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1.1 Introduction 

Polymerization of C=C bond containing substrates is currently the most important 
method to prepare polymeric materials, exemplified by the many large-scale 
industrial plants producing polyethylene, polypropylene, polystyrene, poly(vinyl 
chloride), poly(methyl methacrylate) and a variety of other polymers from vinylic 
substrates. In these ‘C2 polymerization’ reactions each monomer delivers two 
carbon atoms in each chain-growth step (Scheme 1). The required C=C bond 
containing monomers are mostly obtained from crude oil, and although these are 
currently cheap and abundant, their supply is finite and long-term strategies for the 
renewable production of olefins and other C2 monomers will become necessary for 
a sustainable supply of polymeric materials in the future. This will inevitably 
increase their price, which in turn creates opportunities for other materials from 
alternative monomer sources (which are currently more expensive, but may also 
have improved material properties). 

 
Scheme 1. Polymerization of C2 and C1 monomers. 

There are also important synthetic reasons to search for alternatives for ‘C2 
polymerization’. For example, many polar functionalized C=C substrates (in 
particular highly substituted ones) do not polymerize, and their polymers are 
unknown. Many polar functional groups are not compatible with existing catalysts, 
causing severe problems in the preparation of highly functionalized and 

stereoregular polymers from C2 monomers. Most polymers derived from polar 
functionalized C2 monomers are obtained by (controlled) radical polymerization, 
which gives at best a poor control over the polymer stereo-properties. Only 
transition metal (TM) catalyzed processes would give access to highly isotactic or 
syndiotactic polymers, and such high stereoregularity is actually required to give the 
polymers their desirable material properties. However, preparing well-defined 
stereoregular and high molecular mass polymers via TM catalyzed polymerization 

of polar functionalized C2 monomers is extremely difficult. There are several 
reasons for this, such as catalyst poisoning by the polar substituents, weaker metal-
substrate interactions with functionalized substrates, and poorly developed insights 
in the factors controlling catalytic stereoselective polymerization of polar 
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monomers. Nonetheless, such polymers would greatly expand the range of desirable 
polymer properties. Polar groups influence important material properties such as 
toughness, adhesion barrier properties, surface properties (paintability, printability, 
etc.), solvent resistance, miscibility with other polymers and rheological properties.1 
Thus the search for the ‘holy-grail’ in TM catalyzed polymerization continues, but it 
is questionable if general strategies for TM catalyzed stereospecific polymerization 
of polar functionalized C2 monomers can be developed.2 The challenge becomes 
even larger if we try to polymerize C2 monomers with two or more polar 
substituents. For example, radical polymerization of dialkyl fumarates (trans-
RO2CCH=CHCO2R) yields only relatively low molecular weight atactic polymers 
and dialkyl maleates (cis-RO2CCH=CHCO2R) do not polymerize at all.3 To the best 
of our knowledge, there are no TM catalysts that can polymerize C2 monomers with 
two or more polar substituents, not even to atactic materials.  
 If simple polar functionalities already cause such large problems, even bigger 
synthetic challenges are foreseen in trying to incorporate more complex 
functionalities such as fluorescent or phosphorescent dyes, stable organic radicals or 
energy and electron transporting functionalities. Such new polymers are desirable to 
prepare novel convenient and light-weight specialty materials and devices, such as 
polymeric organic LEDs, plastic batteries, conducting polymers and other plastic 
electronic components. Given the above synthetic problems, it is questionable if this 
will be possible at all using C2 polymerization techniques. As such we are facing 
important challenges in future polymer synthesis, which require us to develop new 
polymerization methods, that will allow us to prepare functional stereoregular 
(co)polymers containing a wide variety of functional groups in controllable amounts 
and at controllable positions. Novel strategies for their synthesis can also lead to 
useful non-petroleum based technologies for the production of commodity 
polymers. One such approach would be to grow our polymers from monomers 
delivering only one functionalized carbon unit (C1 monomers) in each chain-growth 
step (Scheme 1). 
 Polymerization of C1 monomers in principle allows the formation of 
(stereoregular) polymers which are functionalized at every carbon atom of the 
polymer backbone, thus providing great opportunities for the synthesis of new 
polymers with yet unknown properties. Some reported C1 polymerization 
techniques even allow a precise control over the nature of the polymer end-group 
functionalities. Polymerization of C1 monomers could thus open a world of 
completely new methods in polymer synthesis. 
 In this Chapter we focus on recently developed ‘C1 polymerization’ techniques as 
a valuable alternative for ‘C2 polymerization’. We will only discuss C1 monomer 
polymerization leading to main-chain saturated (sp3 hybridized) carbon-chain 
polymers and therefore polyisocyanides4 are excluded from this overview. Although 
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we use the general term ‘C1 polymerization’ to describe polymer growth from 
monomers delivering only one (functionalized) carbon unit in each chain-growth 
step, there are actually many different terminologies used in literature to describe 
different C1 polymerization techniques. These are ‘polyhomologation’ (mostly 
polymerization of ylides), ‘poly(substituted) methylene synthesis’, ‘polymerization 
of (substituted) diazo compounds’, and ‘carbene (insertion) polymerization’. We 
will use similar terminologies to discriminate between these different approaches in 
‘C1 polymerization’. 

Accessibility of C1 monomers 

The synthesis of saturated carbon-chain polymers from C1 monomers implies the 
use of carbenoid monomers. So far, this has been dominated by the use of diazo 
compounds and ylides of sulfoxides, which can both be regarded as carbenoids, 
carbene precursors or synthetic equivalents of carbenes (Scheme 2). 
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Scheme 2. C1 monomer precursors. 

A couple of papers report also the use of α,α-dihalocarbons as C1 monomer 
precursors. In principle carbenes are also accessible through deprotonation of 
halocarbons with strong bases, but this method has not yet been applied in C1 
polymerization. A couple of recent papers describe that carbene ligands generated at 
early transition metals can be transferred to late transition metals,5 which may 
provide further yet unexplored opportunities in future C1 polymerization. 
 Aliphatic diazoalkanes are generally very unstable, and require low temperatures 
and dilute solutions to handle their reactivity.6 Although they are very reactive, 
flammable and explosive,7 they make excellent precursors for carbenes and have 
been applied in polymerization reactions. Although the thermal decomposition of 
diazomethane (reported already in 1898) is the first known route to 
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polymethylene,8,9 this potentially explosive process7 is not at all practical from a 
synthetic point of view. Also it does not provide any advantages over traditional 
transition metal catalyzed ethene polymerization to linear polyethylene (which was 
discovered more than half a century later).10-12 Therefore, most reported C1 
polymerization techniques involve the more practical use of a Lewis acid or 
transition metal (TM) catalyst to polymerize the diazo compounds.  
 Unlike the inherently unstable diazoalkanes, diazocarbonyl compounds such as 
diazoacetates (N2CHCO2R) or diazoketones (N2CH(CO)R) are reasonably stable, 
safe (even in large scale/industrial synthesis),13-16 easy to prepare, and extensively 
used as carbene precursors in organic synthesis. However, due to their increased 

stability only a few reports describe the polymerization (or oligomerization) of α-
carbonyl stabilized ‘carbenes’ from diazocarbonyl compounds (vide infra).  
 Ylides of sulfoxides (e.g. ylides of DMSO) are also valuable synthetic precursors 
to carbenes. Elimination of a stable neutral fragment from either a diazo compound 
(N2) or the ylide of dimethyl sulfoxide (DMSO) allows the generation of a carbene 
fragment amenable to polymerization reactions. Ylides of sulfoxides which are 
substituted on carbon are difficult to prepare, and often too instable to isolate.17 This 
somewhat limits their use in the preparation of (polar) substituted poly-carbenes.  
 A much larger variety of substituted diazo compounds is readily accessible,18,19 
and thus currently allows for a much wider structural diversity in polymer synthesis. 
On the other hand, more structural variety might be possible with other ylides such 
as arsonium ylides.20 Some polymerization reactions proceeding via boron catalyzed 
polymerization of allylic arsonium ylides (closely related to boron catalyzed 
polymerization of sulfur ylides) have been reported, but these result in C3 
polymerization instead of C1 polymerization.21,22 However, with these monomers 
sometimes also C1 polymerization is observed, especially for the bulkier substituted 
allylic arsonium ylides.23 This also makes one wonder if it would be possible to use 
other ylides in C1 polymerization, such as phosphonium based ylides. 

1.2 Lewis acid mediated polymerization of C1 monomers 

Both diazoalkanes and ylides have resonance structures with a partial negative 
charge on their carbon atom (Scheme 2), as demonstrated by their nucleophilic 
behavior towards Lewis acids. The use of these reagents in polymer synthesis 
involves the insertion of their carbene fragments to a growing carbon-chain, which 
can be initiated and controlled with several Lewis acidic mediators. Boron, 
aluminum and silicon are all known to be active mediators for such ‘carbene 
polymerization reactions’,6 but boron has been most frequently used (Scheme 3). 
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Scheme 3. Boron mediated ionic and migration polymerization of diazomethane and polymers A, B, C and D 
obtained by boron mediated polymerization of other diazoalkanes. 

Boron trifluorides and trialkyl boranes give the best yields and highest molecular 
weight polymers, but other boron halides, boron alkyls and boronic esters can also 
be used. A couple of reviews already deal with the polymerization of diazoalkanes 
with boron mediators,6,24,25 so here only the most important points will be briefly 
summarized here, while focusing on the new developments (such as the use of polar 
functionalized substrates). Lewis acid mediated polymerization of functionalized 
diazo compounds and ylides proved more difficult, but some recent examples are 
included. 

1.2.1 Lewis acid mediated polymerization of diazo compounds 

Polymerization of diazomethane mediated by a range of boron compounds 
(including boron compounds present in vacuum grease)26 produces highly 
crystalline polymethylene. Molecular weights up to 3 million Da (Dalton, i.e. 
gram/mol) can be achieved with the BF3 mediator (Table 1, entry 1).27 The reaction 
is first order in diazomethane and boron.28 It seems that different mechanisms are 
operative, possibly even depending on the nature of the boron mediator. An ionic 
mechanism involving nucleophilic attack of the partially negatively charged carbon 
atom of diazomethane onto the polarized carbon atom of growing chain 

X3B
−−{CH2}n−CH2−N2

+ intermediates has been proposed to be the dominant 
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polymerization mechanism by Davies et al.,29 while Matthies favors repetitive 
intramolecular nucleophilic attack of the growing chain onto the diazomethane 
adduct (migration mechanism, see Scheme 3).30 Only one chain grows from BF3, 
presumably because the migration of an alkyl is favored over the migration of 
fluoride.30 Of course three alkyl chains grow from trialkylboranes. It has later been 
suggested that both the ionic and the migration polymerization pathways occur 
simultaneously.6,31 

Table 1. Lewis acid mediated polymerization of diazo compounds (selected results). 

