to protonation of the Rh-alkyl chain; (c) cationic 
[(allyl-cod)RhIII(alkyl)]+ species mediate the reaction rather than neutral 
[(diene)RhI(alkyl)] species. Still, the particular specifics of the propagation and 
termination steps of carbene polymerization with [(allyl-cod)RhIII(alkyl)]+ species are 
unclear. To get a better insight into these processes, DFT calculations were performed to 
answer the following four main questions: 
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1. Why does the polymerization reaction proceed with a high syndio-specificity? 
2. Why are high molecular weight polymers obtained? 
3. Why are saturated polymers formed rather than unsaturated ones? 
4. What is the reason for the low initiation efficiency of the catalyst (<10%)? 

 
The above questions were previously explored with DFT calculations by examining 
neutral [(diene)RhI(alkyl)] species, which were at that time believed to be the active 
polymer forming species.1,5 Based on then available experimental data, assuming 
polymerization activity for neutral (diene)RhI(alkyl) species was initially believed to be 
most plausible. However, in follow-up studies this assumption was contradicted by 
several experimental observations (explored in Chapters 3 and 4). Furthermore, DFT 
studies using neutral (diene)RhI(alkyl) species failed to explain some important 
experimental observations and did not provide satisfying answers to the four above-
mentioned questions. Most importantly, the formation of long polymers could not be 
explained by these initial DFT calculations, which predicted a low energy pathway for 

-H elimination, comparable to the energy barrier for propagation, and thus predicted 
formation of only short unsaturated polymers in the polymerization reactions using 
neutral (diene)RhI(alkyl) species. However, such -H elimination products are not 
observed experimentally in the polymerization reactions (see Chapter 3). Hence, the 
initially proposed (diene)RhI(alkyl) species simply cannot be the active species. This is 
confirmed by our studies in Chapter 4 wherein we describe the identification of the 
actual active polymerization species on the basis of HR-ESI-MS experiments.6 With this 
fundamental new insight in mind, we set out to perform new DFT calculations in order 
to unravel further mechanistic details and answer the key mechanistic question. 

5.2 Results and Discussion 
5.2.1 Applied DFT methods  

To get a better insight into the propagation of the polymerization we performed 
DFT calculations to estimate the energies and the differences in energies of the 
different steps in the propagation. We used the hybrid b3-lyp functional as defined 
in the Turbomole libraries, and the large Ahlrichs def2-TZVP basis set, which is a 
commonly used combination with proven accuracy for DFT calculations on Rh 
complexes. To get the best reflection of the reaction mechanism, we optimized all 
geometries using Grimme’s dispersion (disp3) corrections7 to the DFT calculations 
in order to account for van der Waals interations between the ligand/substrate 
fragments. Without these corrections we obtained unrealistically high energies for 
all calculated molecules as well as the calculated transition states in the energy 
pathway. The primary effect of the dispersion corrections is its effect on the binding 
energies of the diazo compound as well as its influence on the position of the 
oxygen atoms of the ester moieties, making the units more compact. The large 
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number of oxygen atoms present in the molecule explain the quite large observed 
energy differences with and without dispersion corrections (initial calculations 
showed energy difference between species A, B and TS1 without dispersion 
correction of 17 and 31 kcal mol-1 and with dispersion correction respectively of 1.1 
and 11.7 kcal mol-1). To confirm that these calculated energies are reliable, the 
calculated energy barrier for TS1 (versus A + MDA; see Figure 2) with dispersion 
corrections were compared to the calculated energy barrier for TS1 with correlated 
Møller–Plesset (MP2) perturbation theory calculations. The relative values of TS1 
are nearly the same (11.0 kcal mol-1 with MP2 (def2-TZVP) versus 10.9 kcal mol-1 
for the energies with b3-lyp DFT-D3). Therefore we performed all further 
calculations with DFT-D3 using the b3-lyp functional and the def2-TZVP basis set 
rather than time-consuming MP2 calculations.  

5.2.2 Identifying the most stable start geometries  

The experimental data of Chapter 4 indicated that the active species for the 
polymerization is a cationic [(allyl-cod)RhIII–polymeryl]+ species. For the DFT 
calculations this species was simplified to a [(allyl-cod)RhIII({CH(COOMe)}3CH3)]+ 
species containing a short, three-carbon syndiotactic chain to reduce the calculation 
time. We argued that no less than three consecutive carbene insertion steps were needed 
to model the growing polymer chain in a realistic manner. Two of the ester carbonyl 
moieties tend to coordinate to the RhIII center. A smaller model of EDA was used: 
methyl diazoacetate (MDA). All calculated pathways start from the [(allyl-
cod)RhIII({CH(COOMe)}3CH3)]+ species (species, A). Before calculating the energetic 
pathway of the propagation of the polymerization, we optimized different geometrical 
isomers of species A to find out which geometry is lowest in energy. The (allyl-cod)-
ligand is chiral, as is the syndiotactic growing chain, which leads to diastereomeric 
combinations. Furthermore, several different geometrical isomers are possible as a result 
of different mutual trans-arrangements of the alkyl, carbonyl, alkene and allyl moieties. 
Moreover, we had to explore several conformational positions of the ester-moieties of 
the syndiotactic growing chain, which can rotate in several different orientations. The 
lowest energy configurations of all species investigated are shown in Figure 1. It is 
worth noting that two carbonyl oxygen atoms of the growing chain coordinate to the 
RhIII center in all of the geometrical isomers shown. Coordination of only one carbonyl 
oxygen atom or ester methoxy oxygen atom is also possible, but these structures are 
substantially higher in energy (~13  kcal mol-1) and were therefore not considered in 
subsequent calculations.  
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Figure 1. Various geometrical and conformational isomers of species A. Diastereomers A1 and 
A2 (alkyl trans to the olefinic double bond of the cod-allyl ligand), and their higher energy 
rotameric forms A1R and A2R (alkyl trans to the allyl moiety of the allyl-cod ligand). A1’ has a 
different orientation of the -ester unit than A1. Relative free energies ( Gº298K) in kcal mol-1 
(b3-lyp, def2-TZVP, corrected for van der Waals interactions (disp3)). 

All of the calculated structures A have a 5-membered chelate ring in the equatorial plane 
of the overall distorted octahedral geometries around Rh. This ring consists of the Rh 
center, the carbon atoms of the last two inserted ester units and the -carbonyl fragment. 
The carbonyl oxygen of the third-to-last inserted ester unit also coordinates to RhIII, 
further stabilizing the complex (see for example geometry A1 in Figure 1). Rotation of 
the non-coordinated ester moiety attached to the last inserted carbene moiety quite 
strongly affects the relative energy of the species (for example, A1’ is ~2.3 kcal mol-1 
higher in energy than A1, see Figure 1). This difference can be explained by the 
electronic effects of the carbonyl groups and the steric effects of the alkyl in the ester 
unit. In solution this ester-group is expected to rotate into the lowest energy 
conformation. 
The alkyl carbon of the growing polymer can be coordinated to the Rh(allyl-cod) moiety 
either trans to the olefinic double bond of the allyl-cod ligand (isomers A1 and A2) or 
trans to the allylic unit (isomers A1R and A2R). The isomers A1 and A2 are about 3.7 
kcal mol-1 more stable than isomers A1R and A2R due to the strong trans influence of 
the negatively charged alkyl-moiety favoring its trans-position with respect to the 
olefinic moiety rather than the allylic moiety of the allyl-cod ligand.  
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While species A1 and A2 are diastereomers of each other, species A1R is a rotamer of 
diastereomer A1, in which the chiral allyl-cod ligand has simply rotated in a different 
orientation with respect to the alkyl and carbonyl donors of the syndiotactic growing 
chain. Similarly, A2R is a rotamer of diastereomer A2. The diastereomers A1 and A2 
(like the diastereomers A1R and A2R) differ only in the arrangement of the –CH2– and 
the –CH2–CH2– fragments of the chiral allyl-cod ligand. This has only a marginal effect 
on the relative energy of these species (~0.1 kcal mol-1). However, in the isomers A1 
and A2R the substrate binding site (i.e. the position trans to the coordinated ester 
carbonyl moiety bound to carbon 3, see Figure 1) is sterically somewhat less hindered 
than in the isomers A2 and A1R (see section 5.2.3). This affects the MDA substrate 
binding event to some extent, which is the next step in the polymerization mechanism.  

5.2.3 MDA Substrate Binding to species A 

To engage chain growth via a carbene polymerization mechanism, the diazo substrate 
(MDA) needs to coordinate to the RhIII center in a cis-position to the syndiotactic 
growing chain. The Rh centers of the various isomers of species A, however, are 
coordinatively and electronically saturated (18 valence electron, 6-coordinated species). 
Hence, MDA must substitute one of the coordinated carbonyl moieties attached to the 
syndiotactic growing chain to allow the coordination of a carbene moiety. The weaker 
bound ester attached to carbon 3 (numbering shown in Figure 1) is more likely to be 
substituted by MDA than the stronger bound ester moiety attached to carbon 2 (for the 
large Rh metal center, 5-membered chelate rings are typically more stable than 6-
membered chelate rings.8 Ligand substitution processes at RhIII (like most other d6 
octahedral transition metal complexes having a filled t2g d-orbital configuration) 
commonly proceed via a dissociatively activated interchange mechanism (Id substitution 
mechanism).9 In this process, binding of the incoming ligand and dissociation of the 
leaving ligand proceed in a concerted manner (despite the fact that in the transition state 
of the Id substitution process bond formation with the incoming ligand/substrate 
somewhat lags behind the bond dissociation of the leaving ligand). A similar process 
should occur in the formation of the MDA adducts B upon reaction of species A with 
the diazo substrate. As such, simultaneously with elongation of Rh–O bond upon 
dissociation of the carbonyl moiety attached to carbon 3 (6-membered chelate ring) the 
incoming MDA substrate must approach the metal center at the least hindered site, 
which is the coordination site trans to the leaving carbonyl moiety (see Figure 2). An 
alternative sequential process in which the carbonyl group of the 6-memberered ring 
chelate attached to carbon 3 first dissociates from A1 or A2, followed by MDA binding 
to this same position (dissociative D mechanism) is very unlikely according to our DFT 
calculations. Unsupported dissociation of this carbonyl group at species A1 has a 
prohibitively high energy (19.0 kcal mol-1 relative to A1). 
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Figure 2. Interchange (Id) mechanism for MDA binding, for species A1 and A2. Bottom picture 
shows the energy for dissociative mechanism in kcal/mol.  

Hence the Id mechanism shown in Figure 2 is much more favorable than a D mechanism 
for ligand substitution at A1 or A2 to form the necessary MDA adducts B in carbene 
polymerization.        

Since the carbene polymerization reaction produces syndiotactic polymer,2 the 
subsequent carbene insertion steps leads to alternating R- and S-configured -carbon 
atoms (carbon 1 in Figure 2) of the syndiotactic growing chain. Hence, both 
diastereomers A1 and A2 must be involved in the polymerization mechanism of the 
same polymeric chain. The higher energy rotamers A1R and A2R may also play a role 
in the propagation mechanism, as they should be formed as intermediates directly after 
migratory carbene insertion at A1 and A2, respectively. However, it makes sense to 
assume that propagation always proceeds from the lowest energy species and that the 
higher energy rotamers rearrange to their lowest energy analogs. For simplicity, we 
therefore concentrate on chain propagation from the lowest energy rotameric forms of 
the diastereomers A1 and A2.     
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Binding of MDA to A1 to form adduct B1 is endergonic by 10.2 kcal mol-1, and MDA 
binding to A2 to form adduct B2 is endergonic by 10.7 kcal mol-1. This is a marginal 
energy difference, and should not significantly affect chain propagation from either A1 
or A2 (as is required in a syndiotactic polymerization mechanism).   

Below, we focus on the DFT calculated propagation and termination mechanisms 
(sections 5.2.4-5.2.5). Chain propagation and -H elimination were explored from both 
diastereomers A1 and A2 (in their lowest energy rotameric forms). To simplify the 
anylsis and to minimize computational time we restricted our calculations of the MeOH-
based termination/chain-transfer mechanism to those from species A1. In addition we 
explored the effect of a chain error at the -carbon of species A1 on the propagation 
mechanism (section 5.2.6).   

5.2.4. Propagation via migratory carbene insertion polymerization; chain-end 
control of syndiotactity 

Once MDA adduct B1 is formed, the carbene polymerization propagation steps 
essentially proceed via an expected migratory carbene insertion polymerization 
mechanism according to DFT. Propagation from B1 proceeds via rate-limiting N2 loss10 
via TS1_1 (19.0 kcal mol-1) to produce carbene intermediate C1, which undergoes 
migratory insertion into the Rh-C bond via a low-barrier transition state TS2_1 to 
produce species D1 having a one-carbon elongated polymeryl chain (see Figures 3 and 
4). We explored both the syndiotactic and isotactic insertion steps from C1 in order to 
find a mechanistic explanation for the experimentally observed high syndiotacticity of 
the reaction. Syndiotactic insertion involves attack of the re-face of carbene 
intermediate C by the S-configured -carbon atom of the growing chain (or, 
equivalently, si-face attack by an R-configured -carbon atom) while a tacticity error 
can be induced by an isotactic insertion step involves si-face attack of on carbene 
intermediate C1 by the S-configured -carbon atom (see also Figure 5). The species 
C1syndio (Figure 3 and 6) is pre-organized for syndiotactic insertion, while Ciso (Figure 4 
and 6) is pre-organized for isotactic insertion. N2-loss from B1syndio (via TS1_1syndio) and 
B1iso (via TS1_1iso) produces directly C1syndio and C1iso, respectively. Species B1syndio is 
slightly (+1.1 kcal mol-1) higher in energy than B1iso, but the TS1_1 barrier on the 
syndiotactic pathway (referenced from species A1) is slightly higher (1.6 kcal mol-1) 
than on the isotactic pathway. However, both these observations are hardly relevant 
because species C1iso and C1syndio are easily inter-convertible via rotation about the 
Rh=C bond (low-barrier rotation barrier of  +0.2 kcal mol-1 for syndio  iso and +4.9 
kcal mol-1 for iso  syndio, see Figure 7). The stereospecificity of the carbene 
polymerization reaction is therefore mainly determined by the relative barriers of the 
subsequent low-barrier carbene insertion steps (Curtin-Hammett principle11).      
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Figure 3. Calculated pathway for syndiotactic carbene insertion steps associated with (rate 
determining) carbene formation steps from A1 and MDA. The (allyl-cod)-ligand is omitted for 
clarity. Relative free energies ( Gº298K) in kcal mol-1 (b3-lyp, def2-TZVP, corrected for van der 
Waals interactions (disp3)).  
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Figure 4. Calculated pathway for isotactic carbene insertion associated with (rate determining) 
carbene formation steps from A1 and MDA. The (allyl-cod)-ligand is omitted for clarity. Relative 
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(disp3)).  
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Figure 5 Newman projections of Rh-mediated carbene coordination before insertion into the 
polymer chain showing sterically preferred syndiotactic insertion (chain-end control). P=polymer 
chain R=Me. Attack on the carbene re-face always produces an R-configured -carbon atom of 
the elongated growing chain, while attack on the carbene si-face always produces an S-configured 

 -carbon atom of the elongated growing chain.  

Due to the presence of a chiral (allyl-cod)-ligand on the catalyst, the tacticity of the 
polymer can in principle be controlled by the catalyst (site-control) and does not 
necessarily have to be chain-end controlled (see also Figure 5) as assumed in previous 
studies. 1 

 

 

 

 

 

 

 

 

 

 
Figure 6. Structures of species C, left the syndiotactic geometry, the ester unit is pointing to the 
front with the proton pointing backwards. Right picture: isotactic geometry, proton pointing to the 
front, and the ester unit pointing backwards. 
 
Site control may indeed play a role, as the DFT calculations show that the chiral allyl-
cod ligand affects the relative energy of C1iso versus C1syndio due to stabilizing 
interactions of the ester groups in the lower energy species C1iso. Notably, this leads to a 
substantially higher TS2_1iso barrier compared to TS2_1syndio. The energy difference 
between the TS2_1syndio and TS2_1iso barriers (6.5 kcal mol-1) for the cationic [(allyl-
cod)RhIII(alkyl)]+ is actually much higher than previously calculated for carbene 
insertion at the neutral [(diene)RhI(alkyl)] species (~1 kcal mol-1).2 However, since 
carbene rotation is a low-barrier process, the ratio of syndiotactic versus isotactic chain 
propagation steps depends mostly on the relative barriers TS2_1syndio versus TS2_1iso 
relative to C1iso (see Figure 7). This leads to a preference for syndiotactic propagation 
based on steric repulsion between the ester moieties of the carbene monomer and the 
last inserted monomer of the chain. Hence, despite the chirality of the catalyst, the 
stereospecificity of the carbene polymerization reaction is still largely chain-end 
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controlled. On this basis, the DFT calculations predict a moderate syndiospecificity 
(ksyndio/kiso ~ 21). A steady state kinetic model including all calculated kinetic parameters 
(k1, k1’, k2, k2’, k3 and k3’, see Figure 8) and a kinetic model neglecting the influence of 
k1 and k1’ lead to similar results (Table 1). The experimental stereospecificity is higher 
(stereo-errors are hardly detectable in the obtained polymers), but the predicted trend is 
correct. Since the transition state energy differences are small, slight errors in the 
calculations easily lead to large deviations in predictions of the stereospecificity 
compared to experimental values. In that sense, predicting the stereospecificity of a 
polymerization reactions with DFT is associated with similar problems as predicting 
ee%’s in enantioselective catalysis.12 The correctly predicted syndiospecific propagation 
is an important feature, answering the first mechanistic question posed in the 
introduction.  
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Figure 7. Chain-end control leading to syndiospecific propagation. Selectivity determining 
transition states TS2_1syndio and TS2_1iso  preceded by carbenes C1syndio and C1iso in a rapid pre-
equilibrium. The (allyl-cod)-ligand is omitted for clarity. Relative free energies ( Gº298K) in kcal 
mol-1 (b3-lyp, def2-TZVP, corrected for van der Waals interactions (disp3)). 

 
Figure 8. Selectivity of the syndiotactic over isotactic carbene insertion (ksyyndio/kiso) depending on 
rate constants k1, k1’,  k2,  k2’, k3, and k3’. 

Table 1. Predicted stereoselectivity ksyndio/kiso and limiting values, based on calculated barriers. 

 Steady state model C  D limiting  
G‡ 20.8 20.9 
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Species D1, formed after migratory insertion of the carbene moiety in C1syndio (via 
TS2_1syndio), is in fact a (one-carbon elongated) version of rotamer A2R and hence a 
rotamer of diastereomer A2 rather than A1 (See Figure 7).  

 
Figure 9. Species D, with the alkyl of the polymer-chain trans to the allyl moiety of the (allyl-
cod)-ligand.  

This is logical, because after each migratory insertion the configuration of the chiral -
carbon attached to Rh changes from S to R or vice versa. The next propagation step 
might proceed directly from D1, but the species is perhaps more likely to rearrange first 
to its more stable rotameric form A2 (or rather its one-carbon elongated version).*  
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for clarity. Relative free energies ( Gº298K) in kcal mol-1 (b3-lyp, def2-TZVP, corrected for van 
der Waals interactions (disp3)). 

                                                           
* While A2 formed from D1 should in fact have one extra carbene unit inserted into the polymer chain, this 

extra moiety is positioned more than 4.90 Å away from the active site and hence will not affect the 
propagation barriers at all. Hence the simplified [(allyl-cod)RhIII({CH(COOMe)}3CH3)]+ version of species 
A2 functions as a simplified model to study the next carbene insertion step. 
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To streamline the discussion and simplify the calculations, we therefore calculated the 
propagation steps for the next carbene insertion step to proceed from diastereomer A2.† 

The subsequent propagation steps from diastereomer A2 (to which MDA can only 
coordinate on the side of the –CH2– fragment of the cod-allyl) proceed in a very similar 
manner as from A1, with comparable energy barriers as well, albeit with absolute 
barriers that are somewhat higher than for the pathways from A2. The relative barrier of 
TS2_2iso compared to TS2_2syndio (Figure 10) is comparable to TS2_1iso versus 
TS2_1syndio (Figure 7), again predicting a preference for syndiotactic propagation. This 
is to be expected, and in fact a prerequisite for an insertion mechanism leading to 
syndiotactic carbene polymers.  

The somewhat higher absolute transition state barriers observed for the propagation 
pathways from species A2 are due to the increased steric hindrance of the –CH2– 
fragment in species A2 being close to the substrate binding site as compared to the more 
open –C2H4– moiety in A1.  

Overall, the above DFT calculations show that propagation involving a migratory 
carbene insertion mechanism is certainly feasible for a cationic [(allyl-cod)RhIII(alkyl)]+ 
species, and the computations are in agreement with the experimentally observed 
syndiotacticity of these polymerization reactions. However, the question why polymers 
with a high Mw are obtained is not yet clarified. To answer this question we investigated 
the likely termination steps of the polymerization reaction, as discussed in the next 
sections.  

5.2.5 Termination processes  

The last step in the polymerization process is termination, in which the active polymer 
chains are capped, preventing further chain growth. Typically, if termination is close (or 
even lower) in energy than propagation, short (low molecular weight) polymers (or 
dimers) are obtained. In chapters 2 and 3, detailed analysis of the experimental polymers 
obtained revealed that the polymers most likely terminate by protonation of the Rh–C 
bond of the active polymeryl chain by alcohols, thus leading to saturated polymer chain-
ends (polymeryl–CH(COOR)–CH2(COOR)). Chain termination by -H elimination 
leading to unsaturated chain-ends (polymeryl–C(COOR)=CH(COOR)) does not seem to 
play an important role in the mechanism. Previous DFT calculations on neutral 
[(diene)RhI(alkyl)] species demonstrated a low energy pathway for -H elimination, and 
could not explain the experimentally observed long polymers. Neutral 
[(diene)RhI(alkyl)] species are thus predicted to produce dimers and short, unsaturated 
oligomers as product (see Figure 11). This may explain the formation of the minor side-

                                                           
†  To be precise, ligand rotation in D1 to produce its most stable rotameric form produces the enantiomer of 

A2 as drawn in Figure 1. Obviously, enantiomers of A2 (and A1) have the same reactivity towards the non-
chiral MDA substrate. Hence there is no point at all in investigating the influence of using different 
enantiomers of A1 or A2 on the polymerization mechanism. For consistency, however, we nonetheless used 
the correct enantiomer of A2 as formed upon ligand rotation in D1 to calculate the next carbene insertion step.  
 

199220-bw-Walters.indd   123 14-11-13   11:00



Chapter 5 

 124

products obtained in these reactions, but not the main polymeric products. Rapid -H 
elimination and reinsertion might occur for these species,1,13,14 but this remained an 
unsatisfying explanation of the experimental results.  

 
Figure 11. Unsaturated polymer obtained by -H elimination 

We decided to perform new calculations on the termination steps using cationic [(allyl-
cod)RhIII(alkyl)]+ species A1 as a model for the active species (based on the results 
described in Chapter 4). We will first describe the calculated pathway for -H 
elimination to compare the energy barrier with those of the propagation steps (section 
5.2.5.1). In section 5.2.5.2 we will describe the calculated pathway for alcohol mediated 
protonation of the active polymer chain, again to compare the barriers for termination 
and propagation.  

5.2.5.1 Termination by -H elimination 

The calculated pathway for -H elimination at cationic [(allyl-cod)RhIII(alkyl)]+ species 
A1 and A2 is shown in Figure 12.  
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Figure 12.  Calculated pathway for -H elimination at cationic [(allyl-cod)RhIII(alkyl)]+ species 
A1 (top) and A2 (bottem). The (allyl-cod)-ligand is omitted for clarity Relative free energies 
( Gº298K) in kcal mol-1, relative ( Hº298K) entropy in brackets (b3-lyp, def2-TZVP, corrected for 
van der Waals interactions (disp3)). 
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The transition state barriers TS4 -H_1 (+22.1 kcal mol-1) and TS4 -H_2 (+ 25.1 kcal mol-

1) are much higher than the highest barriers on the propagation pathways from A1 and 
A2, respectively (see Figures 3 and 4). These energy barriers are likely too high to 
represent a reasonable termination pathway. Furthermore, formation of the hydride 
species E -Heli is highly endergonic in both cases (+21.6 kcal mol-1 from A1, +24.8 kcal 
mol-1 from A2), and these species have their unsaturated ‘terminated’ polymer chain 
coordinated in a chelating fashion with both an ester carbonyl and the olefinic double 
bond in cis-position to the hydride. This makes olefin re-insertion into the Rh–H bond 
(to regenerate A1 or A2) a facile process, which is more likely to occur than dissociation 
of an unsaturated polymeryl–C(COOR)=CH(COOR) chain. This high energy pathway 
for chain-transfer or chain-termination via -H elimination helps to explain why 
unsaturated polymer chains are not obtained experimentally.  

5.2.5.2 Alcohol mediated chain transfer 

Another way to terminate polymer growth is through protonation of the polymer chain 
by an alcohol. In chapters 3 and 4 experimental proof was given for this mechanism. 
DFT calculations support these experimental data (see Figure 13). To minimize 
computation time we evaluated this pathway only from species A1.  

In agreement with the experimental observations showing that the nucleophilicity of 
the alcohol plays a role (see Chapter 2), the calculated alcohol-mediated chain-transfer 
process proceeds via initial coordination of the alcohol moiety to the Rh center. The 
catalyst has a similar affinity for MeOH as for MDA, although coordination of methanol 
to the RhIII center of the cationic [(allyl-cod)RhIII(alkyl)]+ species A1 is slightly less 
endergonic (5.1 kcal mol-1).    
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Figure 13. Calculated pathway for inner-sphere proton transfer from a coordinated alcohol moiety 
to the polymer chain leading to chain termination via protonation of the Rh-C bond. The (allyl-
cod)-ligand is omitted for clarity. Relative enthalpy ( Gº298K) in kcal mol-1, relative ( Hº298K) 
entropy in brackets (b3-lyp, def2-TZVP, corrected for van der Waals interactions (disp3)). 
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The transition state for direct proton transfer from the coordinated alcohol moiety in 
MeOH adduct F to the Rh–C bond is very high ( G‡ = 54 kcal mol-1; H‡ = 31 kcal 
mol-1), and clearly out of range for reactions at room temperature. Therefore, the 
molecule has to rearrange to species G having an O-coordinated enolate moiety to allow 
efficient proton transfer from MeOH to terminate the polymer chain. Formation of 
isomer G from F is endergonic by 11 kcal mol-1. We have thus far not located the 
transition state TS5 for rearrangement of F to G. Proton transfer from MeOH to the 
enolate carbon in G proceeds via transition state TS6, (+ 5 kcal mol-1 higher than G), 
representing an overall free energy barrier of ~25 kcal mol-1. This barrier is higher than 
the barrier for -H elimination from A1 (22.1 kcal mol-1). However, the entropy 
contributions to the DFT calculated free energy barrier TS6 in the gas phase are 
overestimated. In the actual solution mixtures, the reactions are performed with a large 
excess of alcohol. Hence, the translational entropy contributions to the free-energy 
barrier of the experimental alcohol-mediated chain-transfer pathway are much lower. 
The actual free energy barrier for MeOH mediated chain-transfer in solution under non-
standard conditions ( G‡ = G‡ + RTlnQ is the correct value to be compared with -H 
elimination) should therefore be somewhere in between +25 ( G‡) and +13 kcal mol-1 
( H‡), hence lower than -H elimination ( H‡ = 22.7 kcal mol-1). Furthermore, -H 
elimination is, overall, a strongly endothermic ( H  = 21.6 kcal mol-1 from A1) and 
endergonic ( G  = +21.6 kcal mol-1 from A1) process with a low-barrier transition state 
for the reverse reaction (see Figure 12), while alcohol mediated chain-transfer is 
exothermic ( H  = -2.7 kcal mol-1). Taken together, the computed alcohol-mediated 
chain-transfer pathway is both kinetically and thermodynamically preferred over -H 
elimination, in good agreement with the experimental observations described in Chapter 
2.    

The free-energy barrier for alcohol-mediated chain-transfer is higher than the barrier 
for chain-propagation. These barriers can be directly compared because the alcohol and 
the diazo substrate are both used in a large excess compared to the (active) catalyst 
(similar deviations in the translational entropy contributions). Hence, in agreement with 
the experimental observations (see Chapter 2), chain-propagation is much faster than 
alcohol-mediated chain-transfer. Experimentally, alcohol-mediated chain-transfer starts 
to compete significantly with chain-propagation only when using relatively high alcohol 
concentrations. This is in agreement with a large entropy contribution to the computed 
standard free energy barrier ( G‡) for alcohol-mediated chain-transfer in combination 
with a lower translational entropy contribution when increasing the alcohol 
concentration ( G‡ = G‡ + RTlnQ).  

The pathway shown in Figure 13 leaves a Rh-OMe fragment in species H, from 
which a new polymer-chain can start growing in a later stage. The terminated polymer 
chain having a saturated chain-end (RO–polymeryl–CH(COOR)–CH2(COOR)) is 
initially still coordinated to Rh, but only with one of its carbonyl moieties. This 
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fragment should thus be easily displaceable from H once a new chain starts growing. 
The calculated pathway therefore readily explains the experimentally observed chain-
transfer role of alcohols.  

5.2.6 The effect of stereo-errors on the propagation mechanism and the stereo-error repair 
mechanism  
We further investigated chain propagation from an analog of A1 containing a stereo-
error at the -carbon atom of the [{CH(COOMe)}3Me] moiety with DFT. This [(allyl-
cod)RhIII({CH(COOMe)}3Me]+ species A3 has an RSR configured chain instead of the 
SSR configuration in A1. MDA binding at syndiotactic A1 leads to formation of adduct 
B1, which upon N2-loss produces the discrete carbene intermediate C1 (Figure 14, left). 
Exploring the same reaction at the non-syndiotactic analog A3 containing an RSR 
configuration of the –{CH(COOMe)}3Y moiety gives markedly different results. First 
of all, MDA has to bind to a sterically more encumbered position from which the 
substrate is sterically isolated from the ester moiety attached to the -carbon of the RSR 
configured –{CH(COOMe)}3Y moiety (B3). More importantly, the carbene species C3 
generated from this intermediate tends to be unstable, and easily converges (in a virtual 
barrier-less process) to an oxygen-ylide-structure C3’ in which the ester attached to the 

-carbon of the RSR configured –{CH(COOMe)}3Y moiety has attacked the carbene 
unit (Figure 14).  
 
 

 
 
 
 
 
 

 
Figure 14. Effect of tacticity-errors on the polymerization reaction. Left: The discrete carbene 
intermediate C1 is stable because the oxygen-ylide-formation is not possible in the syndiotactic 
SSR configuration of the –{CH(COOMe)}3Me moiety. Right: In the non-syndiotactic analog 
carbene formation leads to spontaneous attack of the ester carbonyl attached to the -carbon of 
the RSR configured –{CH(COOMe)}3Y moiety producing the low-energy dead-end species C3’.  

This bond formation (C-O bond distance 1.497 Å, see Figure 14) substantially stabilizes 
the species (C3’ is 22.0 kcal mol-1 lower in energy than C1). This means that stereo-
errors induced at the -carbon atom should substantially slow down the subsequent 
propagation via carbene insertion compared to chain-propagation from [(allyl-
cod)RhIII({CH(COOMe)}3P)]+ species without such stereo-errors. While slowing down 
the reaction, ylide formation is reversible and allows for a repair mechanism involving 
syndiotactic carbene insertion in the Rh–C bond. The ksyndio/kiso ratio calculated in 
section 5.2.4 is high enough to correct for such ‘errors’ to result in mainly syndiotactic 
chain growth.  
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Figure 15.  Calculated pathway for syndiotactic carbene insertion associated with (rate 
determining) carbene formation steps from A3 and MDA. The (allyl-cod)-ligand is omitted for 
clarity. Relative free energies ( Gº298K) in kcal mol-1 (b3-lyp, def2-TZVP, corrected for van der 
Waals interactions (disp3)).  

5.2.7 Possible explanations for the experimentally observed low initiation 
efficiencies 

Chain-errors generated during carbene polymerization should have a similar effect on 
all active syndiotactic growing polymer chains (although it may potentially affect the 
molecular weight distribution over time, as observed in the experimental polymerization 
reactions). However, chain-errors such as those in species A3 likely have a strong 
influence on the initiation efficiency of the reaction, because they should clearly slow-
down chain propagation from non-syndiotactic chains. In the experimental 
polymerization reactions we consistently observed that only a minor amount of the Rh 
species become active as a polymerization catalyst (initiation efficiencies typically < 
10% neglecting chain transfer effects). Experimental data could thus far not provide a 
satisfying explanation for this behavior. While highly syndiotactic polymers are 
obtained in the experimental reactions, ill-defined atactic oligomers are also formed in 
the beginning of the reaction. Hence, the initial cationic [(allyl-
cod)RhIII({CH(COOMe)}3Y)]+ species (Y = H, OH, OR) formed during the catalyst 
activation process, which are required to initiate chain-growth, do not necessarily all 
contain a syndiotactic –{CH(COOMe)}3

 growing chain fragment. In fact, it is very 
unlikely that the first three carbene insertion reactions during the catalyst activation 
process generate only syndiotactic –{CH(COOMe)}3Y moieties, because at this stage of 
the reaction the initiating chain is yet too short to benefit from the same protecting 
chelating properties of the carbonyl moieties as in A1 or A2. The carbonyl moieties of 
the initiating growing chain fragment either do not or only partially coordinate to RhIII 
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and any chelating properties of the chain at this stage are different and weaker than 
those in species A1 or A2. This short initiating growing chain fragment has much more 
flexibility to rotate around the Rh–C bond, in addition to the openness of the metal site 
(at this stage) compared to A1 or A2, which leaves room for MDA to bind at more 
positions. The formation of a syndiotactic –{CH(COOMe)}3Y moiety in the first three 
insertion steps must therefore be (at least in part) based on chance, leading to a more or 
less statistical distribution of –{CH(COOMe)}3Y chain configurations (RRR, RRS, 
RSR, RSS, SSR, SRS, of which only SSR and RRS are syndiotactic). In itself, the 
ksyndio/kiso ratio calculated in section 5.2.4 should be high enough to correct for these 
initial ‘errors’ to produce syndiotactic chain growth later-on in the reaction. However, 
chain-growth from already syndiotactic chains should start and proceed much faster 
than from non-syndiotactic chains, so that much of the MDA substrate may already be 
consumed before chain-growth from the initial non-syndiotactic species even starts. If 
we assume that the initial catalyst activation steps are purely statistical (RRR, RRS, 
RSR, RSS, SSR, SRS), only 33% of syndiotactic SSR and RRS species are generated 
initially. This may well contribute to the experimentally observed low initiation 
efficiencies of these catalyst in carbene polymerization reactions. Ineffective formation 
of the cationic [(allyl-cod)RhIII({CH(COOMe)}3Y)]+ species from the catalyst 
precursors used likely reduces the overall initiation efficiency further.  

5.3 Conclusions 

The DFT computed pathways for chain-propagation and chain-transfer reveal important 
details about carbene polymerization using cationic [(allyl-cod)RhIII(alkyl)]+ species and 
with this new insight we were able to answer the four questions mentioned in the 
introduction.  

Chain-propagation at these species is clearly competitive with -H elimination, 
explaining the formation of high molecular weight polymers. These results are in good 
agreement with experimental observations, and clearly in contrast with previously 
reported DFT calculations using neutral [(diene)RhI(alkyl)] species which failed to 
explain the formation of long polymers. In analogy with previous calculations using 
neutral [(diene)RhI(alkyl)] species, chain-propagation at cationic [(allyl-
cod)RhIII(alkyl)]+ species is still chain-end controlled, leading to a clear preference for 
syndiotactic polymerization. 

Chain-transfer involving alcohol-mediated protonolysis is computed to be a more 
favorable pathway than -H elimination, which answers question 3 from the 
introduction. This explains the formation of saturated, alcohol-terminated RO–
polymeryl–CH(COOR)–CH2(COOR) chains rather than unsaturated (H–polymeryl-
CH(COOR)=CH(COOR) chains. Furthermore, in good agreement with the experimental 
observations showing that the nucleophilicity of the alcohol plays a role (see Chapter 2), 
the calculated alcohol-mediated chain-transfer process proceeds via initial coordination 
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of the alcohol moiety to the Rh center. Protonolysis of the growing chain requires 
rearrangement of the Rh-polymeryl chain to an O-bound Rh-enolate, followed by rapid 
proton-transfer from the coordinated alcohol moiety to the enolate carbon-moiety. This 
process has a higher barrier than chain-propagation, but a lower barrier than -H 
elimination.  

Chain-propagation from species with a stereo-error at the alpha-carbon atom of the 
growing chain is substantially slowed-down compared to propagation from syndiotactic 
species without stereo-errors. This effect arises from attack of the carbonyl group of the 
alpha-ester moiety on the carbene-unit, stabilizing the propagating species in an 
unfavorable off-cycle equilibrium. This process is reversible, allowing a stereo-repair 
mechanism. Similar effects may play a role in explaining the low initiation efficiency of 
the catalyst. Statistically, only 33% of the initially formed triad-chains are formed in a 
syndiotactic manner during the activation process of the catalyst. Much faster 
propagation from these syndiotactic chains compared to non-syndiotactic chains may 
well contribute to the experimentally observed low initiation efficiencies of these 
catalysts in carbene polymerization reactions.   

With these new computational insights, in combination with the experimental results 
described in Chapters 2-4, the mechanism of the polymerization reaction is largely 
clarified.  