Entry Substrate Lewis acid molecular weight (Da) 
1 diazomethane BF3 3·106 
2 diazoethane BF3 5000 
3a diazoethane BF3 20000 
4 (2-diazo ethyl)benzene BF3 3000 
5 diazomethane + diazoethane B(α-naphthyl)3 70000 
6 diazomethane + diazo-iso-butane B(α-naphthyl)3 1700 
7 4-diazomethyl[2.2]paracyclophanes BF3·Et2O ~1200 
8 ethyl diazoacetate BH3 ~500 
9 diazoketones Al(alkyl)3 ~3000 

a Reaction performed at −115 °C 
 
Higher diazoalkanes are polymerized to much lower molecular weight polymers in 
the presence of borane mediators. For example, BF3 mediated polymerization of 
diazoethane and (2-diazo ethyl)benzene at room temperature yields molecular 
weights of only 5000 Da for polyethylidene and 3000 Da for polybenzylidene 

(Table 1, entries 2 and 4).30 At lower temperatures (ca. −115 oC) higher molecular 

weight polyethylidene of 20,000 Da could be obtained (Table 1, entry 3), suggesting 
that thermal termination processes are the cause of the lower degree of 
polymerization at higher temperatures rather than the intrinsic steric hindrance 
between the side-groups. Hydride and alkyl group transfer to the electrophilic 
carbon fragments bound to boron have been proposed to explain the formation of 
lower weight polymers, which correlates with the observation of unsaturated end-
groups in the polymers.30 

 Co-polymerization of diazomethane and higher diazoalkanes mediated by tri-α-
naphthylboron yields random copolymers of reasonable lengths for poly-co-
methylene-ethylidene (A) (70,000 Da) but yields only short poly-co-methylene-
isobutylidene chains (B) (1700 Da) (Scheme 3; Table 1, entries 5 and 6).25 We are 
not aware of any papers reporting the formation of stereoregular polymers with 
boron or other Lewis acidic mediators, and likely all polymers formed by this 
method are atactic. 
 Thermal decomposition of a series of aryldiazoalkanes mediated by methanol was 
reported to yield linear carbon chains with aryl substituents as side-groups in 
reasonable yields, but fairly low molecular weight polymers (Mn in the range 700-
11,000 Da) were obtained in this manner.32 BF3 mediated polymerization of 
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aryldiazoalkanes also allows the formation of copolymers from different 
aryldiazoalkanes (C), but yields and molecular weights are still low (Scheme 3).33 
 Recently, boron mediated polymerization of diazoalkanes was applied to 
construct polymeric structures based on paracyclophanes that give rise to enhanced 

π-π stacking (D).34 Racemic as well as chiral 4-diazomethyl[2.2]paracyclophanes 
were polymerized with BF3·Et2O resulting in low molecular weight 
polymers/oligomers in low yields (Table 1, entry 7; rac: Mn = 1100 Da, yield = 
20%, Rp: Mn = 1200 Da, yield = 20%, Sp: Mn = 1300 Da, yield = 13%). 

Transannular π-π interactions were confirmed by UV-Vis spectroscopy. Quite 

remarkably, these interactions were not observed for poly(4-
vinyl[2.2]paracyclophane), in which the polymer backbone contains only one 
paracyclophane per two backbone carbons (-[CH2CHR]n- backbone). Circular 
dichroism profiles of the polymers containing planar chiral substituents (Rp and Sp) 
revealed optical activity. 
 Lewis acid mediated polymerization of polar functionalized diazo compounds,18 
such as diazo esters or diazoketones proved even more challenging. Trialkylboranes 
react with a variety of diazo esters, but generally only a single insertion is 
observed.35,36 The reaction of ethyl diazoacetate (EDA; N2CHCO2Et) with B(Pr)3 

yields for example only ethyl ester Pr−CH2CO2Et after aqueous work-up.37 The lack 
of multiple insertions is probably the result of the relative stability of O-boron 
enolate intermediates generated after the first insertion. Remarkably, Shea and co-
workers recently reported that BH3 mediated decomposition of ethyl diazoacetate 
does lead to some more insertions. Not only the expected ethyl acetate was formed, 
but also dimer, trimer and a mixture of low molecular weight oligomers (400-500 
Da, corresponding to tetramers, pentamers and hexamers, Table 1, entry 8) 
stemming from EDA were obtained.38 The doubly homologated C-boron enolate is 
proposed to be the most stable intermediate in this reaction, and its further 
homologated analogs are the resting states in the oligomerization reaction of EDA 
(Scheme 4). 

 
Scheme 4. C-boron enolates: intermediates in the homologation reaction of EDA. 

Formation of slightly higher molecular weight polymers by organo-aluminum 
mediated polymerization of diazoketones was recently reported by Ihara and co-
workers (Scheme 5).39 The reaction produces low molecular weight oligomers 
(~3000 Da; Table 1, entry 9) with a rather low polydispersity (1.5). The obtained 
polymers are actually rather ill-defined random copolymers, because besides the 
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expected functionalized carbene units the polymer also contains substantial amounts 

of azo functionalities (~ 33 mol%) and ethylidene (−CH(Me)−) units (~ 35 mol%, 
only observed in case of R = Ph, see Scheme 5a). 

 
Scheme 5. a) Organo-aluminum mediated polymerization of diazoketones. b) Proposed mechanism of 
propagation and incorporation of azo functionalities. 

The mechanism proposed for the ‘carbene polymerization’ by aluminum is similar 
to that proposed for the boron mediated reactions. Incorporation of azo 
functionalities was explained by attack of an Al-alkyl on the nitrogen fragment of 
the diazo compound (Scheme 5b), while formation of the ethylidene units was 
tentatively explained by reductive cleavage of the acyl group during polymerization. 

1.2.2 ‘Polyhomologation’: Borane mediated polymerization of sulfoxide ylides 

In 1966, Tufariello and co-workers developed a method for the homologation of 
organoboranes.40 In this reaction the carbon chains of an organoborane are 
elongated with one carbon atom fragment each. The carbon source for this reaction 
is an ylide of a sulfoxide moiety, which binds with its carbon atom to the 
electrophilic organoborane. This is followed by a 1,2-migration, perhaps better 
described as a nucleophilic attack of the B-alkyl fragment on the ylide carbon, with 
elimination of the sulfoxide (Scheme 6). After the chain-elongation the authors 

added nucleophilic reagents to displace the alkyl chains from boron. With OH− as 
nucleophile, this leads to the formation of linear alcohols. Quite remarkably, the 
products obtained in this manner were actually mixtures containing mono- and bis-
homologated alcohols. This means that in the absence of nucleophiles, multiple 
insertions of the ylide take place. 
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Scheme 6. Migration of the alkyl group to form homologated alkanes. 

The homologation experiments of Tufariello inspired the Shea group to investigate 
the possibilities of this reaction for polymer synthesis. In 1997 they reported 
‘polyhomologation’ as a new reaction for the formation of linear polymethylene.41 
This new method involves repetitive homologation in the presence of a large 
amount of ylide and yields long chain alkanes. Oxidative, basic aqueous work-up 
yields linear alkyl-chain polymers with a hydroxyl end-group. The reaction is a 
living polymerization, and thus the polymer length depends primarily on the initial 
feed ratio of the ylide with respect to the borane. Molecular weights up to 500 kDa 
have been achieved with this reaction.42 Polydispersities are generally in the range 
between 1.01 and 1.20. Because of the low solubility of higher alkanes at room 
temperature, the product has a broad distribution of oligomer chain lengths when 
the reaction is performed in THF. Performing the reaction in preheated toluene 
solutions or tetrachlorobenzene/toluene mixtures at 120oC, however, allows 
formation of high molecular weight polymers with low polydispersities (1.01-
1.03).42 The reaction is first order in borane and zero order in the ylide substrate. 

Activation parameters (THF: ΔG‡ = 19.5 kcal/mol, ΔH‡ = 23.2 kcal/mol, ΔS‡ = 12.6 

e.u.; toluene: ΔG‡ = 20.1 kcal/mol, ΔH‡ = 26.5 kcal/mol, ΔS‡ = 21.5 e.u.) are 
consistent with an addition-migration mechanism proposed already earlier by 
Tufariello for a single insertion (Scheme 6).40 
 The polyhomologation reaction as introduced by Shea and co-workers makes it 
possible to introduce specific functional groups at both polymer ends, because one 
can choose the substituent on the starting organoboranes. A variety of different 
borane initiators BR3 with different R groups are readily available via hydroboration 
of alkenes.43 The nucleophile used for cleavage of the carbon-boron bond and 
termination of the living polymerization reaction determines the functionality on the 
other polymer end. Although chain termination through oxidative cleavage has been 
mostly applied to yield hydroxyl groups, the rich chemistry of the boron functional 
group in principle allows the introduction of a wide number of other functional 
groups like amines, halogens, hydrogen (alkanes) and carbon metal bonds.44 A 
variety of functional telechelics and terminal functionalized polymethylenes have 
been prepared in this manner, which would be very difficult to obtain by ethene 
polymerization. 
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For example, the use of bridged organoboranes leads to hydroxyl-polymethylene 
substituted cyclooctanes45 or adamantanes (Scheme 7a).46 Trivinylboranes can be 
used to make α-vinyl end-functionalized polymethylenes.47 Polyhomologation in 
combination with known organoborane transformations is a way to form new 
polymethylene structures like tris(polymethylene) substituted alcohols (Scheme 
7b).45 

 
Scheme 7. Synthesis of hydroxyl-polymethylene substituted cyclooctane (a) and tris(polymethylene) alcohol 
(b). 

Shea and co-workers transformed the polyhomologation reaction into a general 
method to prepare various telechelic polymethylenes, terminated with hydroxyl, 
aryl, organosilane, organotin, methyl sulfoxide, carbohydrate groups, biotin and 
fluorescent groups with quantitative incorporation of the functional end-groups.48 
The method also allows the preparation of cyclic organo-boranes, which can be 
transformed into cyclic ketones.49 Such control over chain end functionalities could 
never be achieved with traditional olefin polymerization.  

1.2.2.1 Block copolymers via polyhomologation 

Block copolymers of poly-methylene and poly-ethyleneglycol were made by end-
capping commercially available poly-ethyleneglycol with allylbromide, allowing 
hydroboration of the resulting allyl substituent. Subsequent polyhomologation with 
thus obtained tris-poly-ethyleneglycol-borane resulted in a well defined A-B block 
copolymer with controllable molecular weights of the two blocks. A-B-A triblock 
copolymers were obtained by hydroboration of divinylpoly(dimethylsiloxane) at 

both ends, followed by polyhomologation with the H2C
−−+SOMe2 ylide, thus 

leading to polymethylene-polydimethylsiloxane-polymethylene (Scheme 8).50 
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Scheme 8. Formation of a triblock copolymer. 

Such block copolymers are of interest because of expected special properties like 
their ability to micro separate and their potential applications in detergents, paints 
and blending agents. Triblock copolymers of the type shown in Scheme 8, form for 
example ‘nanodonut’ aggregates.51 

1.2.2.2 Functionalized sulphur ylides in polyhomologation 

Polyhomologation as described above uses unsubstituted sulfoxide ylide 1 (Fig. 1) 
for the synthesis of linear hydrocarbon polymers. For preparation of substituted 
carbon backbones, substituted ylides are required. The applied method for preparing 
ylides, i.e. S-methylation of dimethylsulfoxide followed by deprotonation of the S-
Me fragment, is however not a general reaction and is not suitable to prepare 
substituted ylides. The Shea group reported that (dimethylamino)aryloxosulfonium 
ylide 2,52 ylide 352 and ylide 453 (Figure 1) can be prepared from sulfoxides which 
are easier to alkylate, and thus offer a somewhat wider variety of substituted 
substrates.  

 
Figure 1. Different ylides for polyhomologation. 

These sulfur ylides were successfully applied as monomers in the polyhomologation 
reaction. Unsubstituted ylide 2 could be polymerized to a high molecular weight 
polymer with low polydispersity. Like ylide 1, ylide 2 is stable at higher 
temperatures. Substituted ylides 3 and 4 do not homopolymerize in the presence of 
organoboranes because of steric crowding at the boron center after insertion of one 
ethylidene or cyclopropylidene group, respectively. However, after slow addition of 
ylide 1 to a solution of ylide 3 containing B(Et)3, random copolymers of 1 and 3 are 
formed with the same composition as ethylene propylene copolymers. Lower 
amounts of –CH(Me)– groups compared to methylene units are found in this 
polymer. The ratio of ylide 1 : ylide 3 can be varied to make a less substituted 
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polymer.52 Co-polyhomologation of ylide 1 and ylide 4 always led to polymers with 
lower incorporation of cyclopropyl groups (between 1:12 and 1:18, cyclopropyl: 
methyl) than expected by the feed ratio (between 1:3 and 1:5 for 4:1).53 According 
to the authors, the main cause is decomposition of ylide 4 under the reaction 
conditions, but it might also be explained by the higher activation energy for 
migration of the growing chain fragment to the bulkier cyclopropyl containing 
monomer 4 as compared to monomer 1 (Scheme 6, section 1.2.2). The incorporation 
of cyclopropylidene could be increased by adding ylide 4 in portions to the reaction 
mixture. 
 The authors speculate that it could be possible to prepare ylides with heteroatom 
containing functionalities (ylide 5) to introduce functionality on the main chain 
carbons.52 Till today, this has not been demonstrated. This is remarkable, since 
Tufariello already showed in 1967 that it is possible to homologate organoboranes 
with one substituted methylene unit using either sulfur ylide Me2S

+––CHCO2Et or 
arsonium based ylide Ph3As+––CHPh.20  
 The Shea group further demonstrated that it is possible to prepare random 
copolymers of methylene units (–CH2–) and trimethylsilyl substituted methylene 
units (–CHSiMe3–) from reaction of ylide 1 and trimethylsilyl diazomethane with 
boranes.54 Only rather low incorporation of –CHSiMe3– units is possible. With a 
higher feed ratio of trimethylsilyl diazomethane the polymer yield is low and the 
polydispersity increases substantially. Homopolymerization of trimethylsilyl 
diazomethane proved not possible. Copolymerization of ylide 1 with other 
substituted diazo compounds, such as ethyl diazoacetate, has not (yet) been reported 
to our best knowledge. This further demonstrates that it is probably not so easy to 
introduce polar functionalities to the main-chain using the boron mediated 
polyhomologation reaction. 