5.4 Computational Details 

DFT geometry optimizations. All geometry optimizations were carried out with the Turbomole 
program15,16,17,18 coupled to the PQS Baker optimizer19,20 via the BOpt package.21 Geometries 
were fully optimized as minima at the b3-lyp level22,23,24,25 using the Turbomole polarized triple-  
def2-TZVP basis26, 27, 28,29 (small-core pseudo-potential at Rh30). We further employed Grimme’s 
dispersion corrections (disp3 version).31 All minima (no imaginary frequencies) and transition 
states (one imaginary frequency) were characterized by calculating the Hessian matrix. ZPE and 
gas-phase thermal corrections (entropy and enthalpy, 298 K, 1 bar) from these analyses were 
calculated. The relative (free) energies obtained from these calculations are reported in the main 
text of this Chapter. The nature of the transition states was confirmed by IRC calculations. 
Optimized geometries are visualized with the PLATON32 program (rendered with POVRAY). 
By calculation of the partition function of the molecules in the gas phase, the entropy of 
dissociation or coordination for reactions in solution is overestimated. For reactions in ‘solution’ 
we therefore corrected the Gibbs free energies for all steps involving a change in the number of 
species (except the N2 loss step following TS1) by 2.5 kcal mol-1 (correction for the condensed-
phase reference volume33). 
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Appendix: Calculation of syndio/iso insertion preference 

The kinetic model used for this system, consisting of 5 different species, is schematically 
represented as: 

 
Where 1 corresponds to complex A, 2 and 2’ to Csyndio and Ciso and 3 and 3’ to Dsyndio and 
Diso. This models allows us to calculate the ratio between the syndio- and isotactic insertions 
from the rate equations describing the formation of species 3 and 3’:  
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As a result we approach the syndio/iso ratio by the following kinetic expression: 
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The rate constants were calculated from the DFT free energies of activation. The thus 
obtained syndio/iso selectivities are presented in Table 1 (steady-state model). 
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6.1 Introduction 
In the previous chapters we focused mainly on elucidating the reaction mechanism of 
the Rh-mediated stereoregular carbene polymerization process. This Chapter deviates 
from the general mechanistic topic of this Thesis, and describes two functionalizations 
of the new, highly functionalized, stereoregular polymeric materials towards potential 
new applications of these polymeric materials. First, we will show that we can generate 
amphiphilic block copolymers that form micelles by initiating the EDA polymerization 
on a preformed PEG polymeric chain containing an alcohol end-group. These materials 
potentially find application as polymeric surfactants (e.g. in micro-emulsion/micelle 
reactors in (catalytic) dual-phase reactions or as controlled-release drug carriers), as 
compatibilizers in blends of polymers containing different side-group substituents, or as 
emulgators for mixtures of water and less polar solvents. Secondly, we investigated the 
synthesis of polymers from several different diazo compounds expected to produce 
polymers with electron-conducting properties. Such polymers potentially find 
application in new polymeric solar cells. 

6.2. Amphiphilic block copolymers 
Amphiphilic block copolymers can be made by combining a hydrophobic segment and a 
hydrophilic segment in one polymer chain. By self-assembly of these amphiphilic 
polymers, micelles or liposomes (bilayer vesicles) can be formed (see Figure 1). By 
forming micelles the two different polymer segments separate an internal nonpolar 
compartment from an external polar solution, while for liposomes the internal 
compartment and external solution are both of the same polarity.1 Both micelles and 
liposomes can be exploited by using the interior compartments as, for example, 
controlled-release drug carriers2,3 or as nanoreactors.4 

 
Figure 1. Micelle (left) and liposome (right). 

Amphiphilic block copolymers are also of interest for their potential use as 
compatibilizers in blends of polymers containing different side-group substituents and 
as emulgators for different water-solvent mixtures (e.g. in paints).  
One of the most well-studied polymers to display such amphiphilic behavior is 
[poly{1,3-butadiene}n-{ethylene oxide}m],5 in which the butadiene part is hydrophobic 
(and does not contain any functional groups, only the hydrocarbon backbone) and the 
ethylene oxide block polymer corresponds to the hydrophilic segment. When the 
hydrophobic compartments contain polar groups it can promote coordination of 
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catalysts and reactants, which has been shown to positively influence different catalytic 
reactions performed in micelles of these polymers.6 These polymers are challenging to 
make by known routes. The Rh-mediated carbene polymerization methodology 
described in the previous chapters of this Thesis potentially provides an easier, more 
straightforward method to synthesize such amphiphilic block copolymers. New 
amphiphilic block copolymers potentially have additional advantages imposed by the 
special properties of PEA, as explained below.  

 
Scheme 1. Polymerization of ethyl diazoacetate (EDA) to form high molecular weight, 
stereoregular poly(ethyl 2-ylidene-acetate) (PEA).  

PEA contains a polar ester moiety on every C-atom of the backbone. The polar groups 
are ordered in a syndiotactic manner. These features lead to self-aggregation of PEA 
into triple helices,7 thereby producing rigid thermotropic and lyotropic liquid crystalline 
polymers. Despite the presence of polar substituents, PEA polymers are not very polar. 
They readily dissolve in dichloromethane and chloroform, but not in alcohols or water. 
Apparently, the regular helical arrangement of the ester moieties around the polymeric 
chain reduces the dipolar effect of each individual ester moiety, leading to a mild 
polarity of PEA (partial cancelation of the total dipole moment of the polymer). Hence, 
despite the high number of polar ester moieties, PEA is a hydrophobic polymer which 
exhibits thermotropic and lyotropic liquid crystalline behavior.8 These combined 
properties make amphiphilic block copolymers based on PEA potentially interesting for 
several applications.  
In this section the focus is on the synthesis and isolation of such polymers. We here 
show that it is indeed possible to obtain such amphiphilic block polymers employing the 
Rh-mediated carbene polymerization methodology developed in our group.  

6.2.1. Chain transfer by PEG 

To obtain an amphiphilic block polymer, a hydrophobic PEA chain should be combined 
with an hydrophilic polymer. We argued that this should be possible by making use of 
alcohol-mediated chain-transfer properties of the Rh-mediated carbene insertion 
polymerization methodology. As described in Chapter 2 and 4 (theoretical 
investigations in Chapter 5), chain-transfer on alcohol moieties is rather slow and quite 
high concentrations of alcohols are needed to affect efficient chain-transfer. Therefore it 
should be possible to simply mix alcohol-terminated poly(ethylene glycol) (PEG) in the 
carbene-polymerization reaction mixture. Previous studies already revealed that PEG is 
suitable as hydrophilic block of other amphiphilic block copolymers, inducing efficient 
micelle formation.5 Hence, we decided to use PEG as chain-transfer agent in the EDA 
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polymerization reaction. PEG contains two alcohol groups, tri-block copolymers can be 
expected (A in Figure 2). However, alcohol-mediated chain-transfer is a relatively slow 
process compared to carbene insertion propagation (see Chapters 4 and 5) and formation 
of di-block copolymers cannot be excluded. To exclusively obtain di-block polymers, 
methoxy poly(ethylene glycol) (mPEG) was also used (B in Figure 2). 
In our previous studies the longest alcohol used to engage chain-transfer in carbene 
polymerization was butanol (C4-unit). Therefore, we first needed to investigate if long 
PEG-type polymers (Mw 200-5000 Da) can be used at all in similar chain-transfer 
reactions.  

 
Figure 2. Synthesis of amphiphilic block copolymers with A) EDA and PEG to form di-block 
polymers and tri-block polymers, B) EDA and mPEG to form di-block polymers. 
 
We used the easily accessible [{( -Cl)Rh(cod)}]2 complex as a catalyst for these initial 
experiments. As was shown in Chapter 2, this dinuclear complex easily breaks-up to 
form an active catalytic species in the presence of alcohols. PEG and mPEG were, just 
like in previous alcohol-mediated chain-transfer experiments with small alcohols, added 
in excess (between 5 eq.-12 eq.). PEG and m-PEG with different Mw were added to the 
reaction mixture (PEG Mw of 200 (PEG200), PEG Mw of 600 (PEG600), PEG Mw of 
1500 (PEG1500), PEG Mw of 3400 Da (PEG3400) and m-PEG Mw of 550 (mPEG550) 
and 5000 Da (mPEG5000) to see if the different diffusion properties of short PEG (Mw 
< 1500 Da) compared to long PEG (Mw > 1500 Da) have an influence on the reaction. 
Also the different properties of block copolymers with varying block lengths are of 
interest. The reaction was carried out by combining the catalyst and the PEG in 
dichloromethane and subsequently adding EDA at room temperature. When using PEG 
with Mw > 1500 Da, we increased the reaction temperature to 40 C in order to obtain a 
homogeneous reaction mixture. After a reaction time of 16h, the solvent was evaporated 
and the remaining solid was washed with MeOH and water. During work-up it became 
clear that separation of the excess PEG/mPEG and the formed polymers was 
challenging and was not accomplished by washing with MeOH and water only.9 The 
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polymer fractions after washing still contained residues of PEA homopolymer and 
unreacted PEG/mPEG. Obtaining pure PEA-PEG copolymers was essential to be able to 
correctly interpret analytical results. To remove the excess of PEG/mPEG several 
separation techniques were used, including column chromatography with silica and 
alumina and size exclusion chromatography (SEC) with Sephadex and BioBeads. 
Furthermore, separation by dialysis with a membrane (pore size = 0.5 - 2 KDa) was 
tried for the polymerization reactions with PEG Mw < 600 Da. The fractions obtained by 
these different separation methods were analyzed by 1H NMR, IR, MALDI-ToF MS and 
GPC. All the data of these analysis still showed traces of unreacted PEG/mPEG in the 
polymer fraction. Nevertheless, the MALDI-ToF data indicated that chain-transfer by 
PEG/mPEG was indeed successful. The MALDI-ToF spectra show a peak pattern of 44 
Da and 86 Da, for the copolymerization reactions with PEG200 and mPEG550, 
corresponding to a block copolymer (see Figure 3 and at the end of this Chapter). The 
signals overlap and make the peaks very broad. Similar results were obtained for 
PEG1500 but a peak pattern was less clear. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. MALDI-ToF spectrum of copolymerization of PEA-PEG200, with an enlarged area of  
MS 2400-2750 Da.  

The spectrum in Figure 3 shows the presence of free PEG200, a large fraction of PEA 
homopolymer (containing only a 86 Da peak pattern of PEA) and a fraction of block 
polymers. The overlapping signals correspond to linear block copolymers, HO–
(OCH2CH2)n–(CH(COOEt))m–H + Na+ and cyclic copolymers –O–(OCH2CH2)n–
(CH(COOEt))m + Na+ (see Figure 4).  
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Figure 4. Linear polymer, HO–(OCH2CH2)n–(CH(COOEt))m–H + Na+ and cyclic polymer –O–
(OCH2CH2)n–(CH(COOEt))m + Na+. 

Table 1. Assignment of a selection of the peaks of block copolymer PEA-PEG200: HO–
(OCH2CH2)n–(CH(COOEt))m–H + Na+ and –O–(OCH2CH2)n–(CH(COOEt))m + Na+. 

Lineair copolymer  
(Da) 

Cyclic copolymer
(Da) 

Rep. units 
PEA (m) 

Rep. units 
PEG (n) 

2413.0 2411.0 25 5 
2455.1 2453.5 26 4 
2499.1 2497.1 26 5 
2541.6 2539.1 27 4 
2585.1 2583.1 27 5 
2671.1 2669.2 28 5 
2673.2 2671.2 27 7 
2713.2 2711.2 29 4 

 
Formation of unsaturated block copolymers HO–(OCH2CH2)n–(CH(COOEt))m–
C(COOEt)=CH(COOEt) + Na+ is an alternative explanation for the signals ascribed to 
the cyclic polymers, and cannot be excluded. 

The amphiphilic nature and emulsifying properties of the PEA-PEG block 
copolymers are most likely the reason for the difficult separation of the PEG, PEA and 
block copolymer fractions. The PEA-PEG block copolymers have very similar 
properties to both PEG and PEA, and readily aggregates with both. This limits the 
effectiveness of any separation technique. PEA-PEG copolymers with longer PEG 
segments (Mw > 1500) show higher concentrations of free PEG and PEA in the 
analytical data, probably due to the tendency of long PEGs to have a greater affinity to 
form aggregates than those with short PEG segments. Due to the aggregation behavior, 
the large structures are not separated into individual polymer chains during 
chromatography, therefore elution of the different polymers happens simultaneously and 
a mixture is collected. Increasing the solvent polarity leads to less aggregation, probably 
due to stronger interactions between dissolved PEG and the polar solvent, hence leading 
to somewhat better separations. However, even in a highly polar eluent such as 
acetonitrile, separation of PEA-PEG copolymers to obtain these separately, from free 
PEA and PEG could not be achieved. 
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6.2.2  Emulsifying properties of PEA-PEG block copolymers 

While the abovementioned difficulties to purify PEA-PEG copolymers from PEA and 
PEG homopolymers are unfortunate, they also reveal the emulsifying and amphiphilic 
properties of the block copolymers. Hence, we decided to briefly investigate these 
properties of the obtained polymer mixtures. We anticipated that mixing the block 
copolymers with water and organic solvents should lead to emulsification despite the 
presence of the homo-PEG and homo-PEA impurities.10 Indeed, when the copolymer 
mixture was combined with DCM and small amounts of water, opaque white mixtures 
were formed; this emulsification occurs with all copolymers (see Figure 5), except for 
PEA-PEG200.  

 

Figure 5. Left: PEA-PEG1500 in water, middle: PEA-PEG1500 in DCM, right: PEA-PEG1500 in 
water and DCM which forms an emulsion.  

Interestingly, emulsions of PEA-PEGs 1500 and 3400 and PEA-mPEG5000 were stable 
even after standing for several days at room temperature. The comparatively poor 
emulsifying property of PEA-PEG200 is possibly due to the small ratio of the 
hydrophilic part compared to the hydrophobic chain in this copolymer. Future 
investigations should reveal whether the above emulsions are based on reversed 
micelles or vesicles, and should further focus on the use of these aggregates as micro 
reactors. It would also be interesting to investigate the use of the block copolymers as 
compatibilizers in polymer blends. 

6.2.3. Conclusions PEA-PEG block copolymers 

PEG can function as a chain-transfer agent and block copolymers of PEA-PEG are 
formed, as was confirmed by MALDI-ToF and GPC analysis. As expected, these block 
polymers show amphiphilic properties and act as emulsifiers of water and 
dichloromethane. The nature of these emulsions (reversed micelles or vesicles) is 
currently not clear. The emulsions obtained when using PEA-PEG copolymers  with a 
PEG-block > 200 Da are surprisingly stable.  
Separation of the copolymers from homo-PEA and homo-PEG proved to be highly 
challenging. This is likely due to properties of the PEA-PEG block copolymers. They 
have very similar properties to both PEG and PEA, and likely readily aggregate with 
both, thus limiting the effectiveness of any separation technique. On the other hand, this 
is a desirable property when aiming for applications of these block copolymers as 
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compatibilisers in polymer blends. These future applications, as well as the potential use 
of micelles or vesicles in DCM/water emulsions as nano-reactors in two-phase catalytic 
reactions, is a topic for future research. 

6.3. Side-chain -  electron transfer hopping in poly-carbenes?   

Other potential applications of poly-carbenes may arise from their unique structure, for 
example their potential use as conducting polymers. While the main-chain of these 
polymers is saturated (hence poorly conducting), these polymers have the unique 
property of having a functionality attached to every carbon atom of the polymeric back-
bone. This places these functionalities in a very close position. When using aromatic 
functionalities, this allows for efficient -  stacking effects,8 both within a chain and 
among different polymeric chains. We wondered if we could use this feature to prepare 
polymers with special properties, like conductivity through the side-chains of these 
polymers. Such a property may find potential application in solar cells completely based 
on polymers. Therefore we decided to prepare a series of new polymers in which the 
design encompasses side-chain conducting properties, and we explored their properties. 
We also briefly investigated their potential use as electron transport materials in 
polymer-polymer solar cells.  
In fact, the development of new, cheap and efficient polymer-based organic solar cells 
strongly depends on the discovery of new, improved polymeric materials with efficient 
electron-injection and  effective electron- and hole-transport properties. The 
development of such solar cells is crucial for future sustainable energy production. Most 
commercial solar cells are Si-based11 and have a power conversion efficiency of nearly 
25%.12,13 However, the high price of these Si-based devices, primarily due to the 
requirement of high purity crystalline semiconductors, is a strong motivation to develop 
cheaper alternatives such as polymeric solar cells. However, current polymer-polymer 
solar cells have an even low power efficiency, due to the unavailability of polymers 
with electron-accepting capability.14,15,16 We hypothesized that with proper 
modifications, resulting in electron-accepting properties of the polymers, the highly 
functionalized, stereoregular carbene polymers may contribute to a potential solution to 
this challenge. 17 These polymers offer a new approach of electron transfer in the 
polymer.18 Instead of common electron-transfer through a conducting polymer 
backbone, we expect that the close proximity of the side-groups in poly-carbenes may 
allow electron-transfer via -  stacking of the side-groups of the polymer.8 We 
anticipated that this may be beneficial for the development of polymeric solar cells 
based on the bulk-heterojunction principle (vide infra).    

In the next sections we will first explain why specific monomers were chosen to form 
potential electron-accepting polymers (section 6.3.1). Next the characterization of the 
polymers formed is described (section 6.3.2). We also briefly investigated their potential 
for use as electron-accepting polymers in polymeric solar cells (section 6.3.3). The 
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description of this last section starts with a brief explanation of polymeric solar cells and 
the general requirements of the electron-accepting materials in these devices. In the 
remaining part of this section we compare the electron-accepting properties of the new 
polymers with those of known materials used in polymeric solar cells.  

6.3.1. Monomer selection 

The polymerization of BnDA leads to polymers with special properties. 1H NMR of 
these polymers show shielding effects. These arise from -  stacking interactions as 
shown in Scheme 2.19 The self-assembled -  stacks of the aromatic rings generate inter 
and intra-chain interactions between the aromatic rings.8 Because of this stacking effect, 
electrons can potentially hop between different phenyl groups, either inter- or intra-
chain, creating many different pathways for electron transport. It is important to note 
that the -  stacking of the PBnA passes through the side chains as opposed to the -  
stacking that passes through the backbone of the polymer.  
 
Although the electron transport of PBnA should be feasible in theory, one important 
property is missing in PBnA: it is not a good electron-accepting material. Therefore, 
accepting substituents have to be incorporated into the polymer.  
 

 

Scheme 2. Polymerization of BnDA to PBnA and a schematic representation of the chain 
interactions in PBnA. 

We chose fluoro- and cyano-groups as electron-accepting substituents to influence the 
electron-accepting properties of the polymers. Hence, we synthesized the new diazo 
compounds CNBnDa (A), F5BnDa (B) and F3BnDa (C) (see Scheme 3). These are 
highly electronegative and relatively small. They were polymerized with [(L-
pro)Rh(Me2cod)] in chloroform.8,20 Copolymerization with BnDA was also carried out 
to increase the solubility of the obtained polymer. Furthermore, we hoped that the 
addition of BnDA to FnBnDA would have an additional effect, perhaps allowing the 
synthesis of alternating copolymers. It is known that preorganization through -  
stacking occurs between hexafluorobenzene and other aromatic rings like benzene, 
toluene and p-xylene when mixed in a 1:1 ratio.21,22 This pre-organization is also 
observed in radical polymerization of styrene and pentafluorostyrene, allowing the 
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synthesis of close-to alternating copolymers.23 Formation of alternating copolymers 
from BnDA and FnBnDA would be interesting. Previous studies have shown that 
alternating donor/accepting polymers in solar cells have a smaller band-gap, as a result 
of the high-lying HOMO of the donor being combined with the low-lying LUMO of the 
acceptor.24,25,26 A similar effect can be expected in alternating copolymers formed by 
copolymerization of BnDA and FnBnDA. This pre-organization could be established by 
a shift of the peaks in the 1H NMR spectra. A 1:1 mixture of the monomers was 
measured by 1H NMR experiments and indeed the peak of the –O–CH2–R and the 
benzyl show a small shift (between 0.02-0.2 ppm, see Table 2). This small shift 
indicates a weak - stacking in solution caused by preorganization of the monomers, 
which could lead to alternating copolymers in the polymerization reaction.  

Table 2. 1H NMR of the BnDA, F5BnDA and a 1 to 1 mixture of both. 

Monomer CH (ppm) -O-CH2-R (ppm) Bn (ppm) 
BnDA 4,80 5,21 7,37 

F5BnDA 4,81 5,30 - 
Mix 4,80* 5,19 (F5BnDA) and 5,27 (BnDA) 7,35 

* The CH protons of BnDA and F5BnDA form one peak 

 

Scheme 3. (co)polymerization of (substituted)benzyl diazoacetate with [(L-pro)Rh(Me2cod)] in 
chloroform.  

We first investigated the homopolymerization of CNBnDa (A), F5BnDa (B) and 
F3BnDa (C). The obtained yields and Mw of the new homopolymers are low (Table 3, 
entries 1-3), most likely due to the poor solubility of the polymers in chloroform and 
DCM leading to precipitation during the polymerization.27 Next we also investigated the 
copolymerization of CNBnDa (A), F5BnDa (B) and F3BnDa (C) with BnDa. These 
reactions lead to higher polymer yields and higher Mw polymers, probably because the 
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copolymers are much better soluble in chloroform and DCM than the above 
homopolymers. It is not very clear if these copolymers are random or alternating 
copolymers, but most likely they are random. Their characterization and the 
characterization of the homopolymers, is described the next section. 

Table 3. Polymerization and characterization of the acceptor carbene polymers. 

Entry Monomer Polymer Yield (%) Mw (kDa)a DPIa 

1 CNBnDA (A) PCNBnA  14.0 4.2 1.2 
2 F5BnDA (B) PF5BnA 14.5 8.0 2.4 
3 F3BnDA (C) PF3BnA  29.5 6.9 1.6 
4 A / BnDA (1:1) P(CNBnA-co-BnA) 32.5 310 2.7 
5 B / BnDA (1:1) P(F5BnA-co-BnA) 22.4 283 2.9 
6 C / BnDA (1:1) P(F3BnA-co-BnA) 25.0 278 2.7 

a SEC analysis calibrated against polystyrene samples. 

6.3.2 Characterization of the polymers 

The ratio of the different monomers present in the polymers was estimated by 
integration of the corresponding peaks in the 1H NMR spectra. The substituents on the 
benzyl-ring did not influence the ratio of the monomers (almost 1:1 ratio, see Table 4), 
which makes alternating organization of the polymer certainly possible.  

Table 4. Monomer ratio in the copolymer, determined with 1H NMR.  

Polymer Ratio in the polymer (RBnA/BnA) 
P(CNBnA-co-BnA) 0,49/0,51 (CNBnA/BnA) 
P(F5BnA-co-BnA) 0,42/0,58 (F5BnA/BnA) 
P(F3BnA-co-BnA) 0,51/0,49 (F3BnA/BnA) 

 
There was no indication of block copolymer formation, since the NMR spectra did not 
show separate peaks for the CH, CH2 and benzyl of the BnA and acceptor monomer. 
The chemical shifts differ from those in the homo-polymers, but the NMR spectra did 
not give conclusive evidence for formation of either random or alternating copolymers, 
however all signals of the two monomers overlap in the NMR spectra. All 2D NMR 
techniques attempted proved useless to distinguish between these two possibilities.   
As in the corresponding homo-polymers, -  stacking in the polymer is also observed in 
the copolymers. Shielding effects (upfield shifts)28,29 observed in the 1H NMR spectra of 
PBnA for the CH2 signal caused by the electron density of the benzyl-rings (see Figure 
6) are smaller in the polymer analogs with electron-withdrawing groups. The F5, F3 and 
CN substituents, both in the homopolymer and in the copolymers, mask such shielding 
effects on the CH2 peak and deshielding is observed as a result of the electron 
withdrawing groups (see Table 5).30  
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Figure 6. Schematic overview of the effect of the electron density: more shielding effect of the 
high electron density part above the benzyl-groups in PBnA compared to the benzyl-groups in 
PF5BnA and  more deshielding effect of the electron poor part outside the benzyl-ring of PBnA 
compared to PF5BnA. 

Table 5: 1H NMR chemical shifts of the polymers and copolymers at room temperature in 
CDCl3.31 

Entry Polymer -O-CH2-R (ppm) CH (ppm) Bn (ppm) 
1 PF5BnA 5.12 3.2 - 
2 PCNBnA 5.08 3.47 7.65-7.35 
3 PF3BnA 4.97 3.51 6.85 and 7.18 
4 P(F5BnA-co-BnA) 4.85 3.42 7.18 
5 P(F3BnA-co-BnA) 4.83 3.54 6.72 and 7.13 
6 P(CNBnA-co-BnA) 4.76 3.59 7.12 
7 PBnA8  4.74 3.62 7.05-7.14 
8 P(EA-ran-BnA)8  3.9 and 4.9 3.4 7.2 
9 PEA8 4.1 3.2 - 

 
The CH peak in PBnA is shifted downfield. Also this effect is masked in both in the 
homopolymers and copolymers with F- and CN-substituents. Here the CN- and F-
substituents effectively have a deshielding effect on the CH moiety of the backbone (see 
Figure 5). For PCNBnA and PF3BnA the effects are smaller than in PF5BnA. The 
(de)shielding effects of the copolymers are an average of PBnA and their corresponding 
homopolymers. These shifts confirm self-aggregation of these polymers into -  stacked 
assemblies of (co)polymers. Due to this stacking the polymers can form nanostructures, 
which is, at least potentially, beneficial for efficient charge transport in bulk hetero-
junction polymeric solar cells.   
The thermal stability of the new (co)polymers was investigated with thermogravimetric 
analysis (TGA). TGA measurements show stable polymers up to 300 C, which is 
typically an indication of stereoregular polymers (see Figure 6),20 (atactic materials have 
a decomposition temperature of ~180 C).32 Only PCNBnA has a decomposition 
temperature of 250 C. This lower temperature is probably due to disordered packing 
induced by the cyano substituents. For all three copolymers the curve falls in-between 
the curves of the two corresponding homopolymers without any overlap. From this we 
can conclude that in the copolymerization reaction no homopolymers nor  block 
copolymers  are formed. 

199220-bw-Walters.indd   144 14-11-13   11:00



Potential applications of poly-carbenes 

 145 

A

0,0

20,0

40,0

60,0

80,0

100,0

120,0

50,0 150,0 250,0 350,0 450,0 550,0

Temperature (oC)

W
ei

gh
t l

os
s 

(%
)

PCNBnA

P(CNBnA-co-BnA)

PBnA

B

0,0

20,0

40,0

60,0

80,0

100,0

120,0

200,0 300,0 400,0 500,0 600,0

Temperature (oC)

F5BnA

P(F5BnA-co-BnA)

PBnA

 

C

0,0

20,0

40,0

60,0

80,0

100,0

120,0

250,0 350,0 450,0 550,0

Temperature (oC)

W
ei

gh
t l

os
s 

(%
)

PF3BnA

P(F3BnA-co-BnA)

PBnA

 

Figure 7. TGA of the homo- and copolymers, A) PCNBnA B) PF5BnA C) PF3BnA. 

The polymers were further analyzed by Differential Scanning Calorimetry (DSC) to 
measure their degree of crystallinity and to get information about their liquid 
crystallinity (as reported for PEA and PBnA).8   
Unexpectedly, PCNBA and PF5BnA (and their copolymers with PBnA) did not reveal 
any crystalline to liquid-crystalline transition in DSC (Table 5). The transition observed 
for PF3BnA has a lower enthalpy value compared to PBnA. Give the unexpected 
absence of this transition for PCNBa and PF5BnA, the DSC data are again inconclusive 
for either formation of alternating or random copolymers in case of P(CNBnA-co-BnA) 
and P(F5BnA-co-BnA). The lower Tc and much lower crystallinity of P(F3BnA-co-BnA) 
compared to both PBnA and PF3BnA may suggest the formation of a random 
copolymer. The higher Tc of P(F5BnA-co-BnA) compared to PBnA is perhaps indicative 
for formation of an alternating copolymer.  

Table 6. Thermal properties of the (co)polymers.a 

Entry Polymer Tg (oC) Tm (oC) Tc (oC) Hm (J/g) 
1 PCNBnA 80 - - - 
2 PF5BnA 112 - - - 
3 PF3BnA 110 190 172 11 
4 P(CNBnA-co-BnA) 59 - - - 
5 P(F5BnA-co-BnA) 84 201 195 0.003 
6 P(F3BnA-co-BnA) 75 147 130 0.006 
7 PBnA33 52 181 154 20 

a Tm and Tc were determined from the heat flow curves, while the Tg was derived from the 
reversing heat flow curves.
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The liquid crystalline phase of the (co)polymers was also investigated by optical 
microscopy, equipped with a hot stage. In agreement with the DSC data, but nonetheless 
unfortunately, only PF3BnA reveals a liquid crystalline phase transition (see Figure 8). 
Compared to PEA and PBnA,8 this LC phase seems to be less well-defined (based on 
the above DSC data). 
 

 

A B 

Figure 8. Liquid crystalline phase transition of PF3BnA at A) 194 C and B) 330 C.  

6.3.3 Potential application in polymeric solar cells? 

A potential application of the above new polymers is their use as electron-accepting 
polymers in polymeric solar cells. Before we compare the properties of the materials 
with those of known materials used in bulk hetero-junction polymeric cells, we first give 
a brief description of the principles of such solar cells. Afterwards, the electron-
conducting properties of the new polymers are describe concisely to determine whether 
or not these polymer can be applied in polymer-polymer solar cells.  

6.3.3.1. Brief description of a polymeric solar cell device and the basic properties of 
its components 
Solar cell principles 
A solar cell is based on electron transfer from a donor material to an acceptor material, 
which is initiated by absorption of light. This electron transfer can happen when a 
photon gets absorbed by a photoactive polymer, which leads to the excitation of an 
electron from the HOMO to the LUMO. The electron will subsequently be donated to 
the LUMO of the accepting material only when the LUMO of the accepting material is 
lower in energy than the LUMO of the donating material. This is the driving force of the 
charge transfer.34 The band-gap (= HOMO-LUMO) of the material (see Figure 9) 
represents the lowest energy required to excite an electron.  
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Figure 9. HOMO-LUMO of donor and accepter, with Eg = band-gap, E = difference LUMOdonor-
LUMOacceptor>0. 

Photons with energies equal or higher than this band-gap will be absorbed. Materials 
with smaller band-gaps will absorb more photons, which can lead to more efficient 
charge generation and a lower power output.35,36,37 Furthermore, when E is small the 
efficiency of charge transfer will be high.38 This electron-excitation process will form an 
electron-hole pair, called an exciton. By charge separation of these excitons, the hole 
will travel through the donor material and the electrons through the acceptor material to 
reach the electrodes, which leads to current generation. It is important to note that the 
productive distance for electron-hole separation is limited, 5-20 nm.39,40,41 A smaller 
distance will lead to recombination of the charges without producing current.40,42,43 To 
obtain materials with these distances blends of acceptor and donor materials are made, 
so called bulk heterojunctions. In these materials the donor-acceptor interface can be 
easily reached by the excitons44,45 and therefore the focus is on this type of systems. 
Furthermore, the polymer blend should dissolve easily, to be able to form thin films for 
different processing techniques and analysis.46 

 
Figure 10. Examples of device architectures of organic solar cells, left: “disordered” bulk 
heterojunction, right: ideal bulk heterojunction. 
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An efficient bulk-heterojunction depends on the availability of a liquid crystalline phase. 
The polymer folds into the thermodynamically most stable conformation during 
annealing, which in a liquid-crystalline phase is expected to lead to an arrangement that 
facilitates charge transfer and transport.12,13,47 The selection of the donor and acceptor 
materials is based on different properties and will be discussed in the next section. 

Donor material in heterojunctions 
To facilitate light absorption, the donor material should contain conjugated motifs based 
on sp2-hybridized carbon atom systems (see Figure 11). This delocalization of electrons 
occurs due to  - * transitions between the bonding and anti-bonding pz-orbitals. 
Furthermore, to absorb more photons, the band-gap in the donor material should be 
small. Charge transport in these donor materials occurs by carriers, which can be intra-
molecular (moving along the polymer chain) or inter-molecular (moving between two 
different chains). High regioregularity, the ability to form -  stacking between the 
different polymer chains and a high molecular weight will improve the charge transport 
and absorption.  

 
Figure 11. Electron delocalization in conjugated polymers. 

Acceptor material in heterojunctions 
The acceptor material should accept the excited electron of the donor material and it 
should therefore have a lower lying LUMO compared to the LUMO of the donating 
material (see Figure 9). The acceptor material should also have fast charge transfer 
properties to transport the electron to the electrode.48 This can occur in the same way as 
in the donor material via a conjugated system. 

Solar cell example 
One of the most efficient polymer-based solar cells is currently a mixture of poly-(3-
hexyl thiophene) (P3HT) (see Figure 12A) as donor material and 1-(3-
methoxycarbonly)propyl-1-phenyl[6,6]C61) (PCBM) (see Figure 12B) as acceptor 
material. This blend has a liquid crystalline phase, which leads indeed to folding the 
polymers into the thermodynamically most stable conformation during 
annealing.49,50,51,52 However, this photoactive material has a limited power conversion 
efficiency of 6%.13,11,53,54,55  
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A)           B)  
Figure 12. Molecular structure of A) regioregular head-to-tail P3HT and B) PCBM. 

The P3HT material used is based on thiophene rings that can readily delocalize electron 
density as well as participate in -  stacking. The hexyl-side groups on the thiophene 
have two purposes, to increase the solubility of the polymers, since polythiophenes 
typically have poor solubility,56 and to form lamellar-stacking motifs.57 Due to the two 
types of stacking in this molecule a higher structural order can be formed. These 
structures improves the efficient hole mobility, a key property to optimize for donor 
materials.58,59 In the P3HT-PCBM system, the acceptor (PCBM), is a C60-based 
molecule, a its highly conjugated system, which can easily accept electrons and has fast 
charge transfer, furthermore it has a good solubility, making it a suitable acceptor 
material.48,60 There are only a few electron-accepting polymers known, poly[2,5-
bis(hexyloxy)-1,4-phenylene-(1-cyanovinylene)] (CNPPV)61,62 and poly(9,9-
dioctylfluorene-co-benzothiadiazole) (F8BT)63,64 are two of the rare examples, 
nevertheless the results of power conversion efficiencies are lower compared to the 
P3HT-PCBM material. This low conversion is due to the less effective charge transfer 
in these polymer mixtures. In these mixtures perfect charge transfer only takes place at 
the interface, therefore the morphology is important. In the next section we compare 
some of the basic requirements of electron-accepting polymers used in polymeric solar 
cells with the corresponding properties of the new (co)polymers described above. For 
this we will make a direct comparison with the known P3HT-PCBM system. 

6.3.3.2. Determination of the acceptor properties of the new (co)polymers 

The properties of the polymers obtained by Rh-mediated carbene polymerization are 
potentially interesting for applications in polymeric solar cells; high molecular weight, 
high stereoregularity, good air-stability and the ability to form nanostructures by -  
stacking. A drawback of the homo-polymers is their rather low solubility, while a 
potential drawback of the copolymers is the fact that they do not reveal a clear liquid 
crystalline behavior. Nonetheless, we investigated the prospects of these new 
(co)polymers, containing accepting benzylic substituents, for potential application in 
polymer-polymer solar cells. For this reason we studied the electron-accepting 
properties of these new materials by means of cyclic voltammetry and UV-vis, EPR and 
fluorescence spectroscopy. Due to the low solubility, the homopolymers could only be 
analyzed by UV-vis spectrometry. We also investigated their chemical reduction. These 
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data are compared to the known P3HT-PCBM combination in existing polymeric solar 
cells. We first investigated the band-gap and the LUMO of the new acceptor polymers. 
This was measured by two different methods: UV-vis spectroscopy and cyclic 
voltammetry.     

UV-vis spectroscopy  
By calculating the band-gap (Eg

Opt = HOMO-LUMO, see Figure 8), an indication is 
given about the minimum energy needed to excite an electron and it can be calculated 
by the formula Eg

Opt = hc/ onset. In solar cells, photons with at least this energy or higher, 
will be absorbed by molecules containing -electrons to excite an electron. Hence, more 
photons will be absorbed for materials with smaller band-gaps.65 In Table 7 the , 
measured with UV-vis absorption spectroscopy are given, and the corresponding Eg

Opt  

values estimated from these measurements are reported as well. 

Table 7. Optical measurement with UV-VIS and calculation of the band-gap with Eg
Opt = hc/ onset  

(h = 4.14 x 10-15 eV.s, c = 3.00 x 108).

Entry Polymer max (nm) onset (nm) Eg
Opt (eV) 

1 P3HT38   2.1 
2 PCBM38   2.3 
3 PCNBnA 242 334 3.7 
4 PF5BnA 263 292 4.3 
5 PF3BnA 269 287 4.3 
6 P(CNBnA-co-BnA) 243 330 3.8 
7 P(F5BnA-co-BnA) 263 286 4.3 
8 P(F3BnA-co-BnA) 268 283 4.4 
9 PBnA 258 279 4.4 

 
Unfortunately, the new (co)polymers have larger estimated band-gaps than P3HT and 
PCBM. This already makes them less suitable for application in polymeric solar cells. 
The homopolymers show a smaller band-gap compared to the copolymers, probably due 
to the fact that more electron-withdrawing groups are present. PCNBnA and P(CNBnA-
co-BnA) have the lowest band-gap, this can be explained by an extra absorption band at 
a red shifted wavelength.  
 
CV
Besides UV-vis, the band-gap can also be estimated electrochemically, using cyclic 
voltammetry (CV). The oxidation process and the reduction process can be measured by 
CV. The material is dissolved in a solvent containing a salt as supporting electrolyte and 
the potential is measured of the working electrode. The current is recorded and the onset 
of the oxidation wave and onset of the reduction wave is estimated (CV spectra at the 
end of this Chapter). These numbers are closely related to EHOMO and ELUMO.66,67,68 
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EHOMO  = - (Eox
onset – Efc) – 4.8 eV* 

ELUMO  = - (Ered
onset – Efc) – 4.8 eV* 

Eg
CV

  = ELUMO - EHOMO 
 
The ELUMO of the acceptor material can be compared to the ELUMO of the donor material. 
When ELUMO-donor>ELUMO-acceptor charge transfer can take place and the transfer is more 
efficient when the band-gap is small. 
A thin film of the copolymers was applied to the working electrode using drop-casting, 
thus allowing measurements on ‘solid’ polymer samples. This makes it less comparable 
with the UV-vis measurements, which measures the energies in solution. The band-gap 
values measured by CV (Table 8) are depicted in Figure 13. The energies are compared 
to the energies of the P3HT-PCBM system to estimate the value of the energies of the 
copolymers.   

Table 8. Electrochemical measurements and HOMO, LUMO and band-gap calculation (at onset 
potential). 