1.3 Miscellaneous polymerization reactions of other C1 monomers 

1.3.1 Mg mediated polymerization of α,α-dihalogenated carbons 

Besides diazo compounds and ylides, only a few attempts to use other C1 monomers 
have been reported thus far. Recently, Ihara and co-workers reported an interesting 
attempt to prepare benzylidene (:CHPh) carbene units by magnesium mediated 

reductive decomposition of α,α-dibromotoluene.55,56 The Simmons-Smith reductive 
decomposition of diiodomethane with metallic Zn, which allows carbene transfer to 
olefins in cyclopropanation reactions (Scheme 9), shows striking similarities.57 

 The intermediate α-bromo Grignard reagent was expected to decompose fast to 

benzylidene, and thus Ihara and co-workers attempted to use this carbene in 

subsequent carbene polymerization reactions. Reaction of α,α-dibromotoluene with 
excess magnesium indeed produces the desired carbon-chains with Ph side-chains. 
However, the material is not well-defined as the material contains, besides the 
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expected saturated −CHPh− units, also substantial amounts of main-chain 

unsaturated −PhC=CPh− fragments. In fact the polymer is a random copolymer of 

the type {−CHPh−}m{−PhC=CPh−}n. Only rather low molecular weight oligomers 
(< 1100 Da) were obtained, albeit with reasonably low polydispersities (1.30-1.50). 
These results led the authors to propose a very different mechanism for the 
polymerization than originally planned. 

 
Scheme 9. Proposed polymerization of benzylidene carbenes (a) and the similarity with the Simmons-Smith 
reaction (b). 

The reaction apparently proceeds via multiple condensation steps of the 

intermediate α-bromo Grignard reagent with the α,α-dibromotoluene starting 

material (Scheme 10). 

 
Scheme 10. Mg mediated polymerization of α,α-dihalogenated carbons. 

Formation of main chain −PhC=CPh− unsaturations was explained by deprotonation 

of −PhBrC−CHPh− units expected to be formed within the proposed 

polycondensation mechanism. The method allows the copolymerization of α,α-
dibromotoluene with other dihalogenated reagents, such as 1,6-dibromohexane, 
albeit to low molecular weight materials. Although the reaction takes a different 

course than expected, the idea is noteworthy, and in principle many other α,α-

dihalocarbon sources could be applied in C1 polymerization reactions. 

1.3.2 Anionic polymerization of C1 monomers 

In 1996, Yamamoto reported an example of anionic C1 polymerization.58 The 
reaction of arylaziridine hydrazone 6 with catalytic amounts of t-BuLi afforded, 
after addition of methanol, poly(phenylpropylidene) in 47% yield and with Mn = 
1786 Da and Mw/Mn = 1.20 (Scheme 11). Also other initiators were used, such as n-
BuLi and PhLi and these gave similar low molecular weight products.
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The proposed mechanism involves initial attack by t-BuLi on the hydrazone to give 
the adduct shown in Scheme 11. A Shapiro type fragmentation yields a new 
organolithium compound, which can react further with 6 to form a carbon chain 
elongated organolithium compound. 
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Scheme 11. Anionic oligomerization of arylaziridine hydrazone 6. 

1.4 Transition metal catalyzed polymerization of C1 monomers 

1.4.1 Polymerization of diazoalkanes (homogeneous processes) 

Most of the early reported studies on transition metal catalyzed polymerization of 
diazoalkanes were performed with copper and gold reagents and have been 
reviewed.6,25 The polymerization activity of other metals with diazoalkanes has been 
studied less extensively.25 The most important older findings will be discussed 
shortly before we focus on the recent developments in more detail. 
 A broad range of copper reagents (copper metal, CuI and CuII salts) has been 
applied for polymerization of diazoalkanes, but the active catalysts are believed to 
be CuI species.6 However, CuII reagents, such as copper sulfate and copper stearate 
(which are in situ reduced to CuI) are usually applied for convenience.59 In contrast 
to boron reagents, the use of copper stearate affords higher polymer yields in the 
polymerization of diazoethane and diazobutane (up to 92% for diazobutane) than 
obtained for diazomethane (9%).28 With diazomethane, the reaction is first order in 
substrate and catalyst concentration.60 The molecular weights of polymethylene 
obtained with copper reagents are up to 20,000 Da.25 The mechanism of the Cu-
mediated polymerization is not clear and several possibilities are mentioned: Step-
growth via repetitive migratory insertion steps of carbene units (generated from the 
diazo compound) into a CuI–alkyl growing chain, rapid growth of a cationic chain, 
and radical polymerization by a stabilized CuI radical have all been proposed.6 
 In their search for better catalysts for polymerization of diazoalkanes, Nasini and 
co-workers decided to study AuCl3 as an alternative to boron and copper. Upon 
addition of diazomethane, AuCl3 is reduced immediately to colloidal gold particles 
and polymethylene is obtained in almost quantitative yield with molecular weights 
up to 50,000 Da.61 Gold metal was found to be the active material in this reaction; 
addition of diazomethane after complete reduction of AuCl3, resulted in formation 
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of new polymeric chains with the same molecular weight. The decomposition of 
higher diazoalkanes (diazopropane and diazobutane) is slower and affords polymers 
in low yields (10%).62,63  
 A noteworthy study on polymerization of diazoalkanes was described by Werner 
and Richards; nickelocene was found to be highly selective as a catalyst in the 
synthesis of polymethylene from diazomethane.64 No side products are formed, even 
in the presence of alkenes and after the reaction the catalyst is recovered unchanged. 
Moreover, the reaction is much faster compared to the reaction catalyzed by copper 
powder or ferric chelates. The absence of addition products suggests that no free 
carbenes are present during the reaction. Also involvement of free radical 
intermediates can be excluded; addition of radicals does not influence the reaction. 
 Remarkably, analogous complexes such as ferrocene and 
dicyclopentadienylchromium do not affect polymerization of diazomethane. 
Nickelocene and dicyclopentadienylchromium are both paramagnetic, yet only 
nickelocene is active in the polymerization. 
 Based on their observations, the authors proposed a migratory insertion type 
mechanism (Scheme 12). A metal-carbene species (formed in the first step) is 
proposed to be protonated by diazomethane to form a rather unusual cationic NiIV-
alkyl species. Reaction of diazomethane with this intermediate would then form a 
cationic Ni-alkyl-carbene species. Migration of the alkyl to the carbene is proposed 
as the carbon-carbon bond forming step. Repetition of these steps leads to chain 

growth. An E2-type deprotonation-β-elimination step is proposed as the termination 

step, thus liberating polymethylene with regenation of nickelocene. 

 
Scheme 12. Proposed mechanism of polymerization of diazomethane by nickelocene (Cp = cyclopentadienyl). 

Polar functionalized diazo compounds, such as ethyl diazoacetate can not be 
polymerized by nickelocene; only dimerization products diethyl maleate and 
fumarate are formed and in the presence of cyclohexene, cyclopropanation takes 
place. The increased acidity of ester functionalized alkyl moieties (generated by the 
use of EDA) might make the E2-type elimination reaction easier than with 
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diazomethane (Scheme 12, last step). Reaction of nickelocene with diazofluorene 
and diphenyldiazomethane leads to little or no polymer, which was ascribed to 
steric hindrance. Another possible explanation is that these substrates do not contain 
an acidic proton required to generate the metal-alkyl species (Scheme 12, first and 
second step). 
 Recently, the polymerization of a sterically hindered substrate, 
phenyldiazomethane by Pd2(dba)3(CHCl3)/pyridine was reported by Ihara et al.65 
Compared to polymers obtained by thermal decomposition of aryldiazomethane,32 
the molecular weights and yields are low (Mn = 1420 Da, Mw/Mn = 1.47, <20% 
yield). Furthermore, substantial incorporation of azo groups was observed (~25%), 
similar to the polymers obtained by polymerization of diazocarbonyl compounds 
with organo-aluminum compounds (Scheme 5a, section 1.2.1).39 

1.4.2 Heterogeneous polymerization of diazoalkanes and polar functionalized diazo 
compounds on metal surfaces 

In 1961, Nasini et al. discovered the polymerization activity of gold metal and this 
prompted them to expose surfaces of a wide range of metals to diazoalkanes. In 
decreasing yield, the surfaces of the following metals produced polyethylidene from 
diazoethane: Cu, Ti, Fe, Mg, W, Ni, V, Mn, Ta, Pt, Co, Zn, Cd, Au, Cr, Al and Mo. 
The use of Pd, Rh, Zr and Ag metal surfaces did not yield any polymer. 
Remarkably, small amounts of stereoregular polyethylidene from diazoethane were 
formed on gold surfaces (actual tacticity unclear). This is the first reported example 
of stereoregular polyalkylidene.61 
 No explanation was given for the stereoregulating activity of gold, but a general 
mechanism for the polymerization was proposed. The reaction can initiate by 
addition of a diazoethane molecule to an absorbed carbene with liberation of 
dinitrogen and hydrogen transfer to the metal surface (Scheme 13). The polymer is 
formed by subsequent migratory insertion of a metal bound diazoethane into the 
metal surface bound alkyl unit until termination occurs through “reductive 
elimination” of the hydrogen and alkyl fragments formed in the initiation reaction 
(Scheme 13). 

 
Scheme 13. Proposed mechanism of formation of polyethylidene on a metallic surface. 
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Tao, Allara and co-workers used this surface initiated polymethylene synthesis as a 
strategy to prepare crystalline ultra-thin coatings on gold surfaces by simply 
exposing the gold surface to a solution of diazomethane in ether.66 The 
polymerization initiates in the first stage of the reaction at defect sites of the gold-
surface. In later stages, film growth is slower until the surface is almost completely 
covered with polymer. Because the authors observed a Me group with IR 
spectroscopy, they suggest a mechanism proceeding via radical intermediates. In 
this mechanism two absorbed methylidene species combine to form a biradical 
(2:CH2

* → ·*H2C–CH2
*·, which is in fact an excited state of ethene absorbed on the 

gold surface), and propagation with adsorbed CH2 molecules can take place. Radical 
disproportionation as termination step would afford methyl and vinyl end-groups: 

 RCH2CH2• + R’CH2CH2• → RCH2CH3 + R’CH=CH2  

Since the polymerization initiates at high energy defect sites on the surface, the film 
does not form uniformly on the surface. To overcome this, Guo and Jennings 
modified the gold-surface with copper and silver.67 Polymer growth on these 
modified surfaces is linear with time and with copper the polymerization is faster 
than on the unmodified gold surface. Increasing the amount of silver inhibits the 
polymerization, probably due to coverage of the gold active sites. 
 In a later study, ethyl diazoacetate (EDA) was employed to obtain ester-
functionalized polymer coatings. Homo-polymerization of this substrate was not 
possible, but when a mixture of diazomethane and EDA was used, a random 
copolymer was formed (incorporation of ester groups: 1-4%).68 The polymer film 
thickness could be tuned by the EDA concentration and was much larger for the 
copolymer (up to several hundreds of nanometers). In the presence of EDA, the 
polymer growth is almost linear with time and does not slow down. EDA seems to 
act as a co-catalyst; although it enhances polymer growth and growth rate, it is 
incorporated in only small amounts. The growth of the film takes place at the gold 
surface interface and not at the solution-polymer interface. 
 Moreover, addition of radical inhibitors does not influence the reaction and added 
alkenes were not built in. Primary amines inhibit copolymerization, but do not 
affect the growth of polymethylene. This shows, in contrast to a former study by 
Tao and Allara et al.,66 that radical or cationic polymerization mechanisms can not 
play a dominant role. Probably, two different mechanisms are active here; one is the 
homopolymerization of diazomethane which initiates fast and grows linearly and 
then slows down. The other is proposed to involve insertion copolymerization of 
diazomethane and EDA. The mechanism involves an absorbed ethyl ester carbene 
species (Au=CHCO2Et), which removes electron density from the gold surface by 
the electronegative ester group (Figure 2). 
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Figure 2. Schematic representation of electron-deficient gold surface by coordination of electronegative ester 
groups. 