Polymer Eox (V) a Ered (V) a EHOMO (eV) ELUMO (eV) Eg
CV (eV) 

P(CNBnA-co-BnA) 3.35 -0.12 -7.77 -4.30 3.5 
P(F5BnA-co-BnA) 3.57 -0.27 -8.00 -4.16 3.8 
P(F3BnA-co-BnA) 3.34 -0.04 -7,72 -4.34 3.4 

P3HT38   -4.8 -2.7 2.1 
PCBM38   -6.1 -3.8 2.3 

a The potential values in this table are versus Ag/Ag+ reference electrode. 

-2.70

-3.80

-4.30 -4.16 -4.34

-4.80

-6.10

-7.77
-8.00

-7.72

Entry PCMB 1 2 3P3HT

eV

e-

 

Figure 13. Schematic diagram of the HOMO and LUMO levels of the copolymers compared to 
P3HT and PCBM, 1: P(CNBnA-co-BnA), 2: P(F5BnA-co-BnA), 3: P(F3BnA-co-BnA). 

                                                           
*Efc = is the half potential of the ferrocene standard and -4.8 eV is the ferrocene value, with respect to the 
vacuum level, which is defined as being zero. 
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The CV data clearly indicate that electron-transfer to the copolymer is possible when 
P3HT is used as donor material. However, comparing the LUMO of the copolymers 
with the LUMO of the PCBM, the energies are relatively low. These lower energy 
levels lead to less efficient charge transfer and is therefore less suitable for solar cells.   
Noticeable, P(F3BnA-co-BnA) appears to be a better electron-acceptor than P(F5BnA-
co-BnA) while the opposite would be expected. Perhaps, the chains in P(F3BnA-co-
BnA) are more closely packed due to less steric hindrance, and therefore electron-
transfer to this polymer is easier. Another possibility is a difference in configuration of  
P(CNBnA-co-BnA) and P(F3BnA-co-BnA) compared to P(F5BnA-co-BnA). This last 
polymer may have an alternating configuration of the F5Bn and Bn monomer-units 
(which may be more difficult to reduce), while P(CNBnA-co-BnA) and P(F3BnA-co-
BnA) are likely random (perhaps easier to reduce). This would be in agreement with the 
DSC data, and perhaps explains the quite unexpected electrochemical behaviour of these 
copolymers. 
 
Chemical reduction 
The acceptor properties of the copolymers were further investigated by chemical 
reduction of the material and electron paramagnetic resonance (EPR) spectroscopy. EPR 
spectroscopy is commonly used to study the charge delocalization in (aromatic) 
molecules in solution. One-electron reduction is expected to generate an unpaired 
electron delocalized over the polymer chain, which can be detected by EPR. Hence, to 
see if the copolymers are capable of accepting electrons, P(CNBnA-co-BnA) and 
P(F5BnA-co-BnA) were mixed with cobaltocene, a relatively strong reducing agent, and 
the EPR spectra of these mixtures were measured. The EPR spectra (Figure 14) indeed 
show spectra with g-values close to 2.00, consistent with electron-transfer to the 
polymers.  
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Figure 14. EPR spectra of P(CNBnA-co-BnA) and P(F5BnA-co-BnA). 
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Emission quenching 
A way to measure the potential of light-induced electron-transfer from the donor 
material to the acceptor material is by measuring the quenching of the emission of P3HT 
with the acceptor polymer. PCBM can completely quench the emission of P3HT, as 
well as PPV (poly(p-phenylene vinylene)).69,70 If the newly synthesized copolymers are 
good acceptors, then the emission of P3HT and PPV should be quenched by our 
copolymers as well. Unfortunately, when P3HT or PPV were mixed with copolymers in 
a 1:1 M solution the same emission spectra were observed as in absence of the 
copolymers, thus indicating that emission quenching does not occur. Therefore, no 
electron transfer occurs either within the life-time of the exited states of P3HT and PPV. 
Hence, while the above measurements indicate that the copolymers are acceptor 
polymers, their band-gap is larger than that of PCBM and electron-transfer from the 
donor material to these polymers is too slow to allow light-induced electron transfer 
required for use in polymeric solar cells. Despite our expectations and initial indications 
of their acceptor behaviour, these polymers are not suitable for application in polymeric 
solar cells.    
 
6.3.3. Conclusions about potential application of polycarbenes in polymeric solar 
cells 
Six new types of electron-accepting polymers are synthesised via the Rh-mediated 
carbene polymerization with the goal to use them in polymer-polymer solar cells as the 
electron-accepting part. Benzyl groups substituted with electron-withdrawing F3, F5 and 
CN, were used as electron acceptor in homopolymers and (most likely random) 
copolymers with BnA and between these (substituted) benzyl rings, -  stacking was 
observed in NMR experiments. These polymers are indeed capable of accepting 
electrons, as was shown with cyclic voltammetry, chemical reduction and EPR detection 
of the reduced form of the polymers. The level of the LUMO’s of these polymers 
(obtained using UV-vis spectroscopy) show that all copolymers can in principle accept 
electrons from P3HT as a donor material. However, band-gaps of the new copolymers 
are rather large, which already make them less suitable for application in polymeric 
solar cells compared to PCBM in known polymeric solar cells. While this problem can 
be in principle solved by using different substituents on the benzyl groups, we also 
encountered another, more serious problem of using these systems as acceptor materials 
in polymeric solar cells: Emission quenching of P3HT and PPV by the copolymers is 
not observed at all. Hence, electron-transfer from the donor material to these polymers 
is too slow to allow light-induced electron transfer, thus making the current materials 
unsuitable for application in polymeric solar cells. These characteristics may well (in 
part) be caused by a lack of order of these (most likely random) copolymers. The homo-
polymers are expected to have a higher order parameter of the conducting side-groups. 
However, unfortunately this also leads to a higher crystallinity with thus associated poor 

199220-bw-Walters.indd   153 14-11-13   11:00



Chapter 6 

 154

solubility. This also makes the current homo-polymers unsuitable for application in this 
area, because this severely complicates the study and processing of these polymers. 
Nonetheless poly-carbenes with different substituents may still have interesting 
potential for future applications in this research area. Screening of more differently 
substituted monomers will be necessary to obtain such polymers having the optimal 
properties. 

6.4 Overall conclusions 

Amphiphilic block copolymers can be generated using Rh-mediated carbene 
polymerization in the presence of  hydrophylic PEG as a chain-transfer agent in 
production of hydrophobic PEA. These new “polymeric soaps” are potentially of 
interest for application in micro-emulsion/micelle reactors in (catalytic) dual-phase  
reactions, as controlled-release drug carriers, as compatibilizers in blends of polymers 
containing different side-group substituents, or as emulgators for mixtures of water and 
less polar solvents. A complication of this method is purification of the synthesized 
amphiphilic polymers.  
Application of poly-carbenes as acceptor materials in polymer-polymer solar cells using 
benzylic diazo compounds with different cyano- and fluoro-substituents proved not 
possible. However, screening of other, differently substituted monomers may eventually 
lead to (co)polymers with the optimal properties for such applications. Hence, more 
effort is required to advance this potential application area. 
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Spectra 

 
Figure 15. 1H NMR spectrum (300 MHz) of syndiotactic PEA-PEG. Inset shows 
unfunctionalized atactic PEA.  

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. MALDI-ToF spectrum of copolymerization of PEA-mPEG550, with an enlarged area 
of  MS 3400-3800 Da.  
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Table 9. Of peaks of PEA-mPEG550 CH3(OC2H4)nO(CH(COOEt))mH + Na. 
 

Peak  
(Da) Rep. units PEA (m)  Rep. Units PEG (n) 

 3423.6 33 12 
3425.6 32 14 
3427.6 31 16 
3465.6 34 11 
3467.6 33 13 
3469.0 32 15 
3471.6 31 17 
3511.1 33 14 
3515.6 31 18 
3555.6 33 15 
3557.6 32 17 
3595.6 35 12 
3597.6 34 14 
3599.6 33 16 

 
Table 10. 1H NMR chemical shifts of the polymers and copolymers at elevated temperatures.  
Entry Polymer CH (ppm) CH2 (ppm) Bn (ppm) 

1 PF5BnA a 3,78 5,53 - 
2 PF3BnA b 3,77 5,16 6,78 and 7,34 
3 PCNBnA a 3,54 5,11 7,26-7,40 
4 P(F5BnA-co-BnA) a 3,73 5,05 7,21-7,35 
5 P(F3BnA-co-BnA) b 3,84 5,05 6,67 and 7,16-7,32 
6 P(CNBnA-co-BnA) a 3,88 5,00 7,17 
7 PBnA a 3,94 4,97 7,09 
8 PBnA b 3,96 4,97 7,09 

Measured in C6D4Cl2 a at 100 oC and bat 80 oC.  
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Figure 17. Cyclic voltammograms in acetonitrile with Bu4NPF6 as the electrolyte, solid lines are 
the measurements without ferrocene and the dashed lines are with ferrocene A) P(CNBnA-co-
BnA), B) P(F5BnA-co-BnA), C) P(F3BnA-co-BnA).71 
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6.6 Experimental section 
General remarks 
The reactions to obtain the monomers and the intermediates where preformed in a normal 
atmosphere. The polymerization reactions are performed in a flame dried schlenk under nitrogen. 
Dichloromethane distilled from calcium hydride en diethyl ether distilled from sodium 
benzophenone ketyl. Chloroform (stabilized by ethanol; 0.5-1.5%w/v) was purchased from 
Biosolve and used as such.The synthesis of [{RhI(cod)( -Cl)}]2 and [(L-pro)Rh(cod)] has been 
reported previously.72 BnDA was synthesized from glycine benzyl ester hydrochloride according 
to literature procedures.73,74 The starting materials where purchased from commercial suppliers 
and used without further purification. The different NMR experiments where preformed on a 
Bruker DRX 400 spectrometer (400 and 100 MHz for 1H and 13C NMR, respectively) and the 
experiments at high temperature where preformed on the Bruker DRX 300 spectrometer (300 and 
75 MHz for 1H and 13C NMR, respectively)  and when mentioned on the Varian Inova 500 
spectometer (500 and 100 MHz for 1H and 13C NMR, respectively). Solvent shift reference for 
1H-NMR spectroscopy: CDCl3, H 7.26 ppm; 13C-NMR reference: CDCl3, C 77.36 ppm. 
Abbreviations used are: s = singlet, d = doublet, dd = doublet of doublets, m = multiplet, cod = 
1,5-cyclooctadiene, pro = proline, PEG = polyethylene glycol. Molecular weight distributions 
were measured using size-exclusion chromatography on a Shimadzu LC-20AD system with two 
PLgel 5 m MIXED-C (300 nm x 7,5 mm) columns (Polymer Laboratories) in series and a 
Shimadzu RID-10A refractive-index detector, using dichloromethane as mobile phase at 1 ml/min 
at 35 oC and for PEA-PEG using THF as mobile phase at 1 ml/min. Polystyrene standards in the 
range of 760-1 880 000 g/mol (Aldrich) were used for calibration. TGA experiments were 
obtained with a Perkin-Elmer TGA7 with a heating rate of 10 oC/min under a nitrogen 
atmosphere. DSC was performed using a DSC Q1000 in the modulated mode. The heating rate 
was 10 oC/min. Tm and Tc was determined from the heat flow curves, while the Tg were derived 
from the reversing heat flow curves. Cyclic voltammograms where obtained with a autolab pgstad 
10 under a nitrogen flow using a silver electrode as working electrode and platinum for the 
reference and control electrode. The UV-vis spectra where obtained scanning between 180-1100 
nm in a 1cm glass curvet. FTIR spectr (dilute solution in CHCl3) were recorded in the 
transmitance range of 4000-800 cm-1 on a Perkin-Elmer instrument using 0.1 mL glass cells. 
MALDI-ToF mass spectra of oligomeric products were obtained in reflection mode on a 
Shimadzu Biotech Axima instrument using a matrix of DCTB in acetonitrile with addition of Na+. 
Samples were dissolved in acetonitrile at a concentration of 5 mg.mL-1. Solutions of DCTB (20 
mg.L-1) and NaTFA (10 mg.L-1) were prepared. Matrix, sample and salt additive were mixed in a 
ratio of 2:2:1. 
 
General procedure: Synthesis of (PEA-PEG) block copolymers. 
To a dichloromethane (25 mL) solution of (m)PEG (12.5 g) and the catalyst [Rh(cod)(μ-Cl)]2 (50 
mg; 0.2 mmol Rh) was added EDA (1.23 g; 10 mmol) at room temperature. The mixture was 
stirred for 16 h. Volatiles were removed in vacuo and polymeric products were precipitated by 
addition of methanol (50 mL). Suspensions were centrifuged at 2250 rpm for a duration of 4 
minutes. The pellets were washed with methanol and stirred for 16 h in 1:1 methanol/water. After 
centrifugation (2250 rpm, 4 min) and removal of the methanol/water supernatant, the white pellets 
were washed again with 100% methanol and dried in vacuo. Combined supernatants were 
concentrated in vacuo and purified by preparative size exclusion chromatography (SEC) and 

199220-bw-Walters.indd   158 14-11-13   11:00



Potential applications of poly-carbenes 

 159 

pseudo-reversed phase flash chromatography. Purified supernatants were further characterized as 
detailed below. 
 
Sephadex G25 Preparative Size Exclusion Chromatography. Sephadex G25 preparative SEC 
was carried out using a preparative SEC column (length: 53.6 cm; internal diameter: 3.37 cm; 
total volume: 478 cm3) packed with Sephadex G25 (crosslinked dextran). Chromatography was 
monitored using a BioRad Econo UV detector measuring at a wavelength of 254 nm and a 
sensitivity of 0.5 AUFS (Absorption Units Full Scale). An acetonitrile eluent was used. Flow was 
effectuated using 0.3 bar of air-pressure. Sephadex G25 beads (100 g) were allowed to swell in 
excess acetonitrile overnight. After swelling, the bead slurry was poured into the column and 
allowed to settle under 1.3 bar air-pressure. After settling, flow was stopped and a solution (1-4 
mL) of crude oligomeric PEA-PEG in a minimal amount of eluent was slowly added to the gel 
bed.† The column outlet was connected via silicone tubing to the UV detector and eluents were 
passed through the cell before collection. Fractions were collected manually. 
 
BioBeads SX-1 Preparative Size Exclusion Chromatography. For BioBeads SX-1 preparative 
SEC, a preparative SEC column (length: 84 cm; internal diameter: 2.8 cm; total volume: 540 cm3) 
packed with BioBeads SX-1 (crosslinked polystyrene-1%-divinylbenzene) was used. The 
detection system applied to monitoring SEC was identical to that described above for Sephadex 
G25. THF was used as eluent. A standard flow of 1.20 ml.min-1 was used during elution, 
effectuated by a fitted BioRad Econo flow adaptor unit coupled to a BioRad Econo pump.  
 
A slurry was made of BioBeads SX-1 beads (100 g) in excess THF and was poured into the 
column. The beads were allowed to swell overnight. After connection of the pump and flow 
adaptor, the column was flushed with THF at a flow of 1.20 mL.min-1 for 1 h. After flushing, flow 
was stopped and the column was charged with a solution (1-2 mL) of crude PEA-PEG in a 
minimal amount of THF. Elution was continued at the standard flow. Fractions were passed 
through the UV detector system and collected manually. 
 
Dialysis (PEG Mw>600). Cellulose acetate membrane tubes (Float-a-Lyzer, Spectrum Labs; dry 
packaged, treated with glycerol; volume: 10 mL; pore size: 3.5-5 kDa). Crude copolymer (500 
mg) was shaken in 15% aqueous ethanol (7 mL) until homogeneity. The emulsion was brought 
into the membrane and placed in water (1L) and stirred for several days. The dialysate was 
changed after two days. A sample (30 mL) of dialysate was evaporated and analyzed by 1H NMR 
for presence of free PEG. The system was stirred further at RT over two weeks. Free PEG was 
still present, verified by 1H NMR analysis. 
 
Dialysis (PEG Mw<600) Benzoylated cellulose membrane (Sigma Aldrich; wet packaged, treated 
with glycerol; flat width: 32 mm; pore size: 0.5-2 kDa). Sample preparation and dialysis were 
carried out as described for PEG Mw > 600. 
 

                                                           
† In cases where more than 4 mL of eluent was needed to dissolve the oligomers (particularly 
with larger PEA-PEGs) the oligomer fraction was passed over the column in several batches. 
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Synthesis of PEA-PEG200. PEA-PEG200 was synthesized in accordance with the general 
procedure. Purification was attempted using BioBeads SX-1 SEC followed by flash 
chromatography on 40-63 μm neutral silica in CH3CN eluent (column length: 7 cm; internal 
diameter: 2 cm; total volume: 22 cm3). A second purification attempt was done by using Sephadex 
G25 SEC instead of BioBeads SX-1 SEC. No purification was achieved. 1H-NMR (CDCl3, 300 
MHz, 25 C):  4.09 (2 H, m, CH2CH3, PEA), 3.63 (0.16 H, m, CH2O, PEG), 3.17 (0.74 H, m, 
CH, PEA), 1.22 (3 H, m, CH2CH3, PEA) ppm. FTIR (CHCl3, dilute solution) (cm-1): 1100-1200 
(C-O PEG, PEA); 1740 (C=O, PEA), 3000 (C-H PEG, PEA). GPC (THF) MALDI-ToF-MS: See 
main text. 

Synthesis of PEA-mPEG550. PEA-mPEG550 was synthesized following the general procedure. 
Purification of this copolymer was attempted using the same methods as described for PEA-
PEG200. No purification was achieved. 1H-NMR (CDCl3, 300 MHz, 25 C):  4.07 (2H, m, 
CH2CH3, PEA), 3.64 (0.05 H, m, CH2O, PEG), 3.16 (0.64 H, m, CH, PEA), 1.21 (3H, m, 
CH2CH3, PEA) ppm. FTIR (CHCl3, dilute solution) (cm-1): 1100 (C-O, mPEG), 1200 (C-O, PEA); 
1740 (C=O, PEA), 2250; 3000 (C-H mPEG, PEA). GPC (THF): See Table 3.5 MALDI-ToF-MS: 
See at the end of this Chapter. 
 
Synthesis of PEA-PEG600. Synthesis of PEA-PEG600 was carried out as described in the 
general procedure. Purification of the copolymer was carried out using Sephadex G25 SEC. In 
addition, BioBeads SX-1 SEC and flash chromatography over 40-63 μm neutral silica in CH3CN 
(column length: 7 cm; internal diameter: 2 cm; total volume: 22 cm3) have been attempted. No 
purification was achieved.1H NMR (CDCl3, 300 MHz, 25 C):  4.09 (2 H, m, CH2CH3, PEA), 
3.64 (0.77 H, m, CH2O, PEG), 3.17 (0.35 H, m, CH, PEA), 1.24 (3 H, m, CH2CH3, PEA) ppm. 
FTIR (CHCl3, dilute solution) (cm-1): ca. 1100 (C-O, PEG); 1250-1200 (C-O, PEA); 1740 (C=O, 
PEA); ca. 3040-3000 (C-H PEG, PEA).  
 
Synthesis of PEA-PEG1500. PEA-PEG1500 was synthesized following the general procedure. 
Attempts at purification of this copolymer were made using BioBeads SX-1 SEC and Sephadex 
G25 SEC. Additional methods investigated were flash chromatography on 40-63 μm neutral silica 
in CH3CN (column length: 7 cm; internal diameter: 2 cm; total volume: 22 cm3); flash 
chromatography on 40-63 μm neutral silica in CH3CN followed by CHCl3 on 60-200 μm silica 
and flash chromatography on 60-200 μm neutral silica using a CH3CN/H2O gradient from 0 to 
15% water content. Elution was started with 100% CH3CN and water content was slowly 
increased in 5% increments until all fractions had eluted. No purification was achieved. 1H NMR 
(CDCl3, 300 MHz, 25 C):  4.15 (2 H, m, CH2CH3, PEA), 3.64 (10.85 H, m, CH2O, PEG), 3.18 
(0.38 H, m, CH, PEA), 1.24 (3 H, m, CH2CH3, PEA) ppm. FTIR (CHCl3, dilute solution) (cm-1): 
ca. 1100 (C-O, PEG); ca. 1240 (C-O, PEA); 1740 (C=O, PEA); ca. 3000-2800 (C-H PEG, PEA); 
ca. 3400 (O-H, PEG). GPC (THF): MALDI-ToF-MS: See main text. 
 
Synthesis of PEA-PEG3400. The general synthetic procedure was used in the synthesis of PEA-
PEG3400. Purification was attempted using two extractions (THF and DMF) followed by 
BioBeads SX-1 SEC and flash chromatography on 40-63 μm neutral silica in CH3CN (column 
length: 21 cm; internal diameter: 1.75 cm; total volume: 50.5 cm3). Other methods attempted 
include extractions with acetone and diethyl ether and flash chromatography over 60-200 μm 
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neutral silica in CH3CN. No purification was achieved. 1H NMR (CDCl3, 300 MHz, 25 C):  
4.13 (2 H, m, CH2CH3, PEA), 3.65 (0.60 H, m, CH2O, PEG), 3.18 (0.29 H, m, CH, PEA), 1.24 (3 
H, m, CH2CH3, PEA) ppm. FTIR (CHCl3, dilute solution) (cm-1): 1150-1100 (C-O, PEG), ca. 
1200 (C-O, PEA), 1740 (C=O, PEA), 2900-2800 (C-H, PEG), ca. 3000 (C-H, PEA), 3500-300 
(O-H, PEG).  
 
Synthesis of PEA-mPEG5000. PEA-mPEG5000 was synthesized in accordance with the general 
synthesis procedure. Purification methods investigated include BioBeads SX-1 SEC, extractions 
with THF, DMF, acetone and diethyl ether and flash chromatography over 40-63 μm and 60-200 
μm neutral silica using CH3CN/H2O gradients ranging from 0 to 25% H2O on various column 
lengths between 5 and 21 cm. No purification was achieved. 1H NMR (CDCl3, 300 MHz, 25 C): 
 4.08 (2 H, m, CH2CH3, PEA), 3.65 (0.78 H, m, CH2O, PEG), 3.16 (0.70 H, m, CH, PEA), 1.25 

(3 H, m, CH2CH3, PEA) ppm. FTIR (CHCl3, dilute solution) (cm-1): ca. 1100 (C-O, PEG), ca. 
1200 (C-O, PEA), 1750 (C=O, PEA), 2250; 3050-3000 (C-H PEG, PEA), ca. 3100.  
 
Preparation of polymers A, B and C. The polymers were obtained in 4 steps, first the 
corresponding benzylalchol was synthesized (step 1), followed by the synthesis of the 
benzylglycine hydrochloride (step 2) and  then the preparation of the diazo acetate (step 3). Step 
4: polymerization with [(L-pro)Rh(cod)] (I) as catalyst.  
 
p-cyanobenzylalcohol A-1. To a solution of cyanobenzyaldehyde (20 mmol) in 50 ml of ethanol 
was added NaBH4 (20 mmol) and (NH4)2CO3 (20 mmol), the mixture was stirred at room 
temperature. After 30 minutes the reaction mixture was filtrated over a flash column of celite and 
the filtrate was concentrated under reduced pressure to obtain the pure product. Yield 85%. 1H 
NMR (CDCl3) 7,60-7,43 (dd, 4H, aromatic), 4,72 (s, 2H, CH2), 3,26 (br s, 1H, OH) ppm. 
 
p-cyanobenzylglycine hydrochloride A-2. Boc-glycine (19 mmol) was added slowly to a 
solution of p-cyanobenzylalcohol 1B (17 mmol), DIC (17 mmol) and DMAP (1,7 mmol) in 20 ml 
DCM at 0 oC. The mixture was stirred for 16 hours at room temperature. The precipitate was 
filtered off. The organic phase was washed with saturated NaHCO3 solution (2 X 20 ml) and brine 
(2 X 20 ml). The organic phase was dried with anhydrous MgSO4 and concentrated under reduced 
pressure. Without further purification the product was dissolved in 20 ml 1,4-dioxane and 10 ml 
of 4 M HCl in dioxane was added at 0 oC. The mixture was stirred at room temperature. After 16 
hours the mixture was concentrated under reduced pressure. The residue was then washed with 
Et2O. Yield 97%. 1H NMR (CD3OD):  7,79-7,61 (dd, 4H, aromatic), 5,39 (s, 2H, CH2), 3,97 (s, 
2H, CH2) ppm. 
 
Pentafluorobenzylglycine hydrochloride B-2. Pentafluorobenzylglycine hydrochloride was 
obtained with the same procedure as used for p-cyanobenzylglycine hydrochloride using 
pentafluorobenzylalcohol B-1. Yield 52%. 1H NMR (CD3OD):  5,45 ppm (s, 2H, CH2), 3,91 
ppm (s, 2H, CH2). 
 
2,4,5-Trifluorobenzylglycine hydrochloride C-2. 2,4,5-Trifluorobenzylglycine hydrochloride 
was obtained with the same procedure as used for p-cyanobenzylglycine hydrochloride using 
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2,4,5-trifluorobenzylalcohol C-1. Yield 56%. 1H NMR (CD3OD):  7,53-7,47 (m, 1H, aromatic), 
7,31-7,24 (m, 1H, aromatic), 5,33 (s, 2H, CH2), 3,92 (s, 2H, CH2). 
 
p-Cyanobenzyldiazoacetate (p-CNBnDA) A-3. 20 ml of DCM was added to a solution of p-
cyanobenzylglycine hydrochloride A-2 (16 mmol) in 15 ml H2O, to the mixture was added drop 
wise NaNO2 (16 mmol) in 2 ml H2O at 0 oC and after that 0,1 ml H2SO4 in 0.9 ml H2O was added 
drop wise at 0oC. After stirring the mixture for 2 hours at room temperature the water and organic 
phase were separated the water phase was extracted with DCM (2 X 20 ml). The combined 
organic phases were washed with saturated NaHCO3 solution (4 X 20 ml). The organic phase was 
dried with anhydrous MgSO4 and concentrated under reduced pressure. The product was purified 
by column chromatography using silica gel and petroliumether/ethyl acetate 1:1 as eluent to give 
the diazo in 59% yield. 1H NMR (CDCl3):  7,66-7,44 (dd, 4H, aromatic), 5,24 (s, 2H, CH2), 4,86 
(s, 1H, CH) ppm. 
 
Pentafluorobenzyldiazoacetate (F5BnDA) B-3. F5BnDA was obtained with the same procedure 
as used for p-CNBnDA using pentafluorobenzylglycine hydrochloride B-2. Stirred for 4 hours at 
room temperature and purified by column chromatography using silica geld and hexane/ethyl 
acetate 3:1 as eluent to give the diazo in 81% yield. 1H NMR (CDCl3):  5,30 (s, 2H, CH2), 4,81 
(s, 1H, CH) ppm. 
 
2,4,5-Trifluorobenzyldiazoacetate (F3BnDA) C-3. F3BnDA was obtained with the same 
procedure as used for p-CNBnDA using 2,4,5-trifluorobenzylglycine hydrochloride C-2. Stirred 
for 1,5 hour at room temperature and purified by column chromatography using silica geld and 
hexane/ethyl acetate 3:1 as eluent to give the diazo in 56% yield. 1H NMR (CDCl3):  7,27-7,21 
(m, 1H, aromatic), 6,98-6,92 (m, 1H, aromatic), 5,19 (s, 2H, CH2), 4,84 (s, 1H, CH) ppm.  
 
Poly(p-cyanobenzyl 2-ylideneacetate) (PCNBnA). p-CNBnDA B-3 (2 mmol) was added to a 
yellow solution of catalyst (I) (0,04 mmol) in 5 ml chloroform. The mixture was stirred for 16 
hours at 40 oC. Subsequently the solvent was removed under reduced pressure and methanol was 
added to the residue. The precipitate was centrifuged and washed with methanol until the 
washings were colourless. The resulting white powder was dried under reduced pressure. 1H 
NMR (C6D4Cl2,150 C):  7,40-7,26 (bs d, H4, aromatic), 5,11 (bs s, 2H, CH2), 3,62 (bs s, 1H, 
CH) ppm. No 13C NMR spectrum obtained. 
 
Poly(pentafluorobenzyl 2-ylideneacetate) (PF5BnA). PF5BnA was obtained with the same 
procedure as used for PCNBnA using F5BnDA B-3. The mixture was stirred at room temperature. 
1H NMR (C6D4Cl2, 100oC):  5,53 (bs s, 2H, CH2), 3,78 (bs s, 1H, CH). 13C NMR (C6D4Cl2) (in a 
1 cm Ø NMR tube at 500 Hz), 169,86 (C=O), 146,71 – 136,48 (Cq aromatic), 108,74 (Cq 
aromatic), 53,36 ppm (CH2), 44,29 (CH) ppm. 
 
Poly(2,4,5-trifluorobenzyl 2-ylideneacetate) (PF3BnA). PF3BnA was obtained with the same 
procedure as used for PCNBnA using F3BnDA C-3. The mixture was stirred at room temperature. 
1H NMR (C6D4Cl2, 80 C):  7,34 (bs s, 1H, aromatic), 6,78 (bs s, 1H, aromatic), 5,16 (bs s, 2H, 
CH2), 3,77 (bs s, 1H, CH). 13C NMR (C6D4Cl2, in a 1 cm Ø NMR tube at 500 Hz):  170,76 
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(C=O), 157,01 – 145,87 (C-F aromatic), 118,98 (Cq aromatic), 117 (C-H aromatic), 105,55 (C-H 
aromatic), 59,94 (CH2) and 45,22 (CH) ppm. 
 
Poly(p-cyanobenzyl 2-ylideneacetate-co-benzyl 2-ylideneacetate) (P(CNBnA-co-BnA)). A 
mixture of p-CNBnDA A-3 (2 mmol) and BnDA (2 mmol) was stirred for 15 min and added to a 
yellow solution of catalyst (I) (0,04 mmol) in 5 ml chloroform. The reaction mixture was stirred 
for 16 hours at room temperature. Subsequently the solvent was removed under reduced pressure 
and methanol was added to the residue. The precipitate was centrifuged and washed with 
methanol until the washings were colourless. The resulting white powder was dried under reduced 
pressure. 1H NMR (CDCl3), 7,12 (bs s, aromatic), 4,78 (bs s, CH2), 3,59 (bs s, CH) ppm. 13C 
NMR (CDCl3), 170,78 (C=O both CNBnA and BnA), 140,20 (Cq aromatic CNBnA), 134,96 (Cq 
aromatic BnA), 131,92-128,31 (CH aromatic CNBnA), 128,31-127,67 (CH aromatic BnA), 
118,23 (Cq C N CNBnA), 111,63 (Cq aromatic-C N, CNBnA), 67,31 (CH2 BnA), 65,71 (CH2 
CNBnA), 45,13 (CH both CNBnA and BnA) ppm.  
 
Poly(pentafluorobenzyl 2-ylideneacetate-co-benzyl 2-ylideneacetate) (P(F5BnA-co-BnA)). 
P(F5BnA-co-BnA) was obtained in the same way as P(CNBnA-co-BnA) using F5BnDA. 1H NMR 
(CDCl3):  7,19 (bs s, aromatic), 4,88 (bs s, CH2), 3,44 ppm (bs s, CH) ppm. 13C NMR (C6D4Cl2, 

100 C):  170,53 (C=O both F5BnA and BnA), 147,73-139,35 (Cq aromatic F5BnA), 135,65 (Cq 
aromatic BnA), 128,11 (CH aromatic BnA) 109,65 (Cq aromatic F5BnA), 67,16 (CH2 BnA), 53,53 
(CH2 F5BnA), 45,82 (CH both F5BnA and BnA) ppm. 
 
Poly(2,4,5-trifluorobenzyl 2-ylideneacetate-co-benzyl 2-ylideneacetate) (P(F3BnA-co-BnA)). 
P(F3BnA-co-BnA) was obtained with the same procedure as used for P(CNBnA-co-BnA) using 
F3BnDA 3c. 1H NMR (CDCl3):  7,13 (bs s, aromatic), 6,72 (bs s, aromatic), 4,83 (bs s, CH2), 
3,54 (bs s, CH) ppm. 13C NMR (CDCl3):  170,86 (C=O both F3BnA and BnA), 156,67-145,32 
(Cq-F aromatic F3BnA), 135,15 (Cq aromatic BnA), 128,06 (CH aromatic BnA), 119,10 (Cq 
aromatic F3BnA), 117,75 (CH aromatic F3BnA), 105,03 (CH aromatic F3BnA), 67,13 (CH2 BnA), 
59,48 (CH2 F3BnA), 45,06 (CH both F3BnA and BnA) ppm. 
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Summary
Polymerization of functionalized C1 monomers is a powerful tool to obtain highly 
functionalized polymers. Such polymers are difficult to prepare by traditional olefin 
polymerization (C2 in scheme 1). Preparing these highly functionalized polymers 
with additional polar groups, in a stereocontrolled way, are an even bigger 
challenge. Polar functionalities in a polymer are essential to achieve important 
properties such as adhesion and paint/printability. Stereoregularity and control over 
the amount of polar functional groups are necessary to amplify these properties, but 
are a challenge to obtain. Rh-mediated carbene polymerization can offer a solution 
to prepare such desired polymers. 

 
Scheme 1. Olefin (C2) and syndiotactic carbene polymerization (C1).

Carbene polymerization proceeds via migratory insertion steps of carbene units into 
the metal-carbon bond of the growing polymer chain. In Chapter 1 an overview is 
given of the different carbene insertion reactions to form a C–C bond. Both polymer 
forming reactions and reactions used in organic synthesis of smaller molecules are 
reviewed. Chapter 1 ends with a detailed overview of the current state-of-the-art in 
Rh-mediated stereoregular C1 polymerization reactions. In these reactions diazo 
esters are used as carbene monomer precursors, producing highly functionalized, 
syndiotactic polymers with a high Mw (see Scheme 2). Furthermore, the latest 
insights in the reaction mechanism of this polymerization reaction are reviewed. It 
is clear that at the start of this PhD project a detailed mechanistic picture of these 
Rh-mediated stereoregular carbene polymerization reactions was lacking, and our 
mechanistic understanding of many experimental observations was incomplete. 
therefore we aimed at gaining a deeper understanding of the reaction mechanism, 
and the obtained results are described in Chapter 2-5 of this Thesis. Important goals 
were to reveal the exact structure of the key polymer forming Rh species, the reason 
for the formation of high Mw polymers with rhodium (known to undergo rapid -
hydride elimination in many other systems), explaining the high syndio-tacticity of 
the reaction, and understanding the low initiation efficiency (IE < 5%) towards the 
active form of the catalyst. In this Thesis details about the propagation, termination 
and chain-transfer mechanisms are elucidated to provide answers to these important 
questions. 
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Scheme 2. Rh-mediated EDA polymerization with MeOH, showing syndiotactic poly(alkyl 2-
ylidene-acetate) (PEA). 

Chapter 2 describes the results obtained in experimental studies focusing on 
unraveling more details about the catalyst activation and the chain initiation, 
propagation and termination steps of the Rh-mediated carbene polymerization 
reaction. Through catalyst variation, end-group analysis, dilution-kinetic studies and 
polymerization reactions in the presence of alcohols many new insights were 
obtained. The use of well-defined RhI(cod)–alkyl, aryl and allyl complexes does not 
lead to better initiation efficiencies or higher polymer yields, thus pointing to a 
more complex catalyst activation processes under the applied reaction conditions. 
Indeed, dilution-kinetic studies reveal a complex, multistep catalyst activation 
process. Catalyst modification first leads to oligomerization activity with a 
suppressed tendency towards -hydride elimination and accordingly a shift to 
saturated oligomeric chains that are generated by protonolysis. Further catalyst 
modifications lead to a shift from atactic oligomerization to stereoregular high 
molecular weight polymerization activity (Scheme 3).  
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Scheme 3. Initiation, propagation and termination/chain-transfer processes occurring during Rh-
mediated carbene polymerization reactions.

MALDI-ToF MS measurement provided important insights into the chain-initiation 
and chain-termination processes. Chain-termination takes place mainly by 
alcoholysis of the Rh–C bond of the growing chain. In the absence of alcohols, 
chain-initiation can occur by insertion of a preformed carbene into a Rh-ligand or 
Rh-hydride bond, but in the presence of alcohols (or water) the dominant chain-
initiation process takes place by (internal or external) nucleophilic attack of the 
alcohol (or water) at a Rh-carbene moiety. When alcohol is present, chain-
termination mainly involves nucleophilic alcoholysis (most likely -bond 
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metathesis type protonolysis), and leads to chain-transfer (Scheme 3). A remarkable 
feature of the alcohol-mediated chain-transfer process is a clear correlation between 
the chain-length of the polymer and the nucleophilic character of the alcohol. This 
points to an electrophilic polymer producing Rh-species, and thereby suggests that 
the active species has a higher oxidation state (most logically RhIII) than the starting 
RhI precatalysts. In the absence of alcohols, chain-transfer is very slow compared to 
chain-propagation so that chain-growth can be observed in time and block-type 
copolymers can be prepared. Addition of (high concentrations of) alcohols 
accelerates the chain-transfer process. This is a significant finding that not only 
features a new control-factor to steer the polymer molecular weights, but also 
allows true catalytic turnover.   

More experimental investigations, aiming at gaining a deeper understanding of 
the (electronic) structure of the active Rh species responsible for polymer 
formation, are described in Chapter 3 and 4. In previous studies it was shown that 
exposing the solid catalyst [(L-pro)RhI(Me2cod)] to air for several days before use 
in the polymerization reaction, a much higher polymer yield (80% vs. 45%) was 
obtained compared to the non-oxidized form of the catalyst. Two hypotheses were 
explored, each of which in principle provides a plausible explanation for this 
behavior. The [(L-pro)RhI(Me2cod)] catalyst contains two chiral ligands (L-
prolinate and 1,5-dimethylcyclooctadiene), and hence is formed as a mixture of two 
diastereomers. Aerobic oxidation of solid [(L-pro)RhI(Me2cod)] is slow and 
incomplete, and one of the diastereomers (“type-b”) is oxidized faster than the other 
(“type-a”). In the first hypothesis explored (hypothesis I), we assume that the “type-
a” diastereoisomer is the important precatalyst leading to formation of the active 
polymer forming species upon activation by EDA, while the “type-b” 
diastereoisomer would be responsible for the formation of unwanted side-products. 
Upon prolonged exposure to air, the undesirable activity of the “type-b” 
diastereoisomer could be suppressed by predominant oxidation of this species, 
leaving the desirable activity of “type-a” diastereoisomer in carbene polymerization. 
The second hypothesis (hypothesis II) is opposite, in which we speculate that 
oxidation of the Rh(diene) precatalysts plays a much more active role: Oxidation of 
the precatalyst could actually activate catalyst mixture towards polymerization. 
With the experiments described in Chapter 3 we the first hypothesis was explored. 
Several different (N,O-ligand)Rh(Me2cod) precatalysts were synthesized and we 
followed different synthetic approaches to directly and indirectly influence the 
diastereomeric ratio of these (N,O-ligand)Rh(Me2cod) complexes, thus aiming at 
influencing the catalytic performance. We also exposed these complexes and 
mixtures thereof for varying periods to air to investigate the effect on 
polymerization reaction. The main conclusion from all these experiments is that 
hypothesis I does not explain the results, while hypothesis II provides a much more 
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plausible explanation for all observations. Aerobic oxidation of the solid precatalyst 
must play a key role in the catalyst activation process. This was further investigated 
in Chapter 4.      