Electron-deficient gold atoms are believed to serve as reactive centre for insertion 
polymerization.68 This is probably also the reason why the presence of copper atoms 
enhances the reaction. The electropositive copper atoms increase the interactions 
with the methylidene units, and thereby shift the reaction from a biradical-type 
mechanism to an insertion-type mechanism, so that chain termination processes are 
suppressed.67  

1.4.3 Low molecular weight polymers/oligomers from polar functionalized diazo compounds 
(homogeneous processes) 

Compared to unfunctionalized diazoalkanes, polar functionalized diazo compounds 
are much more challenging substrates in C1 polymerization. A few early reported 
examples of reactions of metal complexes with diazoesters show formation of only 
dimerization products dialkyl fumarate and maleate.59,64,69 However, already in 1909 
Loose reported the reaction of Cu-bronze with EDA or methyl diazoacetate (MDA), 
leading to dialkyl maleate and fumarate and possibly higher oligomers.70 Complete 
conversion of the starting material afforded the alkenes in 70% yield, but in addition 
a dark brown, highly viscous oil was obtained. It was suggested that this product is 
a trimer or even a higher oligomer, but at that time this could not be proven. 
 In 2002, Liu and co-workers found a polymer of carbalkoxycarbenes as an 
unexpected product when they attempted to perform copper-powder mediated 
cyclopropanation polymerization with allyl diazoacetate (Scheme 14).71 Analysis by 
NMR spectroscopy showed the absence of cyclopropane rings and with IR 
spectroscopy the absorption of a C=C double bond was observed. Instead of the 
expected cyclopropanation-polymerization a carbene-polymerization reaction had 
occurred. The polymer/oligomer with a molecular weight of 3000 Da (Mw) and a 
polydispersity of 1.2 was isolated as a solid. 

 
Scheme 14. Synthesis of a polymer of carbalkoxycarbenes instead of cyclopropanation polymerization. 
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Since 2003, Ihara and co-workers have further investigated transition metal 
mediated polymerization reactions of diazocarbonyl compounds. A variety of new
polymers/oligomers containing different functional groups were prepared. They 
called these procedures “poly(substituted methylene) synthesis”. The reactions 
involve (co-)polymerization of a variety of diazo compounds such as 
diazoacetates,72,73 saturated and unsaturated diazoketones with aliphatic or aromatic 
side groups,74,75 cyclic diazoketones,76 bifunctional diazocarbonyl compounds75 and 
diazoacetamides77 (Figure 3) by mainly PdII-based catalysts. 

 
Figure 3. Diazo compounds used for “poly(substituted methylene) synthesis”. 

The first report deals with the polymerization of MDA (7) and EDA (8) by PdCl2 
affording low molecular weight polymers/oligomers in reasonable to good yields 
(Mn up to 750 Da, yields: 50-100%, see e.g. Table 2, entries 1 and 2).72 In the 
presence of an amine such as pyridine or triethylamine a polymeric product was 
obtained containing amine groups at both polymer ends. Spectroscopic data 
indicated that a polymethylene having ethoxycarbonyl substituents on all backbone 
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carbon atoms was formed. By MALDI-ToF mass spectrometry it was confirmed that 
the repeating unit is a carbene and not the dimerization product of two carbenes. 

Table 2. Polymerization of diazo compounds with Pd and Pt-based catalyst systems (selected results) 

Entry Substrate Catalyst Yield (%) Mn (Da) Mw/Mn 
1 7 PdCl2 + py 100 470 1.9 
2 8 PdCl2 + py 100 700 1.8 
3 9 PdCl2(MeCN)2 13 890 1.3 
4 11 PdCl2(MeCN)2 25 420 1.4 
5 12 PdCl2(MeCN)2 16 650 1.3 
6 13 PdCl2(MeCN)2 39 490 1.5 
7 14 PdCl2 46 2370 1.4 
8 14 PtCl2 15 2440 1.3 
9 14 PdCl2(MeCN)2 50 2480 1.5 

10 14 PdCl2(MeCN)2 + py 22 2020 1.4 
11 15 PdCl2(MeCN)2 45 1720 1.3 
12 18 PdCl2(MeCN)2 24 1400 1.7 
13 19 PdCl2(MeCN)2 9 900 1.4 
14 21 PdCl2(MeCN)2 11 990 1.1 
15 22 PdCl2(MeCN)2 9 1890 1.1 
16 10 + 8 PdCl2(MeCN)2 28 750 1.3 
17 14 + 10 PdCl2(MeCN)2 31 1510 1.5 
18 14 + 11 PdCl2(MeCN)2 25 1690 1.2 
19 14 + 12 PdCl2(MeCN)2 27 1610 1.4 
20 25 + 14 PdCl2(MeCN)2 10 2580 1.7 
21 25 + 15 PdCl2(MeCN)2 29 1660 2.8 
22 8 [IMesPd(NQ)]2 + NaBPh4 35 20700 1.5 
23 8 [IPrPd(NQ)]2 + NaBPh4 34 24000 1.5 

 
In the proposed mechanism, the reaction is initiated by nucleophilic attack of Et3N 
on the α-carbon atom of the diazoacetate with formation of a metal-carbon bond 
(Scheme 15). 

C N2

H

RO2C CH N2

RO2C

Cl
PdCl

Et3N H
C

CO2R

PdClEt3N

Cl

CH Pd
RO2C

CH
N2RO2C

CH
CH

Pd

CO2R

CO2R

CH
Pd

CH

CO2R CO2R CH
CH

CO2R

CO2R

termination

propagation

initiation

-N2

-Pd0

 
Scheme 15. Proposed mechanism for Pd-mediated polymerization of carbenes. 

Propagation of the reaction is proposed to proceed via direct migration of the 
growing chain fragment to the α-carbon atom of the (coordinated) diazo compound 
with elimination of N2. Thus, according to the authors the reaction does not proceed 
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via discrete carbene intermediates, which contrasts with quite some available 
mechanistic information pointing to carbenoid intermediacy in insertion reactions 
with diazo compounds, also for Pd (see section 1.5). The detection of an amine 
group at both ends of the polymer indicates that perhaps two polymer chains are 
formed on the same Pd center, and chain termination may have occurred by 
reductive elimination of two chains.  
 In later studies, mainly PdCl2(MeCN)2 was used instead of PdCl2 because of its 
better solubility in organic solvents. It appeared that the addition of pyridine, which 
gave good results in the polymerization of diazoacetates 7 and 8,72 gave lower 
yields in polymerization of unsaturated diazoketones (see e.g. Table 2, entries 9 and 
10).74 Furthermore, indication of a chain-transfer mechanism and the fact that PdCl2 
without addition of amines affords polymers as well suggests that the reaction is not 
initiated by amines, but involves the attack of weak nucleophiles such as H2O, 
MeCN or monomer. The reaction can also be initiated with Pd0 sources such as 
Pd2(dba)3(CHCl3), but the authors propose that these are oxidized to PdII in situ. 
This is in contrast to a recent report by Ortuño et al., which shows that 
polymerization of diazomethane can be effected by Pd0 nanoparticles formed in situ 
from Pd(OAc)2.

78 
 Pd mediated polymerization of other diazo compounds (especially diazoketones 
such as 14) frequently led to incorporation of azo functionalities in the main chain, 
in varying amounts depending on the structure of the substrate. Some of these 
polymers are thus rather ill-defined random co-polymers, comparable to those 
observed in Al-mediated reactions (Scheme 5a, section 1.2.1). 
 The reactivity of other late transition metal halides towards monomer 14 was also 
investigated (e.g. FeCl3, RuCl3, CoCl2, RhCl3, NiBr2 and PtCl2), but only PtCl2 
afforded polymers/oligomers with similar molecular weight (Mn = 2440 Da), though 
lower yield (15%) compared to PdCl2 (Mn = 2370 Da, 46%) under similar 
conditions (Table 2, entries 7 and 8). Also the previously mentioned incorporation 
of azo groups in the polymer obtained with PtCl2 is higher than with PdCl2 (Scheme 
5, section 1.2.1). 
 Some diazoketones proved more difficult to polymerize with the Pd-based 
catalysts. For example, saturated diazoketones 9 and 12 can be polymerized in only 
low yields (13% with Mn = 890 Da and 16% with Mn = 650 Da, respectively, entries 
3 and 5).74 Under the same conditions and with the same catalyst, PdCl2(MeCN)2, 
unsaturated monomers 14 and 15 are polymerized in 50% (Mn = 2480 Da) and 45% 
(Mn = 1720 Da) yield, respectively (entries 9 and 11). The reason for the lower 
reactivity of the saturated substrates (9 and 12) compared to the diazoketones with a 
double bond next to carbonyl moiety (14) is not clear. 
 Polymerization of diazoketone 11 leads to very low molecular weight products in 
low yields (Mn = 420 Da, 25% yield, entry 4), which is explained by steric 
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hindrance at the metal during the polymerization.74 Similar behavior is observed for 
ferrocenyl substituted diazoketone 13; this substrate is oligomerized in moderate 
yield (39%, entry 6), but the low molecular weight corresponds with only dimers or 
trimers.75 Cyclic diazoketones 16, 17 and 20 can not be homo-polymerized at all.76 
Reacting unsaturated cyclic diazoketones 18 and 19 with PdCl2(MeCN)2 does afford 
polymers, but in low yields (24% yield, Mn = 1400 Da and 9% yield, Mn = 900 Da, 
respectively, entries 12 and 13). The content of azo groups in the polymers of cyclic 
diazoketones is much higher (~25%) than for acyclic diazoketones (<10%). The low 
molecular weight polymer of monomer 18 could be partially (~40 mol%) post-
modified by reacting it with the nucleophiles n-BuLi, PhLi or NaCH(CO2Et)2. 
 To broaden the scope of the reaction further, Ihara and co-workers polymerized 
diazoacetamides 21 and 22, affording low molecular weight polymers/oligomers in 
low yield (11%, Mn = 990 Da and 9%, Mn = 1890 Da, respectively, Table 2, entries 
14 and 15) with a relatively high azo group content (~20%).77 Monomers 23 and 24 
could not be homo-polymerized, probably due to steric crowding at the metal centre 
during polymerization. 
 The reactivity of some of the tested diazo compounds towards the catalyst was 
low and although some could not be homo-polymerized, co-polymerization of 
various combinations of monomers was investigated. The relative reactivity of the 
different monomers was mostly expressed in the composition of the corresponding 
co-polymers. For example, co-polymerization of 14 with monomers 11 or 12 affords 
random co-polymers/co-oligomers in low yields (~25% with Mn ~1600 Da, see e.g. 
Table 2, entries 18 and 19) with low incorporation of 11 and 12 compared to the 
feed ratio.74 Also phenyldiazomethane (10) could be co-polymerized with 8 and 14 
(yields: up to 38% with Mn up to 2000 Da, see e.g. entries 16 and 17).65 The 
incorporation of the monomers corresponds more or less to the feed ratio, but there 
is also a significant amount of azo groups incorporated in the polymers. Monomers 
found to be unsuitable for homo-polymerization could be co-polymerized; 16, 20, 
23 and 24 with 15 and 17 with 14 (Mn up to 1400 Da).76,77 Also here the 
incorporation of the less reactive monomers is low. 
 If the reaction follows an insertion-type mechanism (either as proposed by the 
authors in Scheme 15, or via discrete carbene intermediates as shown in Scheme 
12), it should be possible to co-polymerize diazocarbonyl compounds with other 

monomers that react via insertion into the Pd−C bond. Therefore, Ihara and co-

workers examined the co-polymerization of diazocarbonyl compounds with 
phenylacethylene, 1-heptyne and t-butyl isocyanide.79 In the co-polymerizations of 
14 with phenylacetylene or 15 with 1-heptyne a polymer containing both monomers 
was formed with a lower incorporation of the acetylenes than predicted by the feed 
ratios. Co-polymerization of EDA (8) with 1-heptyne or phenylacetylene results in 
low molecular weight oligomers with a composition similar to the feed ratio in low 
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yields (~20% yield, Mn ~1000 Da and ~30% yield, Mn ~700 Da, respectively). t-
Butyl isocyanide was co-polymerized with 15 mediated by Ni(acac)2·2H2O with two 
equivalents of (S)-(–)-1-phenylethylamine. The incorporation of both monomers 
was similar to the feed ratio, but the molecular weights were again low (Mn ~ 800 
Da). On the basis of elemental analysis the amino end-group and incorporation of 
azo units were determined. The fact that diazocarbonyl compounds can be co-
polymerized with acetylenes and isocyanides supports an insertion-type mechanism. 
 In an attempt to synthesize cross-linked polymers from diazo compounds, Ihara 
and co-workers employed diazoketones 25, 26 and 27 (Figure 3).75 Compound 25 
was co-polymerized with 14 and 15 (Scheme 16a), but the products were still 
soluble in chloroform (entries 20 and 21, feed ratio: 1 : 3), meaning that probably 
almost no cross-links were formed. A possible explanation is the formation of 
mainly linear polymers by intramolecular cyclization of 25 (Scheme 16b). Also 
significant azo group incorporation (10-16%) was observed by elemental analysis. 

 
Scheme 16. a) Co-polymerization of bifunctional diazoketone 25 with 14 and 15; b) formation of linear 
polymers by intramolecular cyclization of 25. 

The more rigid bifunctional diazoketones 26 and 27 were more suitable for 
establishing cross-links; solid products insoluble in chloroform were obtained in 
high yields (64-96%) by co-polymerizing 26 or 27 with e.g. 14 (feed ratio: 1 : 3). In 
these co-polymers the azo group content is somewhat lower: up to 5%. 
 In 2009, Ihara et al. communicated the polymerization of EDA by palladium 
complexes of NHC-ligands in the presence of either NaBPh4 or NaBArF4 (Figure 
4).73 With these catalyst systems remarkably higher polymer molecular weights 
could be obtained than reported before (up to 24,000 Da; entries 22 and 23, Table 
2). After purification the products were isolated as colorless solids. 
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Figure 4. Pd-complexes of NHC-ligands with borate reagents used for polymerization of EDA. 

In the 1H and 13C NMR spectra the backbone signals of the polymer are broad, but 
three different peaks could be distinguished. These three peaks were ascribed to 
triads and the authors believe that these findings show that with these Pd-NHC-
complexes they can influence the polymer tacticity. MALDI-ToF mass spectrometry 
analysis of the polymers showed the presence of Na-adducts of species with a 
repeating unit of 86 Da, corresponding with :CHCO2Et, and as end-groups H and a 
C=C moiety. In the proposed mechanism the reaction is initiated by cationic 
[(NHC)PdIIH]+. The authors propose that this species is formed in the first step from 
the Pd0-complex and THF, with or without the assistance of the borate reagent.73 
The propagation steps are similar to the ones described before (see Scheme 15). 

Subsequent termination by β-H elimination explains the unsaturated end-groups of 
the polymers. With these catalyst systems, incorporation of azo groups into the 
polymers does not take place. 
 In general, the Pd-mediated polymerization of diazo carbonyl compounds 
reported by Ihara et al. can be applied for a broad range of diazo compounds, but 
affords only low molecular weight (co-)polymers/oligomers (Mn up to 2600 Da and 
with the Pd-NHC-systems up to 24,000 Da) and frequently leads to incorporation of 
substantial amounts of azo-functionalities in the main-chain. The oligomers are 
mostly isolated as brown viscous oils (sometimes brown solids) and all show broad 
signals in their NMR spectra, indicating that they are most likely atactic. 

1.5 Mechanistic information from synthetic model reactions relevant for C1 
polymerization 

The above sections clearly show that in terms of functional group tolerance, 
transition metal catalyzed polymerization of (functionalized) diazo compounds 
outperforms all other C1 polymerization techniques. There is still much to gain in 
this field though, especially in improving the yields and gaining control over the 
molecular weight (distribution) and the polymer stereoproperties. For that reason we 
need a full detailed mechanistic insight in all possible initiation and termination 
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processes (Mw and PDI), possible side-reactions, as well as an understanding of 
factors influencing the stereoselectivity of the propagation steps. In this section we 
thus summarize the available (although limited) mechanistic information from 
experimental model studies. 
 In most cases C1 polymerization reactions from diazo compounds are proposed to 
proceed via migratory insertion involving carbene intermediates. Cis-carbene-alkyl 
transition metal complexes are very reactive, and since they are expected to undergo 
rapid alkyl migration to the carbene ligand, they are intrinsically difficult to 
observe. Nevertheless, with some tricks used to slow-down or prevent this 
elementary step in model reactions, such species could be isolated. Such methods 
include: (I) trapping of the metal-carbenoid with labile nucleophiles, (II) inducing 
ring-strain in the migration product, and (III) using electron donating and/or 
sterically encumbered substituents on the carbene ligand to slow down or prevent 
the insertion process. Method I was applied in model studies by Thorn et al. where a 
carbene unit (generated by MeOH elimination from a protonated IrIII-CH2OMe 
complex) was trapped with pyridine (28 in Scheme 17a).80  

 
Scheme 17. Isolated late transition metal alkyl carbene complexes and the products of carbene migratory 
insertion and β-hydrogen elimination (L = PMe3, py = pyridine, Cp = cyclopentadienyl, M = Fe or Ru). 

The pyridine-trapped methylene complex 28 (N-ylide) is stable at room temperature, 
but at 60°C it eliminates ethylene and forms an Ir-hydride complex. The reaction 

most likely proceeds via alkyl migration to a discrete carbene ligand, followed by β-
hydrogen elimination. When the starting material was reacted with BrCH2OMe, a 
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similar reaction took place and the ethyl complex could be isolated before β-
hydrogen elimination occurred. Reactions with the analogous RhIII complex led to 
similar products, but no intermediates could be detected.81  
 Jones and co-workers prepared some stable transition metal cis-carbene-alkyl 
complexes of iron and ruthenium (29 in Scheme 17b) using ring-strain (method 
II).82 At room temperature, the iron complex undergoes migratory insertion to form 
the strained cyclobutane ring, but the ruthenium analogue does not react at all, not 
even after 3 days at 100°C. Migratory insertion of the carbene in the iron complex 
was estimated to be at least 107 times faster than for its ruthenium analogue. 
Generally, kinetic barriers for second-row transition metals are higher than for first 
row transition metals.  
 Another example of an isolated late transition metal alkyl carbene complex was 
reported by Stryker et al.83 Platinum bis(phosphonium ylide) complex 30 (Scheme 
17c) could be isolated and structurally characterized, because the carbene ligand is 
electronically stabilized and somewhat sterically protected (method III). However, 
upon heating the phosphonium salt 31 is formed by migration of a phosphonium 
ylide ligand to the Fischer carbene in 30, followed by β-H elimination. A similar 
reaction was observed for the isolated cis-alkyl-carbene complex 32. Interestingly, 
32 was synthesized by reaction of EDA with (dppe)PtCl2, most likely via carbene 
insertion into the metal-chloride bond, followed by carbene formation with 3-
butynol (Scheme 17d).84 The overall reaction could be performed ‘catalytically’, 
with almost two turnovers. 
 Experiments of Mango and Dvoretzky clearly point to the intermediacy of 
carbene ligands in Ir catalyzed polymerization of diazomethane. Reaction of 
[IrCl(CO)(PPh3)2] with diazomethane in diethyl ether leads to polymethylene via a 
detectable intermediate at low temperatures.85 Elemental analysis and IR 
spectroscopy of the intermediate are consistent with either the iridium methylene 
complex 33, or the insertion product 34 (Scheme 18).  
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PPh3

CH2
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Ph3P CH2Cl
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33 34
 

Scheme 18. Proposed structures for the reaction product of [IrCl(CO)(PPh3)2] with diazomethane. 

Complex 33 has a methylene moiety as a fifth ligand, cis to the chloro ligand. 
Chloride migration to this fragment leads to 34. Interestingly, in the presence of 
styrene the methylene moiety is transferred to the styrene double bond, leading to 
cyclopropanation. The spectroscopic data and the behavior of the complex in 
solution suggest that in the solid state the complex exists in its more stable form 34, 
while its reactivity in solution is determined by 33. Chloride migration to the 
carbene ligand thus seems to be reversible, and it seems most logical that the 
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formation of 34 from [IrCl(CO)(PPh3)2] and diazomethane also proceeds via the 
same discrete carbene intermediate 33.  
 Similar conclusions were gathered in carbene migratory insertion reactions 

observed for palladium−halide complexes. Reaction of [(L)PdII(Cl2)] with 

diazomethane leads to insertion of ‘methylene’ into both Pd−Cl bonds.86 The 

isolable products are not very stable, and tend to eliminate ethene with regeneration 
of the starting bis-halide complex. This suggests that chloride-to-carbene migration 
is reversible also for Pd, thus providing a pathway for ethene elimination (similar to 
the equilibrium between 33 and 34 in Scheme 18).  
 Similar reactions were reported for the analogous platinum complexes 
[(L)PtII(X2)] (L = 1,5-cyclooctadiene or a chelating diphosphine ligand; X = Cl, Br 
or I). Reaction with close to stoichiometric amounts (~1-8 equivalents) of 
substituted and non-substituted diazo compounds generally leads to a single 
‘carbene’ insertion into one or both of the metal-halide bonds. With diazomethane 
usually insertion into both metal-halide bonds occurs (36, see Scheme 19, R = H), 
while with substituted diazo compounds insertion into only one of the two halides 
occurs in most cases (35, X = Y = halide).87,88 Reactions with substituted diazo 
compounds and chiral diphosphine ligands leads to moderate to low 
diastereoselectivity (d.e. = 0-88%), which could not be increased by using a chiral 
diazo compound (R,R-menthyl diazoacetate).89,90 Insertion into the second metal-
halide bond with substituted diazo compounds is much slower, but can occur with 
longer reaction times.91 

 
Scheme 19. Mono and bis insertion products of reaction of PtII complexes with diazo compounds and chiral 
diphosphine ligands (X = halide, Y = halide or methyl). 

The above model systems show that metal-carbon ‘carbene insertion’ is a viable 
chain-growth propagation mechanism. Although moderate, the reactions reported by 
Pringle and Bergamini et al. also reveal an influence of the auxiliary ligands on the 
stereochemical outcome of the ‘carbene insertion’ process.89,90 This is relevant for 
the development of stereoregular C1 polymerization reactions from functionalized 
diazo compounds. 
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The above model systems further show that ‘carbene insertion’ reactions into metal-
halide or other metal-ligand bonds is a viable chain-initiation mechanism, thus 
creating the required ‘growing-chain alkyl’ for C1 polymerization. At the same 

time, these model systems reveal that β-hydrogen elimination occurs easily, which 
is a likely chain termination/transfer pathway in the polymerization reactions. For 
the above model systems the ‘carbene insertion reactions’ are rather slow, which is 
quite remarkable for ‘unsaturated’ (16 valence electron) square planar d8 metal 

complexes. The observed β-elimination reactions thus occur with competing rates. 

Combined, this suggests that for the formation of long polymers perhaps an 
additional vacant site (i.e. a 3-coordinate complex) is required for faster insertion 
than chain-transfer/termination. 

 Model reactions reported for the mixed Pt−alkyl−halide92-94 or Pt−aryl−halide95 
complexes provide additional hints in this direction. Reaction of [(chiral 
diphosphine)PtIIX(Me)] with different diazo carbonyl compounds in polar solvents 

generally results in formation of Pt−C insertion products [(S,S-

diop)PtII(X)(CH(Me)R)] (R = CO2Et, X = Cl or Br) (35, Scheme 19, X = halide, Y = 
Me) with rather low diastereoselectivities.92,93 However, carbene insertion into the 

Pt−X and Pt−C bonds compete for these species, and the chemoselectivity strongly 

depends on the polarity of the solvent. Higher chemoselectivities towards Pt−C 

insertion were observed in polar solvents (MeCN, DMSO), while apolar solvents 

(benzene, CHCl3) favor insertion into the Pt−X bond. With stronger Pt binding 

halides (I > Br > Cl), the chemoselectivity shifts from Pt−C insertion towards Pt-

halide insertion (yields of Pt−C insertion products: 100%, 80% and 55% for X= Cl, 
Br and I, respectively). Interestingly, also decreasing the bite angle of the 
(diphosphine)PtII complex and the use of diazoesters instead of diazoketones favors 

Pt−C insertion over Pt−X insertion,90 thus suggesting that ligand modification and 

substrate variation may have a substantial influence on the rate and selectivity of 
transition metal catalyzed C1 polymerization reactions of diazo compounds.  
 In polar solvents only the chiral diphosphine ligand controls the 
diastereoselectivity of insertion, while in apolar solvents the diastereoselectivity 
depends also substantially on the nature of the halide.90 The authors further proved 

that the Pt−X insertion products are not intermediates towards the Pt−C insertion 

products, and Pt−C and Pt−X insertions must thus take place via different pathways.  