A reaction mixture of the oxidized catalyst and EDA was investigated using a 
series of HR-ESI-MS experiments, allowing mass selection of the active polymer-
forming species under the applied reaction conditions. The results obtained 
provided valuable new information about the reaction mechanism. The active 
species for the polymerization is, in fact, a cationic [(allyl-diene)RhIII(polymeryl)]+ 
species. Exposing the catalyst to oxygen, oxidizes RhI to RhIII and the diene-ligand 
transforms into an (allyl-diene)-ligand (see Scheme 4).  

 
Scheme 4. Generalized reaction mechanism of catalyst activation by aerobic oxidation of the 
RhI(diene) precatalysts. The right part shows the water-mediated chain-transfer process as 
observed with HR-ESI-MS. 

Oxidation of the RhI(diene) moiety proceeds van a 2-rhodaIIIoxetane, which 
rearranges to an RhIII(allyl-diene-OH) moiety. The latter undergoes -hydroxy-
elimination to form an (allyl-diene)RhIII-OH species. The polymer in fact starts 
growing on the this formed Rh–OH moiety. Propagation involving carbene insertion 
steps is clearly indicated by the repetitive units in HR-ESI-MS spectra. In good 
agreement with the results obtained in Chapter 2, termination involves protonation 
by either water or an alcohol.  
Further proof for the activation mechanism in Scheme 4 was obtained by using an 
isolated form of a precatalyst with an oxidized Rh(diene) moiety (see Figure 1). 
This species has a structure close to the final active species responsible for polymer 
formation, and only has to undergo -hydroxy-elimination to become active. 
Indeed, this catalyst produced the polymer in high yields and much more rapidly 
than any other catalyst used thus far. Also the initiation efficiency of the catalyst 
was much higher than with RhI(diene) catalyst precursors.  
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Figure 1. Complex [(C8H11OH)Rh(N3Ph2)] containing an allyl- -alkyl-hydroxide ligand, a 
catalyst precursor close to the active species responsible for polymer formation. 

Further details of the reaction mechanism were studied using DFT calculations. The 
computational study focused primarily on the stereoselective propagation steps as 
well as two possible termination steps. The results are described in Chapter 5. Each 
propagation step in the carbene polymerization reaction involves binding of the 
diazo compound (Id mechanism), followed by rate limiting carbene formation 
through loss of dinitrogen followed by migratory insertion of the carbene into the 
Rh–alkyl bond of the polymer chain (Schema 5). 
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Schema 5. Insertion step in the polymerization reaction, which determines the tacticity of the 
polymer. Re-face or Si-face carbene insertion results in R or S configuration ((allyl-cod)-ligand is 
omitted for clarity). A) carbene formation, B) insertion step, C) extended polymer chain, where 
Rh is stabilized by coordination of two oxygen-carbonyls of the polymer chain and can coordinate 
the next monomer. 

Steric factors affect the relative barriers for syndiotactic versus isotactic insertion steps; 
the tacticity of the polymerization reaction is chain-end controlled. In good agreement 
with the experimental results, the computations show a clear preference for syndiotactic 
insertion steps. When propagation is calculated from chain containing a stereo-error at 
the carbon stemming from the last inserted monomer-unit, the carbene intermediate is 
attacked by the ester carbonyl-moiety to form an oxygen-ylide (see Figure 2). This will 
substantially slow-down propagation. A similar effect may influence the initiation 
efficiency (IE) during the catalyst activation process, leading to intrinsically low 
activation efficiencies when starting from catalysts without a pre-formed syndiotactic 
chain fragment.  
 

199220-bw-Walters.indd   171 14-11-13   11:00



Summary 

 172

 
Figure 2. Catalyst with an oxygen ylide-structure, which slows down the polymerization reaction 
from non-syndiotactic chains. 

Chain-transfer involving alcohol-mediated protonolysis is computed to be a more 
favorable pathway than -hydride elimination. This explains the formation of saturated, 
alcohol-terminated RO–polymeryl–CH(COOR)–CH2(COOR) chains rather than 
unsaturated (H–polymeryl–CH(COOR)=CH(COOR) chains. Furthermore, in good 
agreement with the experimental observations showing that the nucleophilicity of the 
alcohol plays a role (see Chapter 2), the calculated alcohol-mediated chain-transfer 
process proceeds via initial coordination of the alcohol moiety to the Rh-center. 
Protonolysis of the growing chain requires rearrangement of the Rh–polymeryl chain to 
an O-bound Rh-enolate, followed by rapid proton-transfer from the coordinated alcohol 
moiety to the enolate carbon-moiety. This process has a higher barrier than chain-
propagation, but a lower barrier than -hydride elimination. With these new 
computational insights, in combination with the experimental results described in 
Chapter 2-4, the mechanism of the polymerization reaction is largely clarified. 

Chapter 6 deviates from the general mechanistic topic and describes the investigation 
into potential applications of the new, highly functionalized, stereoregular polymeric 
materials. One such potential application is to generate amphiphilic block copolymers 
by initiating the EDA polymerization on a preformed PEG polymeric chain containing 
an alcohol end-group, which are potentially of interest for application in micro-
emulsion/micelle reactors in (catalytic) dual-phase  reactions, as controlled-release drug 
carriers or as emulgators for mixtures of water and less polar solvents. Purification is a 
complication of this method to synthesize amphiphilic polymers A second potential 
application is to use poly-carbenes as conducting polymers, e.g. for applications in 
polymeric solar cells. For this reason several different benzylic diazo compounds were 
synthesized, substituted with different cyano- and fluoro-substituents, with the aim to 
influence the potential conducting properties of their (co)polymers through their 
electron-accepting side-chains. While these (co)polymers indeed have electron-
accepting properties, application as polymeric solar cells is complicated by the fact that 
their electronic properties are not properly matched with those of other components in 
such devices. More research is necessary to optimally tune these new type of materials 
and/or to use different electron-donor materials in the device.  
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Samenvatting
Polymerisatie van gefunctionaliseerde C1 monomeren is een interessante nieuwe 
manier om polymeren te synthetiseren met een hoge dichtheid aan functionele 
groepen. Deze polymeren zijn moeilijk te verkrijgen door middel van de traditionele 
polymerisatie van olefinen. Het maken van polymeren met een polaire groep aan elk 
koolstofatoom van de keten op een stereoregulaire manier uit gefunctionaliseerde 
olefines, is zelfs een grotere uitdaging. Polaire groepen zijn essentieel om bepaalde 
polymeereigenschappen te verkrijgen. Zo beïnvloeden deze bijvoorbeeld de 
adhesie-eigenschappen van het polymeer aan andere oppervlakken en de hechting 
van inkt en verf aan het polymeer. Deze eigenschappen worden versterkt als er ook 
controle over de stereoselectiviteit en over het aantal ingebouwde functionele 
groepen mogelijk is. Wederom is dit moeilijk voor elkaar te krijgen met traditionele 
olefinepolymerisatie. Echter, met behulp van Rh-gekatalyseerde carbeen-
polymerisatie kunnen dergelijk gewenste polymeren toch gevormd worden. 
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Schema 1. Olefinepolymerisatie (C2) en syndiotactische carbeenpolymerisatie (C1).

Carbeenpolymerisatie gaat via repeterende insertiestappen van carbeen-fragmenten 
in de metaal-koolstof verbinding van het groeiende polymeer. In Hoofdstuk 1 wordt 
er een overzicht gegeven van de verschillende carbeen-insertiereacties om een C–C 
binding te maken in zowel polymerisatiereacties als reacties voor het synthetiseren 
van kleine organische moleculen. Hoofdstuk 1 eindigt met een gedetailleerd 
overzicht van de huidige status quo van stereoregulaire C1 polymerisatiereacties 
met behulp van Rh. In deze reacties zijn diazoesters gebruikt als carbeen-monomeer 
precursors om via carbeen-polymerisatie een polymeer met een hoge Mw en met 
hoge graad van functionele groepen op een syndiotactische manier te verkrijgen. 
Verder wordt een overzicht gegeven van de laatste inzichten in het 
reactiemechanisme van deze polymerisatiereacties. Het is duidelijk dat er aan het 
begin van dit promotietraject nog geen gedetailleerd beeld over het mechanisme van 
de stereoregulaire carbeenpolymerisatie was. Tevens kon er vaak geen verklaring 
gevonden worden voor bepaalde experimentele waarnemingen.   
 Het doel van dit promotieonderzoek was om een beter beeld te krijgen van het 
reactiemechanisme van stereoregulaire carbeen-polymerisatiereacties met behulp 
van Rh. De resultaten staan beschreven in de hoofdstukken 2-5 van dit proefschrift. 
Belangrijke doelen waren om de exacte structuur van het actieve Rh-deeltje voor de 
polymerisatie te vinden en om er achter te komen waarom er hoge lange polymeren 
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gevormd worden met Rh (waarvan we weten dat het snelle -H eliminatie ondergaat 
in veel andere reacties). Verder wilden we een verklaring vinden voor het feit dat 
polymeren met een hoge syndiotacticiteit gevormd worden en dat de activering van 
de katalysator gepaard gaat met een lage initiatie-efficiëntie voor de polymerisatie 
(IE > 5%). In dit proefschrift worden de propagatie, terminatie en ‘chain-transfer’ 
mechanismen opgehelderd, aan de hand waarvan we de bovenstaande belangrijke 
vragen kunnen beantwoorden.  

 
Schema 2. Polymerisatiereactie van ethyldiazoacetaat (EDA) met een Rh katalysator om 
syndiotactisch poly(ethyl 2-ylideen-acetaat) (PEA). 

Hoofdstuk 2 beschrijft de resultaten van experimenten gericht op het krijgen van 
een gedetailleerd beeld van de activering van de katalysator, alsmede mechanistisch 
inzicht in de drie belangrijke stappen van de carbeen-polymerisatie met Rh: insertie, 
propagatie en terminatie.   
Hiervoor zijn verschillende katalysatoren getest in de reactie, de eindgroepen 
geanalyseerd, verdunningskinetiek experimenten gedaan en verschillende alcoholen 
als additief toegevoegd. Het gebruik van RhI(cod)–alkyl, aryl and allyl complexen 
heeft niet geleid tot de verwachtte hogere initiatie-efficiëntie van de katalysator of 
tot hogere polymeeropbrengsten. Dit wijst op een complex, meerstaps 
activeringsproces van de katalysator. Als eerste wordt de prekatalysator onder de 
reactiecondities gemodificeerd tot een actief deeltje dat oligomeren produceert. 
Verdere katalysator-modificatie leidt vervolgens tot deeltjes die verantwoordelijk 
zijn voor de stereoselectieve polymeer-vorming. Deze deeltjes produceren lange 
polymeren en ondergaan niet of nauwelijks -H eliminatie (Schema 3). 
MALDI-ToF MS analyses gaven een doorslaggevend inzicht in de initiatie- en 
terminatieprocessen. Terminatie van de polymeerketen gebeurt voornamelijk door 
alcoholyse van de Rh–C binding van het groeiende polymeer. Zonder alcoholen 
initieert de keten voornamelijk door middel van carbeen-insertie in de Rh–ligand of 
Rh–H binding. In aanwezigheid van alcoholen (of water) is een nucleofiele aanval 
van het alcohol (of water) op een Rh–carbeenfragment het dominante initiatie-
mechanisme. In de aanwezigheid van alcoholen wordt ook het terminatieproces 
gedomineerd door het alcohol, en vindt voornamelijk nucleofiele alcoholyse plaats. 
Dit is waarschijnlijk een metathese-type protonolyse van de -binding, wat leidt tot 
‘chain-transfer’ (Schema 3). 
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Schema 3. Initiatie, propagatie en terminatie/’chain-transfer’ stappen in de 
carbeenpolymerisatie met Rh. 

Een opmerkelijk kenmerk in dit proces is de correlatie tussen de polymeerlengte en 
de nucleofiliciteit van het alcohol. Dit wijst erop dat het actieve deeltje voor de 
polymerisatie electrofiel is, wat duidt op een hogere oxidatietoestand van de actieve 
katalysator (waarschijnlijk RhIII) dan de RhI–prekatalysator. In afwezigheid van 
alcoholen gaat de ‘chain-transfer’ langzaam vergeleken met propagatie. Hierdoor 
kan de groei van de keten gevolgd worden in de tijd en kunnen blok-copolymeren 
gevormd worden. De toevoeging van (hoge concentraties) alcohol versnelt het 
‘chain-transfer’ proces. Dit laatste is een belangrijke conclusie, omdat het niet 
alleen een nieuwe controle factor is om het molecuulgewicht van de polymeren te 
beïnvloeden, maar ook toegang geeft tot katalytische polymerisatie in plaats van 
stoichiometrische keten-vorming. Experimenteel onderzoek gericht op meer inzicht 
in de (elektronische) structuur van het actieve Rh deeltje dat verantwoordelijk is 
voor de polymerisatie, staat beschreven in hoofdstuk 3 en 4. Uit voorgaande 
onderzoeken is gebleken dat hogere polymeer-opbrengsten (80% t.o.v. 45%) 
verkregen worden wanneer de katalysator, [(L-pro)RhI(Me2cod)], eerst in vaste 
vorm wordt blootgesteld aan lucht. Dit kan in principe verklaard worden aan de 
hand van twee verschillende hypothesen. De [(L-pro)RhI(Me2cod)] heeft twee 
chirale liganden (L-prolinaat en 1,5-dimethylcyclooctadieen), wat leidt tot een 
mengsel van twee diastereoisomeren. Oxidatie van [(L-pro)RhI(Me2cod)] in de vaste 
stof met lucht gaat langzaam en nooit volledig. Één van de diastereoisomeren 
(“type-b”) oxideert sneller dan de andere (“type-a”). In de eerste hypothese 
(hypothese I), gaan we ervan uit dat het “type-a” diastereoisomeer de belangrijke 
prekatalysator is die, na toevoeging van EDA, het actieve deeltje voor de 
polymerisatie vormt. Het “type-b” diastereoisomeer is in deze hypothese vooral 
verantwoordelijk voor de vorming van de ongewenste bijproducten. Na blootstellen 
van de prekatalysator aan de lucht reageert het “type-b” diastereomeer langzaam 
weg door oxidatie, waardoor mogelijk alleen de gewenste activiteit van het “type-a” 
diastereoisomeer overblijft. De tweede hypothese (hypothese II) gaat uit van precies 
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de omgekeerde redenering. Hierbij speculeren we dat het oxideren van de 
RhI(dieen) prekatalysator een belangrijke actieve rol speelt, waarbij het 
oxidatieproces de prekatalysator juist activeert. Met de experimenten beschreven in 
hoofdstuk 3 wordt in eerste instantie hypothese I onderzocht. Verschillende [(N,O-
ligand)RhI(Me2cod)]-type prekatalysatoren zijn gesynthetiseerd, via verschillende 
routes, om zo de verhouding van de diastereomeren te beïnvloeden. Vervolgens 
werd de katalytische activiteit van de mix van deze prekatalysatoren onderzocht. 
Verder werden deze prekatalysatoren ook blootgesteld aan de lucht om het effect 
daarvan op de polymerisatiereactie te testen. De belangrijkste conclusie die uit de 
experimenten getrokken kon worden is dat hypothese I niet de experimentele 
resultaten kan verklaren, terwijl hypothese II een veel aannemelijkere verklaring 
biedt voor alle waarnemingen. Aerobe oxidatie van de vaste prekatalysator moet een 
belangrijke rol spelen in het activeringsproces. Dit is in detail verder onderzocht en 
de resultaten van die studies staan beschreven in hoofdstuk 4. Reactiemengsels van 
de geoxideerde katalysatoren en EDA zijn geanalyseerd met behulp van HR-ESI-
MS experimenten. Met deze experimenten waren we in staat om selectief de actieve 
polymeervormende deeltjes in het katalysor-mengsel te detecteren op basis van 
massa-selectie. Dit gaf waardevolle nieuwe informatie over het reactiemechanisme. 
Het actieve deeltje voor de polymerisatie is in feite het kationisch [(allyl-
dieen)RhIII(polymeryl)]+ deeltje. Blootstellen van de prekatalysator aan de lucht 
oxideert RhI naar RhIII en het dieenligand verandert daarbij in een (allyl-dieen)-
ligand (zie Schema 4). 

 
Schema 4. Schematisch reactiemechanisme van de aerobe oxidatie van de (ligand)RhI(dieen) 
prekatalysator. Het rechterdeel toont het ‘chain-transfer’ proces m.b.v. water zoals naar 
voren kwam uit de HR-ESI-MS gegevens. 

 
Oxidatie van het RhI(dieen) deeltje gaat via een 2–rhodaIIIoxetaan, dat omlegt naar een 
RhIII(allyl-dieen–OH) deeltje waarna deze vervolgens via -hydroxy-eliminatie een 
(allyl-dieen)RhIII–OH deeltje vormt. De groei van het polymeer start op het Rh–OH 
fragment. De carbeen-insertiestappen van de propagatie zijn duidelijk waarneembaar 
aan de hand van het repeterende patroon in de HR-ESI-MS spectra. Dit bevestigde 
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eveneens de resultaten die eerder behaald waren zoals beschreven in hoofdstuk 2, 
waarbij de conclusie was dat de polymeerketen getermineerd werd door protonering, 
waarbij het proton van water of een alcohol afkomstig was. De structuur van het actieve 
deeltje werd bevestigd door gebruik te maken van een prekatalysator met een structuur 
die dichtbij het uiteindelijke actieve deeltje voor de polymerisatie ligt (zie Figuur 1). Dit 
deeltje hoeft alleen nog maar een -hydroxy eliminatie te ondergaan om actief te 
worden in de carbeen-polymerisatie reactie. Dit deeltje gaf inderdaad een veel hogere 
polymeeropbrengst en een hogere initiatie efficiëntie vergeleken met de RhI(dieen) 
prekatalysatoren. 

 
Figuur 1. Complex [(C8H11OH)Rh(N3Ph2)] met een allyl- -alkyl-hydroxide ligand, een 
prekatalysator die qua structuur dichtbij het actieve deeltje van de polymerisatie ligt.  