 All these observations point to the mechanism depicted in Scheme 20. Metal-
carbene formation is preceded by dissociation of the halide to form a 3-coordinate 
intermediate to allow coordination of the diazo substrate. In the next step, carbon-
carbon bond formation by methyl to carbene migration takes place in polar solvents, 

where the halide is sufficiently solvated. Slow metal−carbene formation from the 
diazo compound and the 4-coordinate square planar complex occurs without halide 
dissociation in apolar solvents (especially for the stronger binding halides). The 
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mechanism is consistent with independent pathways for Pt−C and Pt−X bond 
insertion. The formation of the carbene species is easier when X is a better leaving 
group, which explains the trend in selectivity concerning the halides. In polar 
solvents, halides have no influence on the diastereoselectivity because the halogen 
is lost before the chiral center is formed. 
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Scheme 20. Proposed mechanism for carbene migratory insertion into Pt−C and Pt−X bond. 

In 1986, McCrindle et al. reported repetitive insertions of carbenes from 

diazomethane into the Pt−C bond of [(cod)PtCl(Me)], resulting in formation of ethyl 

and propyl platinum complexes.96 The proposed mechanism is similar to the one 
shown in Scheme 20. The authors defined the requirements for an effective catalyst 
for polymerization of diazomethane; a suitable migrating group (growing chain 
alkyl) and intermediate carbenes that undergo migratory insertion rather than being 
captured by an anion. This hypothesis was tested by abstracting the chloride from 
the platinum before reaction with diazomethane. Indeed, the use of the 3-coordinate 
species [(cod)Pt(Me)]+ in reaction with diazomethane led to formation of a large 
amount of polymethylene (along with free 1,5-cyclooctadiene and platinum metal). 
In another experiment, a chelating phosphine ligand was used in order to stabilize 
the carbene species. In the reaction of [(1,3-bis(PPh2)propane)PtCl(Me)] with 

diazomethane, Pt−(CH2)n−Me species were observed (n ~ 8). These results 
strengthen the above hypothesis that 3-coordinate alkyl d8 transition metal 

complexes (e.g. L2PdII−R) are the active catalysts in late transition metal mediated 

C1 polymerization of diazo compounds (see also sections 1.4.3). 

Summary of the mechanistic implications  

We can summarize the lessons learned from these model reactions in the context of 
their mechanistic implications for late transition metal mediated C1 polymerization 
of diazo compounds as follows: (A) Repetitive ‘carbene insertions’ in transition-
metal carbon bonds seems a viable chain-growth mechanism. (B) The 
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stereochemical outcome of the insertion steps is influenced by the auxiliary ligands, 
providing opportunities for stereoregular polymerization reactions. (C) Chain-
initiation via nucleophilic attack of an external nucleophile, or migration of a 
coordinated anionic ligand, to a carbene ligand seems a viable chain-initiation 
mechanism. (D) Chain-termination/transfer with these late metals most probably 

proceeds via β-hydrogen elimination. (E) Square-planar 16 valence electron d8 
species are not unsaturated enough, and require an additional vacant site (i.e. 
3-coordinate complexes) for ‘carbene formation’ from diazo compounds at 
appreciable rates. 

1.6 Catalytic C−C bond forming carbene insertion reactions leading to 
products other than polymers 

A large ratio of the carbene insertion rate constant over the chain-
termination/transfer rate constant (kp/kt) is an important parameter for tuning the 
reaction to form high molecular weight polymers in C1 polymerization. Smaller 
kp/kt ratios generally lead to unwanted oligomeric or dimeric products. However, 
slow carbene insertion can also be beneficial for the development of new reactions, 

providing opportunities to discover new catalytic C−C bond forming methods. This 

was nicely demonstrated by Van Vranken, Solé and their co-workers. They 

employed carbene insertion reactions into Pd−C bonds as a new tool in catalytic 

C−C bond forming reactions. The Van Vranken group first applied 

trimethylsilydiazomethane (TMSDM) as a carbene precursor to prepare styrene 
derivatives from benzyl halides.97 The reaction is believed to proceed as shown in 
Scheme 21.98 

 
Scheme 21. Proposed mechanism for carbene insertion into Pd−benzyl bonds. 

After oxidative addition of the benzyl halide, a metal carbene species is formed 

from the diazo compound, which undergoes migratory insertion into the Pd−C bond 

of the benzyl ligand. Finally, β-hydrogen elimination results in the styrene 

derivatives and a hydride complex. The latter is deprotonated with an external base 

to reform the starting Pd0 complex. As such, this reaction resembles Heck-type C−C 
bond formations, but uses carbenes instead of olefins. Although the products of 
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these reactions (Scheme 21) are also accessible via traditional Heck coupling 
reactions of aryl halides with acrylates, this new reaction potentially has a larger 
substrate scope; various carbene sources with different R-groups are commercially 
available or easily prepared according to known procedures. 
 The SiMe3 functionality introduced in the above method (by using TMSDM) is 
easily lost through desilylation,97 but ester functional groups introduced by using for 
example ethyl diazoacetate (EDA) as a substrate remain in the product; ethyl 
cinnamates with different substituents on the phenyl ring were obtained in yields up 
to 74%.98 

 Insertion of carbenes from EDA or TMSDM into Pd−Ar bonds was demonstrated 
by Solé et al., affording new azapalladacycles99 and by Van Vranken et al. resulting 
in indenylsilanes.100 In both studies the authors describe side reactions with 
TMSDM due to desilylation. Wang et al. reported the Pd catalyzed cross-coupling 

of carbenes from α-substituted diazocarbonyl compounds with boronic acids, 

affording 2-phenylacrylates.101 Barluenga and co-workers showed that cross-
coupling can also be performed with N-tosylhydrazones and aryl halides, leading to 
polysubstituted olefins.102 The N-tosyl-hydrazone is believed to decompose and 
generate a diazo compound in situ, which participates in the reaction (similar to 
those depicted in Scheme 21). 
 In a recent study, Van Vranken and co-workers synthesized vinyl silanes by 
reacting vinyl halides, TMSDM and a nucleophile (amine103 or stabilized carbon104 
nucleophiles) in the presence of a Pd catalyst. In the mechanism the vinyl halide is 
oxidatively added to Pd, after which the carbene is formed (see Scheme 22). 

Migratory insertion of the carbene into the Pd-vinyl bond yields an η1-allyl 

complex, which can form an η3-allyl complex. Attack by the nucleophile leads to 
the product (Scheme 22). The use of EDA as a carbene precursor and amines as 

nucleophiles yields α,β-unsaturated γ-amino acids in one step.105 

 
Scheme 22. Proposed mechanism of synthesis of vinyl silanes (R’ = SiMe3) and γ-amino acids (R’ = COOEt, 
Nu = amine). 
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1.7 Conclusions 

C1 polymerization provides interesting opportunities to prepare new polymers 
which are not (easily) accessible by conventional olefin polymerization techniques. 
As such, Lewis acid and transition metal mediated polymerization of carbenes (from 
their precursors, such as diazo compounds or sulfur ylides) provide valuable 
alternative synthetic protocols in polymer synthesis. 

 

Scope & Limitations 

Although C1 polymerization is a very promising research area, our mechanistic 
understanding and the developments and applications of most of the reported C1 
polymerization techniques are still far from mature. For many of the reported C1 
polymerization techniques it proved difficult to obtain high molecular mass 
polymers, and control over the polymer tacticity is often poor. Another limiting 
factor in this research field is the limited stability or poor accessibility of some of 
the applied C1 monomer precursors. Carbon functionalized sulfur ylides are 
synthetically not easily accessible and diazoalkanes are potentially explosive. On 
the other hand, a wide variety of diazoketones and diazoesters, which are much 
more stable than diazoalkanes (and therefore relatively safe to work with, even in 
large scale applications) are readily available. However, so far only a limited 
amount of catalysts proved capable of polymerizing such substrates and the 
products are usually atactic and of low molecular weight. 
 The Lewis acid mediated reactions are valuable from different perspectives, as 
these ‘living polymerization’ techniques allow the preparation of various telechelic 
polymethylenes. Especially the boron-mediated ‘polyhomologation’ reaction with 
sulfur ylides is an elegant procedure to make high molecular weight 
polymethylenes, which at the same time makes it possible to introduce a wide 
variety of specific functional groups at both polymer chain-ends in a controlled 
fashion. Thereby a large polymer structural diversity becomes possible, such as tris-
polymethylene substituted alcohols, bis-polymethylene substituted adamantanes, 
cyclic polymethylenes and a variety of block-copolymers. Such control over (both) 
chain-end functionalities is difficult to achieve with traditional olefin 
polymerization, if not impossible.  
 Lewis acid mediated C1 polymerization techniques do not allow the 
polymerization of polar functionalized C1 monomers, but this is possible with some 
late transition metal C1 polymerization catalysts. Several homogeneous and 
heterogeneous catalysts are capable of producing polymers from a variety of diazo 
compounds. 
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Related carbene insertion reactions are also of interest for the development of new 

C−C bond forming catalytic reactions. Reactions related to traditional Pd cross 
couplings, but using carbenoid precursors replacing the olefinic substrates are 
examples of such new developments. 

1.8 Outline of this thesis 

A major challenge in traditional olefin polymerization is the synthesis of 
stereoregular polymers from polar functionalized monomers. C1 polymerization 
techniques could offer interesting possibilities to prepare stereoregular polymers 
with a densely functionalized main-chain structure. To achieve this, a better 
mechanistic understanding of the known transition metal mediated reactions is 
required to bring these reactions to the next higher level. Especially control over the 
stereoproperties of the polymers and the chain termination and/or chain transfer 
processes is needed. This thesis describes the development of Rh-mediated carbene 
polymerization methodologies for the preparation of unprecedented stereoregular 
and highly functionalized polymers. 
 In Chapter 2 the Rh-mediated polymerization of ‘carbenes’ from diazoesters will 
be introduced. This method leads to highly stereoregular and high molecular weight 
polymers with an ester group on every carbon of the carbon-chain. The 
stereoproperties of the polymer are determined by chain-end control, resulting in a 
syndiotactic polymer. The method is not only limited to ethyl diazoacetate; also 
other diazoesters can be homo-polymerized. 
 In the third Chapter supramolecular ligands are employed in an attempt to steer 
and control the carbene polymerization reaction. Supramolecular assemblies of 
[(cod)(NHC)Rh] complexes with ZnII-templates are reacted with ethyl diazoacetate. 
Higher molecular weight polymers are obtained with these catalysts, but the effect 
of the ZnII-templates is general; without the formation of the assemblies the same 
results are observed. 
 A study into the mechanism is discussed in Chapter 4. Ligand variation in 
combination with the results described in Chapters 2 and 3 leads to the conclusion 
that the active species for the polymerization is stabilized by the diene ligand. 
Kinetic experiments show low initiation (1-5% of the added pre-catalyst becomes 
active in the polymerization) for the Rh(diene)-catalyst systems described in the 
Chapter. Computational investigations provide an insight in the propagation steps 
and an explanation for the syndiospecificity of the carbene insertion polymerization 
reaction.  
 Chapter 5 describes an approach to decrease side product formation. The use of 
Me2cod-based Rh precursors leads to very high molecular weight  
polymers. Remarkably, excellent polymer yields are attainable upon  
‘aging’ these catalysts for prolonged times in air. 
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The investigations into initiation, termination and chain-transfer mechanisms are 
discussed in Chapter 6. Several Rh-alkyl/aryl complexes are evaluated in the 
polymerization reactions and end-group analysis of both the polymeric and 
oligomeric products of the reaction is described. Several species turn out to be 
active in Rh-mediated carbene transformations to dimers, oligomers and polymers, 
which adds to the complexity of these reactions. 
 In the last Chapter the synthesis and characterization of syndiotactic copolymers 
of different diazoesters is described. The formation of random and block 
copolymers from these diazoesters is confirmed by different techniques; NMR 
spectroscopy, size-exclusion chromatography, thermal analysis and 2D liquid 
chromatography. The thermal and mechanical material properties of the homo- and 
copolymers, investigated by several techniques (thermo gravimetric analysis, 
differential scanning calorimetry, polarizing optical microscopy, dynamic 
mechanical thermal analysis), are also included in this Chapter. 
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2.1 Introduction1 

The thermal decomposition of diazomethane (reported around 1900) is the first 
known route to polymethylene.2 Neither this explosive process, however, nor the 
milder catalytic versions3

 ever found large scale practical applications (see Chapter 
1), and it was more than half a century later that transition metal mediated ethene 
polymerization gave easy access to linear polyethylene.4,5

 Unlike the inherently 
unstable diazoalkanes, diazocarbonyl compounds such as diazoacetates 
(N2CHCO2R) are reasonably stable, safe (even in large scale/industrial synthesis),6

 

easy to prepare, and extensively used as carbene precursors in organic synthesis. 
The most frequently observed reactions include carbene dimerization to form 
olefins, carbene transfer to olefins in cyclopropanation reactions, and carbene 

insertion into O−H, N−H, and C−H bonds. The reactions are often mediated by 
transition metals such as platinum, copper, rhodium acetates, and ruthenium 
catalysts, which have been reported to give efficient and, in many cases, 
stereoselective conversion of the carbenoid to various products.7 

 Interestingly, only a few reports describe the polymerization (oligomerization) of 

α-carbonyl stabilized “carbenes” from diazocarbonyl compounds. This concerns Cu 

and Pd mediated formation of low molecular mass polymers (oligomers) from alkyl 
diazoacetates and related diazocarbonyls (number average degree of polymerization 
up to ca. 100).8,9 These materials are notable because they carry a polar 

functionality (amenable to further transformations) at each main chain C atom − a 
structure which is not accessible via Ziegler-Natta catalysis4

 and had only been 
obtained so far from dialkyl maleates or fumarates by free radical processes,10 with 
no control on the resultant polymer stereochemistry. As such, carbene 
polymerization seems an attractive route to prepare functionalized polymers. 
However, stabilized diazocarbonyl compounds are notoriously more difficult to 
polymerize than their nonsubstituted diazoalkyl analogues. Until 2006, there were 
no catalysts known that produce high molecular weight or stereoregular 
polymethylenes with functional side groups. As a consequence of their low 
molecular weight, materials obtained thus far (i.e. in the above Cu and Pd mediated 
reactions) are rather unattractive viscous oils with very broad NMR resonances. 
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In this Chapter we show that with simple RhI complexes it is possible to make high 
molecular weight and stereoregular polycarbenes, which is in marked contrast with 
the previous results obtained with Pd and Cu catalysts. We report the stereoselective 
polymerization of carbenes generated from alkyl diazoacetates to high molecular 
weight poly(alkyl 2-ylideneacetate)s. 

2.2 Results and discussion 

2.2.1 Synthesis and characterization of the catalyst precursors 

The [(L-prolinate)MI(cod)] complexes 1a (M = Rh) and 1b (M = Ir) (cod = Z,Z-1,5-

cyclooctadiene) were prepared by reaction of the [(μ-Cl)MI(cod)]2 precursors with 

in situ deprotonated L-proline in methanol at room temperature (Scheme 1). The 
benzyl analogues [(N-benzyl-L-prolinate)MI(cod)] (2a, M = Rh; 2b, M = Ir) and the 
nonchiral picolinate and quinolinate Rh analogues 3 and 4 were prepared via similar 
routes.11 
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Scheme 1. Synthesis of catalyst precursors 1-4. 

The molecular structure of 2b was determined by X-ray diffraction (Figure 1, Table 
1). Like the structures of 1a, 2a, 311 and 4,12 2b adopts a square-planar geometry. 
Complex 2b is isostructural to its Rh analogue 2a.11 The aliphatic prolinate ring of 
2b is bent, thus shielding one of the two vacant sites somewhat from its 

environment. The M−ligand bond lengths of 1-4 are comparable. 
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Figure 1. Molecular structure of 2b with 50% probability ellipsoids. Hydrogen atoms are omitted for clarity.  

Table 1. Selected bond lengths (Å) and angles (°). 

 2b 
Ir(1)−N(1) 2.1522(18) 
Ir(1)−O(1) 2.0549(16) 
Ir(1)−C(21) 2.092(2) 
Ir(1)−C(22) 2.108(2) 
Ir(1)−C(25) 2.099(3) 
Ir(1)−C(26) 2.128(3) 
C(21)−C(22) 1.412(3) 
C(25)−C(26) 1.404(4) 

N(1)−Ir(1)−O(1) 79.40(7) 
O(1)−Ir(1)−C(21) 155.75(8) 
N(1)−Ir(1)−C(21) 100.00(9) 

 

2.2.2 Polymerization of carbenes from ethyl diazoacetate 

Initially we aimed at catalytic cyclopropanation of olefins, using ethyl diazoacetate 
(EDA) as a carbene precursor and the chiral RhI complex 1a as a catalytic 
precursor. Cyclopropanation of styrene is indeed mediated by 1a but only in low 
yields (~12%) with hardly any cis/trans specificity (53:47) and without any 
enantioselectivity. As expected, 1a also catalyzes carbene dimerization yielding 
diethyl maleate and diethyl fumarate in a 58:42 ratio. 
 However, while 1a mediates full conversion of EDA, this yields at most 50% 
diethyl maleate, diethyl fumarate and oligomeric products (vide infra) according to 
NMR. The remaining material (~50%) showed the NMR spectra shown in Figure 2 
and proved to be the new stereoregular poly(ethyl 2-ylidene-acetate) (PEA, Scheme 
2). 
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Figure 2. NMR spectra (top: 1H NMR, 500 MHz, CDCl3, RT; bottom: 13C NMR, 125 MHz, CDCl3, RT) of 
PEA obtained by Rh-mediated polymerization of EDA. 
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Scheme 2. Stereoregular polymerization of ethyl diazoacetate. 

Formation of PEA was further investigated using catalysts 1-4. Treating EDA with a 
catalytic amount of 1-4 (2 mol %) gave PEA in isolated yields between 10% and 
50% depending on the reaction conditions (Table 2). 
 The polymer was separated from the reaction mixture by precipitation and 
washing with methanol, yielding PEA as a white powder. The highest polymer 
yields were obtained with 1a in chloroform or dichloromethane. In other solvents 
(e.g. THF, acetonitrile, or toluene) yields were lower, possibly due to partial 
catalyst precipitation. 
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Table 2. Polymerization of EDA with catalysts 1-4.a 

Entry Complex T (°C) Solvent Reaction time PEA (%)b Mw (kDa) c Mw/Mn
c 

1 1a −20 CHCl3 7 days 50 190 3.3 
2 1a 0 CHCl3 3 days 35 169 3.0 
3  1a 20 CHCl3 14 h 45 133 2.4 
4 1a 20 CHCl3 30 min 5 49 2.0 
5 1a 40 CHCl3 14 h 30 100 2.2 
6 1a 20 MeCN 14 h 10 82 2.2 
7 1a 20 CH2Cl2 14 h 40 143 2.5 
8 1a 20 THF 14 h 35 130 2.4 
9 1a 20 C7H8 14 h 25 120 2.7 

10 2a 20 CHCl3 14 h 25 154 2.7 
11 1b (M = Ir) 20 CHCl3 14 h 0   
12 2b (M = Ir) 20 CHCl3 14 h 4 12 1.6 
13 3 20 CHCl3 14 h 15 132 2.5 
14 4 20 CHCl3 14 h 15 147 2.9 

a Conditions: 0.04 mmol catalyst; 2 mmol EDA, 6 mL of solvent. b Isolated by precipitation and 
washing with MeOH. c SEC analysis calibrated against polystyrene samples. 

 
Molecular weights of the new PEA polymers were determined from size-exclusion 
chromatography (SEC) measurements calibrated with matrix-assisted laser light 
scattering (MALLS). At 20°C, with all four rhodium-based catalysts high molecular 

weight polymers were obtained (Mw typically in the range 120−155 kDa) within 14 

h. As expected, shortening the reaction time leads to formation of lower molecular 
weight polymers in lower yields (Table 2, entry 4). Decreasing the reaction 
temperature and increasing the reaction time leads to an increase of the polymer 
molecular weight (Mw up to 190 kDa for polymerization with 1a in chloroform at 

−20°C). The polydispersities of the polymers obtained with the Rh catalysts are all 
slightly higher than 2.0. The polymerization experiments were run with full 
conversion of EDA, which contributes to somewhat broader weight distributions 
(Table 2, entries 3 and 4). Therefore, the obtained polydispersities seem to be in 
agreement with a nonliving polymerization process at a single center active species. 
 Quite remarkably, 1b (the iridium analogue of 1a) does not produce any PEA 
polymer from EDA (similar to an Ir-complex reported by Buchmeiser et al.).13 
Instead, 1b catalyzes quantitative carbene dimerization to yield a mixture of diethyl 
fumarate and diethyl maleate (in a ratio of 1:9). Iridium complex 2b on the other 
hand, containing a weaker coordinating benzyl-functionalized N-donor, does 
produce PEA in low yields; 4% (and ~65% of oligomers, vide infra). Both the 
molecular weight (Mw = 12 kDa) and the polydispersity (Mw/Mn = 1.6) of the 
polymer obtained with 2b are much lower than those of the polymers obtained with 
the Rh species. 
 For the reactions with complexes 1a and 2b, we also analyzed the methanol 
soluble fractions left after workup and isolation of the polymer. From this it became 
clear that besides (methanol insoluble) stereoregular polymer and small amounts of 
diethyl maleate and fumarate, the reactions also produce varying amounts of 
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oligomers with a number degree of polymerization of only about 5-15 “carbene” 
units (Mw ~1.2 kDa, PDI ~3.5). The broad NMR spectra of these oligomers (Figure 
3) point to a poorly defined structure, which is not at all related to the well-defined 
structure of the stereoregular polymer (Figure 2). 
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Figure 3. NMR spectra (top: 1H NMR, 500 MHz, CDCl3, RT; bottom: 13C NMR, 125 MHz, CDCl3, RT) of 
the poorly defined MeOH soluble oligomers obtained from the MeOH washings during work-up of PEA. 

2.2.3 Characterization of stereoregular PEA 

2.2.3.1 Solution NMR spectroscopy experiments 

Quite surprisingly, the new high molecular weight PEA polymers obtained with 
catalysts 1-4 reveal sharp resonances in solution 1H and 13C NMR spectra indicative 
for stereoregular polymers (Figure 2). The low molecular weight (Mw = 1.2 kDa) 
PEA polymers (oligomers) obtained with Pd-based catalysts reported by Ihara and 
co-workers9a are viscous oils which show very broad NMR resonances. Apart from 
the possibility that these polymers are atactic, the broadening of the NMR signals of 
these low molecular weight polymers could also be caused by chain-end effects. For 
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none of the PEA samples obtained with the Rh and Ir catalysts 1-4 we were able to 
detect polymer chain-end signals or indirect chain-end effects with NMR. 
 Even at 600 MHz for 1H NMR and 150 MHz for 13C NMR, the main chain 
methine signal of stereoregular PEA appears as a highly symmetrical singlet, with a 
half-height width of 11 and 20 Hz, respectively. A weak shoulder at higher 
frequency of the 1H NMR signal is possibly traceable to stereo defects (in all cases 
well below 10%, as estimated by peak deconvolution). 
 To investigate tacticity effects, we prepared atactic PEA by radical 
polymerization (initiated by AIBN) of diethyl fumarate.9a,10 These atactic PEA 
samples have a molecular weight of 6.1 kDa (Mw), but still reveal very broad NMR 
resonances. NMR spectra of the new stereoregular PEA polymers obtained with 
catalysts 1-4 are clearly different from those of atactic PEA (Figure 4). 