De verdere details van het reactiemechanisme zijn bestudeerd met DFT berekeningen. 
Deze waren vooral gericht op de stereoselectieve propagatiestap alsmede twee 
mogelijkheden voor het terminatie-mechanisme. Deze resultaten staan beschreven in 
hoofdstuk 5. In elke propagatiestap bindt een diazoverbinding aan Rh (Id mechanisme), 
waarna dit deeltje in de snelheidsbepalende stap moleculair stikstof verliest waarbij een 
carbeen-fragment gevormd wordt. Dit carbeen-fragment kan vervolgens inserteren in de 
Rh–alkyl binding van de groeiende polymeerketen (zie Schema 5).  
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Schema 5. Insertiestap van de polymerisatiereactie die de tacticiteit van het polymeer bepaalt. Re-
fase of Si-fase carbeeninsertie resulteert in een R or S configuratie (het (allyl-cod)-ligand is 
weggelaten voor de duidelijkheid). A) carbeen-vorming, B) insertiestap, C) verlengde 
polymeerketen waarin Rh gestabiliseerd wordt door twee zuurstofatomen uit de carbonyl van de 
esterfragmenten, gereed om het volgende monomeer te binden.  

Sterische hinder beïnvloed de relatieve energiebarrières tussen syndiotacische- en 
isotactische insertiestap: de tacticiteit van de polymeerreactie is ‘chain-end 
controlled’. De resultaten van de berekeningen voorspellen een hoge voorkeur voor 
syndiotactisch polymeer, hetgeen goed overeenkomt met de experimentele data. 
DFT berekeningen van propagatie aan een deeltje met een keten waarvan de -
koolstof een stereo-fout bevat (waarbij het laatst geïnserteerde monomeer fragment 
niet via het syndiotactische pad maar via het isotactische pad is geïnsereerd), dan 
wordt het carbeen gemakkelijk aangevallen door de ester carbonyl groep van het -
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koolstofatoom. Hierbij wordt een zuurstof-ylide gevormd (zie Figuur 2), hetgeen de 
propagatie-reactie aanzienlijk vertraagt. Een vergelijkbaar effect beïnvloedt 
waarschijnlijk het activeringsproces van de katalysator. Een deel van de katalysator-
deeltjes zal niet op de juiste syndiotactische manier zijn begonnen, wat leidt tot de 
experimenteel lage initiatie-efficiëntie.  
De berekeningen laten verder zien dat de ‘chain-transfer’ stap door protolyse met 
behulp van een alcohol een lagere energie-barrière heeft dan -H eliminatie. Dit 
verklaart waarom er met behulp van alcoholen alleen verzadigde polymeerketens 
(RO–polymeryl–CH(COOR)–CH2(COOR)) gevormd worden en geen onverzadigde 
ketens (H–polymeryl–CH(COOR)=CH(COOR). 

 

  
Figuur 2. Katalysator met een zuurstof ylide-structuur, die de polymerisatiereactie na een stereo-
fout vertraagt.  

De berekeningen wezen verder uit dat het alcohol eerst coördineert aan Rh voordat de 
daadwerkelijke ‘chain-transfer’ door protolyse plaatst vindt. Dit bevestigt dat het 
nucleofiele karakter van het alcohol van invloed is op het ‘chain-transfer’ proces, zoals 
ook experimenteel waargenomen (zie Hoofdstuk 2). Voordat de protolyse van de 
groeiende keten plaats vindt, moet de Rh-polymeryl keten omleggen naar een zuurstof-
gebonden Rh–enolate. Hierna volgt een snelle proton-overdracht van het gecoördineerde 
alcohol naar het koolstofatoom van het enolaat-fragment. Dit proces heeft een hogere 
barrière dan propagatie, maar een lagere barrière dan -H eliminatie. Met dit nieuwe 
inzicht, samen met de experimentele resultaten, is het polymerisatiemechanisme 
grotendeels opgehelderd. 

Hoofdstuk 6 onderscheidt zich van de andere hoofdstukken en beschrijft onderzoek 
naar mogelijke applicaties van de nieuwe, veelvoudig gefunctionaliseerde, 
stereoregulaire polymeren. Een mogelijke toepassing van deze polymeren is de synthese 
van amfifiele blok-copolymeren door de EDA polymerisatie te laten initiëren op een 
PEG (polyethyleen glycol) polymeerketen met een alcohol functionaliteit als eindgroep. 
Deze amphifiele blok-copolymeren kunnen bijvoorbeeld gebruikt worden in micro 
emulsie/micel-vormende reactoren in (katalytische) twee-fase reacties, medicijndragers 
met gecontroleerde afgifte of als emulgatoren in vloeistofmengsels van water en 
apolaire oplosmiddelen. De opwerking van deze blok-copolymeren bleek echter een 
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gecompliceerde stap in de synthese van deze nieuwe materialen. Een tweede potentiële 
toepassing van poly-carbenen is de synthese van speciale elektron-acceptor/geleidende 
polymeren waarbij in tegenstelling tot andere geleidende polymeren niet de hoofdketen 
maar de zijketens verantwoordelijk zijn voor de acceptor-eigenschappen. Dergelijke 
polymeren kunnen mogelijk toegepast worden in polymere zonnecellen. Hiervoor zijn 
verschillende benzyl-ester-type diazoverbindingen gesynthetiseerd met CN- en F-
groepen aan de benzylgroep om zo de potentiële elektrongeleidende eigenschappen van 
de (co)polymeren te beïnvloeden. Immers, CN- en F-groepen moeten de 
elektronaccepterende eigenschappen van de benzylische zijketens sterk beïnvloeden. De 
nieuwe (co)polymeren hebben inderdaad elektronaccepterende eigenschappen. Toch 
kunnen deze polymeren niet direct in polymere zonnecellen toegepast worden. De 
elektronische eigenschappen van deze materialen zijn niet voldoende afgestemd om 
efficiënt elektronen te kunnen accepteren van de donorcomponenten die gebruikt 
worden in polymeren voor zonnecellen. De polymeren zouden verder geoptimaliseerd 
moeten worden, of ze zouden gecombineerd moeten worden met een ander soort 
elektron-donor materiaal. Voor deze optimalisatie is meer onderzoek nodig.  
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Dankwoord
4 jaar geleden begon mijn zoektocht naar het mechanisme van de 
carbeenpolymerisatiereactie, nu 293 polymerisatiereacties later, 16,5 gram polymeer 
rijker, 1091 berekeningen verder en na 152 GPC uren kan ik zeggen dat we deze 
interessante reactie van begin tot en met het eind hebben blootgelegd. Dit ging zeker 
niet zonder slag of stoot en al helemaal niet zonder de hulp, motivatie, support, 
aanmoediging en inspiratie van vele mensen. Ik weet nu al dat ik iedereen te kort doe in 
mijn dankwoord en zou het liefst iedereen niet in woorden maar in daden bedanken, 
maar ik ga toch een geschreven poging wagen. 

Als eerste bedank ik natuurlijk Bas, zonder jouw motiverende enthousiasme zouden 
deze vier jaar niet zo snel voorbij gegaan zijn. Je was een geweldige begeleider, je gaf 
mij de vrijheid om mijn eigen keuzes te maken in de zoektocht naar het mechanisme en 
je hielp altijd op het goede moment om mijn motivatie terug te krijgen als dat even was 
weggeëbd. Soms werd ik wel eens een beetje moedeloos van al die verschillende 
resultaten, maar door jouw positieve kijk op soms onlogische-lijkende resultaten kon ik 
toch weer de energie vinden om door te gaan. Samen met dit alles en met wat ‘gepushed 
geluk’ konden alle eindjes aan elkaar geknoopt konden worden om het volledige 
mechanisme in kaart te brengen. 

Mijn tweede promotor, Joost, bedankt voor alle inspiratie en kritische vragen 
aangaande het project. Door jou bleef ik scherp over de behaalde resultaten. Ook 
bedankt voor de correcties en suggesties over het duidelijk weergeven van de resultaten 
in een goed verhaal. Verder ben ik ben blij dat mijn planning op het eind ook in jouw 
planning paste, waardoor het allemaal op tijd af kon zijn. 

Jarl Ivar bedankt voor alle input en feedback van presentaties in de afgelopen 4 jaar. 
Soms was het met een vleugje humor, maar altijd kritisch en goed onderbouwd. Ook 
bedankt voor de correcties in mijn manuscript en voor de structuren in hoofdstuk 3. 

Verder bedank ik graag ook de andere leden van mijn promotiecommissie, bedankt 
dat jullie bereid waren om mijn manuscript te beoordelen en waar nodig te corrigeren. 
Matthias Bickelhaupt, Theo Dingemans, Henk Hiemstra, dank voor de correcties in de 
Nederlandse samenvatting. Kees Elsevier, Peter Schoenmakers, ook bedankt voor de 
discussies over de polymeeranalyse. 

En dan de polymeergroep, we waren met veel en op het eind was er nog maar 1. Als 
eerste Erica, heel erg bedankt dat je aan het eind van mijn masterproject mij het 
vertrouwen hebt gegeven dat ik een promotie aan zou kunnen. Verder vond ik het altijd 
erg gezellig om met je samen te werken en heb veel geleerd van je strategische aanpak, 
later heb ik er ook veel profijt van gehad. Herr Dr. Finger aka Markus, thanks for the 
helpful suggestions. Nicole, dank je wel voor het delen van je diazomethaan kennis. Het 
was leuk om naast je te staan op het lab, zo konden we makkelijk van ideeën wisselen. 
Piluka, I would like to thank you a lot, not only chemistry related, but also for the lovely 
dinners, movies and other times. I always enjoyed them, thank you. Alma, you lived in 
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the same place as Piluka and you made me feel welcome too, thank you. Besides 
sharing the Bas-group, we also shared the office for a little while. This was really 
convenient for me, since I just started to learn how to preform DFT calculations and you 
were always so kind to help me by explaining my errors. Thank you for that and of 
course also for the nice time in the office.  

Ook alle andere mensen met wie ik een kantoor gedeeld heb wil ik graag bedanken. 
Het was maar een kantoor voor 4 mensen, maar in de loop der tijd hebben er vele 
mensen gezeten. Zonder jullie luisterend oor voor mijn belevenissen en frustraties, zou 
ik alles opgekropt moeten hebben, wat waarschijnlijk niet geheel ten goede van mij 
gekomen zou zijn. Sofia, dank je wel, ook voor het luisterend oor buiten het lab en ik 
vind het ontzettend leuk dat je in Amsterdam blijft. Ik ben blij dat we onze vriendschap 
die we op het lab begonnen zijn ook na het UvA tijdperk voortzetten. Rosalba, thanks 
for the cookies and our spinning activities (after you left, I almost did not go anymore). 
Tendai, thank you for always willing to help me. With chemistry, English languages, 
other questions and in the end even as a party-partner, which was always very nice. 
Nanda, in the beginning you were quiet, but that changed quite quickly, thanks for the 
nice discussions. I hope you will find a perfect job in India in which you maybe can 
even use a little of your gained Dutch attitude. And as promised, soon I will send you a 
personal song, so you don’t have to miss my singing too much . Monalisa, thank you 
for sharing the nice talks and of course for the Enkhuizer Jodekoeken. Also thanks to 
Eleonora, that you have a beautiful name and that I was allowed to (ab)use your name in 
many songs (e.g. Toreador song – Carmen). Massimo, it was nice to share the office 
with you, your talks about couch surfing, biking and enjoying life were always cheerful. 
Good luck with your PhD in Berlin and see you soon! 

Naast kantoor hebben we natuurlijk ook het lab. Ik ben blij dat ik het lab altijd met 
gezellige mensen heb mogen delen en dat ik van jullie altijd vrijuit met de muziek mee 
mocht blèren. First I would like to thank my neighbours. Riccardo, thanks for the nice 
talks during the experiments and sorry that I did not keep my promise to come back in 
the lab. Ping, Ping, Ping, Ping (lucky you, you always hit the jackpot) thanks for 
learning how to make dumplings and for showing how to paint a fume hood brown from 
the inside in 1 second. Avi, thank you for translating my English to English for some 
chapters and that you were always happy to join for a drink. Good luck in Washington 
and nice to hear that you keep up the Dutch biking spirit. En natuurlijk Bart, dank je wel 
voor de gezelligheid en de leuke gesprekken tussen de serieuze chemie door. Ook voor 
alle goede muziek die je draaide en dat we in de toekomst nog veel van goede muziek 
kunnen genieten buiten het lab onder het genot van een dansje. Wojciech, you were in 
the lab when I began and I was in the lab when you began. It was very nice to welcome 
you back and to show you your own lab rules. Good luck in becoming a professor. 
Pauline, you arrived in the lab, when I just left. I know you more from outside of the lab 
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then inside, which makes me see you more as a friend than a colleague. It is very nice 
you joined the group and for sure we will have a lot of nice times in the future! 

And of course a lot of thanks to all the other HomKat-group members. With you all it 
was always an amazingly gezellige time, not only at work and conferences, but also for 
the nice activities outside of the lab, lovely BBQ’s, dinners, trips, borrels, parties, 
housewarmings etc. etc. Pawel, Fred, Rafa, Stefan (dank je voor het gebruiken van je 
laptop op de cruciale dag), René, Zhou, Martin, Sandra, Linda, Fenna, Christophe, 
Colet, Vincent (succes met het organiseren met de HIMS borrels), Pierre, Matthias, 
Volodymyr (also thanks for the help with the DFT calculations), Tatiana, Esther V., 
Andrei, Dennis, Gianluca, Jana, Julien, Sander K., Sander O., Yasmine, Paul, Danny, 
Esther S., Sutanuva, Remko, Lidy, Yann (the studio 80 dancer), Leszek, Sara Alcolea, 
Carien (dank je voor de opbeurende berichtjes). And I thank of course also the people 
who I know of the old building, Ivo (ook bedankt dat ik altijd mocht langskomen op de 
Plantage Parklaan), Max (aka HvH), Fabrizio (thanks for learning me the basics in 
chemistry), Jeroen, Rick, Johanneke, Miguel Rubio (thanks for showing us around 
Madrid), Jurjen, Sumesh, Ronald, Samir, Pierre-Alain, Alessandra, Sara Calvo (aka 
party-girl, it was very nice to share your time here in Amsterdam!!).  

Tijdens mijn promotie heb ik twee studenten mogen begeleiden. Iris, dank je wel voor 
je bijdrage aan het deel van de polymeric solar cells. Zelf ben je nu druk bezig met je 
eigen onderzoek in Eindhoven en een beetje in Berlijn, wellicht zie ik je daar nog. In 
ieder geval succes met het afronden. Medea, je had vele uren gekolomd, helaas niet 
altijd met het gewenste resultaat. Bedankt voor je harde werk en ik hoorde dat je ook 
onderzoek wilt gaan doen, heel veel succes de aankomende jaren.  

Naast het onderzoek mocht er ook practica gegeven worden. Voorbereiding is het 
halve werk zeggen ze, en dat was zeker met practica zo. Hiervoor bedank ik Ron en 
Johan, het was vermoeiend, maar mede door jullie vond ik het altijd erg leuk om te 
doen. 

Zonder technici geen experimenten, daarom een grote dank aan Taasje en Erik, naar 
jullie kon ik altijd gaan als ik een vraag had of als er weer iets gerepareerd moest 
worden, dank jullie wel. Fatna, bedankt voor het helpen met de GPC. Zonder GPC had 
ik een stuk minder resultaten gehad. Jan Meine Ernsting en Jan Geenevasen bedankt 
voor alle hulp met de NMR experimenten. Voor de massa analyses Han Peeters en ook 
Petra Aarnoutse en Henk Dekker bedankt. 

Door de verhuizing naar het Science Park zijn de verschillende onderzoeksgroepen 
toch iets nader tot elkaar gekomen waardoor er meer samenwerking tot stand kwam, 
maar ook heel veel gezellige borrels. De MolInC Group (Joen jij hoort hier natuurlijk 
ook een beetje bij), bedankt dat ik bij jullie mini-meeting groep mocht en dat ik altijd 
voor positieve afleiding bij jullie langs mocht komen. Soraya, zonder jou was 
Superpisvis nooit geboren. Ruben, dank je voor de kritische kijk op de chemie en ook 
voor alle heerlijke BBQ’s en de goede chili con carne feestjes. Ties, ontzettend bedankt 
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met het helpen van het in elkaar zetten van de cover! Van de photonics groep, Tibert, 
dank je wel voor het samen opzetten van de HIMS council/borrels. Sérgio thanks for the 
collaboration with the students-project and for always being so enthusiastic. The people 
of the organic group, Stanimir, thanks for joining the parties and borrels, you 
represented the organic group perfectly well. Arjen, jij ook succes met het afronden. 
Linde bedankt voor alle ins and outs over het promoveren.  

 
For all my friends which I met during these last 4 years en al mijn vrienden die ik 

daarvoor al kende, who joined to parties, on trips and organized the delicious 
dinners/lunches/other nice stuff. Big THANKS! You all brightened up my life.  

 
And of course with all my love I thank my sweet paranymphs. Who support me a lot 

during the last two tremendously intensive months and who will support me during the 
beautiful day. Vlien, dank je voor alles. Voor er altijd zijn, al is het 9 uur ’s ochtends op 
het lab of op een feestje. Onze vriendschap begon in het bestuursjaar en als het aan mij 
ligt, houdt het zeker nog wel een paar jaartjes aan! Ik hoop dat ik een beetje dezelfde 
support wat je mij gegeven hebt, ook aan jou kan geven tijdens jouw laatste loodjes. Ik 
zei al, ik kan het niet makkelijker maken, maar misschien wel een beetje leuker. Zea, 
I’m really happy to have a superwoman as a friend and as a paranymph. Thank you for 
all the nice chit-chats during the scooter-bike rides and during many many more times. 
We will have a gorgeously terrific time in Australia, were we will celebrate our ass off, 
thanks for asking me to join you! En als ik drie paranifmen kon hebben, dan was jij, 
Zohar, natuurlijk mijn derde geweest. Lieve Zohar, dank wel voor je geweldige 
vriendschap, tijdens het studeren, tijdens het werk en zeker ook alvast voor in de 
toekomst.  

Verder bedank ik ook mijn familie, dat jullie altijd interesse toonden in het a + bra + 
ca = dabra wat ik deed (maar vooral interesse of ik alweer wat opgeblazen had).  
En als laatst maar niet als minst, bedank ik natuurlijk mijn ouders en mijn broer. Lieve 
ouders, ik ben blij dat jullie mij altijd de vrijheid hebben gegeven om te kiezen wat ik 
wilde en me daar ook altijd met alle liefde in gesupport hebben, zonder dat was het 
zeker niet allemaal zo soepel gegaan, dank jullie wel. Karel, dank je wel dat ik op het 
einde met al mijn frustraties bij je mocht komen en dat ik mee kon liften op jouw 
ervaringen in het afronden van een promotie. Ook bedankt voor alle antwoorden op mijn 
vele vragen, die ik je altijd stel (en ga stellen). Verder kan ik nu nog alle dingen 
bedanken die mijn leven de afgelopen jaren een stuk aangenamer hebben gemaakt, maar 
ik laat het hierbij. Iedereen echt everybody, bedankt, merci, mul umesc, tak, thanks, 

gracias, tangi, grazie, dzi kuj , obrigado, dékui, danke, , te ekkür ederim, 

dhan'yav da. 
Annnemarie – NMRi 

31 oktober 2013 
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