 
Figure 4. (Top) 13C NMR spectrum (CDCl3, 75 MHz, 298 K) of atactic PEA prepared by radical 
polymerization of diethylfumarate, with assignment of the mmmmmm heptad microstructure signals according 
to ref 14. (Middle) (CDCl3, 125 MHz, 298 K) and (Bottom) (CDCl3, 125 MHz, 323 K): 13C NMR spectra of 
stereoregular PEA prepared with a rhodium catalyst precursor. 

A detailed analysis by Otsu et al. of 13C NMR data of atactic poly-(dialkyl 
fumarate)s with varying isoactic enrichments (depending on the radical 
polymerization method) has allowed assignments of the carbonyl and methine 13C 
NMR signals to the heptad microstructures mmmmmm, mmmmmr, mmmmrm, 
rmmmrm, mmmrmm, mmmrmr, mrmrmm, and mrmrmr.14 Unfortunately, reliable 
chemical shifts for rrrrrr heptads of syndiotactic microstructures are not available 
for comparison because the probability of racemic propagation Pr is near zero for 
radical polymerization of dialkyl fumarates. However, observed deviations from 
expected heptad sequences according to such probability calculations upon 
polymerization of dimethyl fumarate at higher temperatures have been interpreted in 

terms of increased amounts of rr triads, giving rise to 13C NMR shifts at ~171 ppm 

(carbonyl) and ~45.3 ppm (methine). The 13C NMR chemical shifts of the highly 
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stereoregular polymers obtained with Rh and EDA (170.8, 45.4 ppm) are very 
different from those of the mmmmmm heptads of isotactically enriched poly(dialkyl 
fumarate)s (170.2, 46.0 ppm), while they correspond to those interpreted as rr 
triads. On this basis we assign the polymer as being syndiotactic (Figure 4). 

2.2.3.2 Solid state NMR spectroscopy experiments 

Solid-state NMR spectroscopy is consistent with the findings from solution NMR 
spectroscopy experiments and provides more information. In the CP/MAS NMR 

spectrum15 (Figure 5), the methine signal reveals two sharp resonances (δ = 43.73 

and 45.30 ppm) in an approximate 1:1 ratio, partly overlapped by a weaker and 

broader peak at higher frequency (δ = 47.8 ppm). The former can be attributed to a 
crystalline phase, while the latter represents an amorphous fraction. Fourier 
transformation with a resolution enhancing window function revealed a similar 

splitting for the carbonyl peak (1:1 sharp doublet at δ = 171.0 and 171.8 ppm) and 

more complicated fine structures for the methylene (δ = 59.6-63.7 ppm) and methyl 

(δ = 12.8-14.6 ppm) peaks. 

 
Figure 5. 13C CP/MAS NMR spectrum of a typical PEA sample. 

By deconvolution of the methine resonance in a quantitative single pulse 13C MAS 
NMR spectrum (recycle time, 60 s), the relative abundance of the crystalline phase 
was estimated to be slightly above 70%. In a single pulse 13C MAS NMR spectrum 
run with very short recycle time (1 s), so as to minimize the contribution of more 
rigid, ordered structures, which generally tend to have a longer T1 relaxation time,16 
the methylene and methyl resonances turned out to be clearly stronger than the 
methine and carbonyl ones, which suggests some conformational disorder of the 
ethyl residue even in the crystalline domains. Powder X-ray diffraction spectra of 
stereoregular PEA reveal strong but relatively broad peaks. This seems in good 
agreement with a high degree of crystallinity but with substantial disorder of the 
ethyl residues. 
 Preliminary molecular mechanics (MM2) calculations on model compounds of 
isotactic or syndiotactic PEA indicated that low-energy conformations with a two-
backbone-bond conformational repeat are found for both polymers in the TG (trans-
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gauche) and GT domains; this is consistent with a shift to lower frequency of the 
methine peak for the ordered phase relative to the disordered one in the CP/MAS 
NMR spectrum. 

syn

anti

anti

anti

anti

syn

syn
syn

syn

anti

 
Figure 6. MM minimal energy structure of PEA: trans-gauche helix (OEt omitted for clarity). 

The H−C−C=O torsions are all close to anti (anti ~ 160°) in the isotactic polymer, 

whereas their sequence in the syndiotactic polymer is ...syn, syn, anti, anti, syn, 
syn... (syn ~ 30°, anti ~ 170°), with the syn, anti or anti, syn arrangements flanking 
the main chain T bonds (Figure 6). The latter can explain the inequivalent carbonyl 
and methine signals in a 1 : 1 ratio in the CP/MAS NMR spectrum for syndiotactic 
PEA (Figure 5). 

2.2.4 Polymerization of carbenes from other diazoacetates 

A variety of diazocarbonyl “monomers” are readily obtained via easy routes.7 Two 
convenient routes used for the synthesis of the diazoesters employed in this thesis 
are described in this section. The diazotization of glycine ester (method I in Scheme 
3) is the method of choice for simple diazoesters, such as methyl, ethyl or butyl 
diazoacetate.17 

 
Scheme 3. Synthesis of diazoacetates by diazotization (I) and diazo transfer (II). 

The second method proceeds via addition of alcohols to dioxenones, followed by 

diazo transfer to the resulting β-keto esters and base-assisted elimination of acetic 
acid (Scheme 3, method II).  
 To investigate whether the new Rh-mediated polymerization of carbenes is also 
applicable to other substrates, the diazoesters in Figure 7 were synthesized and 
reacted with 1a. The results are shown in Table 3.  
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Figure 7. Diazoesters used for polymerization with 1a. 

Table 3. Polymerization of other diazoesters with 1a.a 

Entry Diazoester polymer yield (%)b Mw (kDa) c Mw/Mn
c 

1 MDA 40 - d - 
2 MDA + EDA (1 : 9) 59 96 2.8 
3 nPrDA 19 185 2.2 
4  nBuDA 23 104 2.2 
5 sBuDA 30 - d - 
6 heptBnDA 50e 88 1.8 

a Conditions: see experimental section. b Isolated by precipitation and washing with MeOH. c SEC 
analysis calibrated against polystyrene samples. d Not analyzed by SEC due to low solubility in DCM.  
e Including oligomers (Mw = 4.2 kDa, PDI = 1.2) and dimers. 

 
All polymers, except the polymer of heptBnDA, were obtained as white solids in 
moderate to good yields and with high molecular weights. The polymer of 
heptBnDA was obtained as a brown viscous oil (mixture of polymers, oligomers 
and dimers). Analysis of the polymers of nPrDA, nBuDA and heptBnDA by 13C 
NMR revealed that also these polymers are most likely syndiotactic; the resonances 
for the backbone carbon and the carbonyl are similar to the ones of syndiotactic 
PEA (for the polymers of the other diazoesters the following chemical shifts were 

found:  δ Cbackbone = 45.5-45.2 ppm and δ C=O = 170.7-171.0). The polymers from 
MDA and sBuDAi were not soluble in chloroform or dichloromethane; 
trifluoroacetic acid was added to dissolve these polymers for analysis by NMR 
spectroscopy, but analysis by SEC was not performed. (Ihara et al. reported the 
polymer from MDA previously; the product (Mn up to 470 Da) was obtained as a 
highly viscous oil with very broad signals in the NMR spectra.)9a Additionally, 
MDA and EDA were co-polymerized in a feed ratio of  1 : 9. The co-polymer was 
obtained in a remarkably high yield (59%) and with a slightly lower molecular 
weight (Mw = 96 kDa) than PEA prepared under similar conditions (Mw = 133 kDa). 
 Clearly, the scope of the catalytic process introduced herein is not limited to 
EDA. In Chapter 7, the synthesis and characterization of homo- and co-polymers of 
other diazoesters are described. 

 
i The NMR spectra of the polymer of sBuDA are discussed in more detail in Chapter 4, section 4.2.4. 



Chapter 2 

 56

2.2.5 Thermal analysis 

Stereoregular PEA is thermally stable up to high temperatures; thermogravimetric 
measurements (TGA) reveal decomposition of the material above 300°C (Figure 8). 
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Figure 8. Weight loss curve of stereoregular PEA. 

Analysis by differential scanning calorimetry (DSC) shows a reversible first-order 

phase transition at 105°C/80°C (ΔH = 20 J g-1) on heating/cooling (Figure 9). The 
transition at 105°C appears not to be simple melting of the crystalline part of the 
polymer sample; above this temperature the sample shows birefringence under a 
polarization microscope. The glass transition temperature (Tg), 22°C, was 
determined from a cooling scan. From these data it can be concluded that 
stereoregular PEA is a semi-crystalline material. 
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Figure 9. DSC second heating and cooling curves of stereoregular PEA (exo down). 

The thermal behavior of stereoregular polymers from diazoesters will be discussed 
in more detail in Chapter 7. 

2.2.6 MALDI-ToF mass spectrometry 

The polymers prepared with Rh catalysts 1a, 2a, 3, and 4 invariably give high 
molecular weight PEA polymers with rather broad molecular weight distributions 
(Mw/Mn = 2-3; see Table 2). However, we were able to measure MALDI-ToF mass 
spectra from these PEA samples. The highest intensities are found around 3200 m/z, 
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corresponding with low molecular weight PEA. As shown in Figure 10, PEA is 
clearly built from ethyl 2-ylideneacetate (:CHCOOEt) repeating units, resulting in a 
regular 86 Da spaced repeating pattern. The masses of the most intense signals 
correspond with (CHCOOEt)n + 57 Da (e.g. 3069 Da, with n = 35), which can be 

explained by [K]+{(H−(CHCOOEt)35−OH)} (Potassium trifluoroacetate was added 

as ionizing agent.) 
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Figure 10. Part of the MALDI-ToF mass spectrum (reflection mode) of stereoregular PEA obtained with a 
Rh-catalyst with top: measured spectrum and bottom: simulated spectrum. 

MALDI-ToF mass spectra of PEA prepared with Ir catalyst 2b (Mw = 12 kDa, 
Mw/Mn = 1.6) were also readily obtained and again only in the lower mass region of 
the polymer. Fragments with an equal number degree of polymerization n give rise 
to three masses: (CHCOOEt)n + 25 Da (dominant signals), (CHCOOEt)n + 41 Da 
(weaker), and (CHCOOEt)n + 56 Da (least intense) (Figure 11). Although the 

masses of the more intense signals correspond with [Na]+{(H−CHCOOEt)n−H)} 

(e.g. m/z = 3467 Da, with n = 40) and [Na]+{(H−(CHCOOEt)n−OH)} (e.g. m/z = 
3483 Da, with n = 40), these interpretations do not explain their typical isotope 
distribution patterns. These patterns are suggestive for the presence of cationic 
iridium complexes as charge carriers (Figure 12). The signals could well belong to 

[IrIII(OH)2(cod)(MeOH)]+{(H−(CHCOOEt)n−H)} (e.g. m/z = 3467 Da, with n = 36) 

and [IrIII(OH)2(cod)(MeOH)]+{(H−(CHCOOEt)n−H)} (e.g. m/z = 3483 Da, with n = 
36), but with different Ir-bound ligands alternative interpretations are possible. 
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Figure 11. Part of the MALDI-ToF mass spectrum (reflection mode) of PEA obtained with 2b. 
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Figure 12. Experimental MALDI-ToF MS spectra of PEA (reflection mode) without (top, left) and with 
addition of Ag+ (bottom, left) as a cationization agent. Calculated isotope distributions of H−PEA−H and 
H−PEA−OH chains with an Ir complex (top, right) and Ag+ (bottom, right) as charge carriers. 

Addition of K+ salts does not influence the spectrum. Addition of Ag+ salts does not 
change the peak positions but does influence their relative intensities, leading to 
significantly increased intensities of the (CHCOOEt)n + 41 Da signals (e.g. 3483 
Da). Also the isotopic distribution patterns appear to be different in the presence of 
Ag+. The coincidentally unchanged masses with slightly different isotopic 

distribution patterns are suggestive for the presence of [Ag]+{(H−CHCOOEt)n−H)} 

and [Ag]+{H−(CHCOOEt)n−OH}. Considering the increased intensity of the 
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(CHCOOEt)n + 41 Da signals in the presence of Ag+, it seems quite safe to conclude 

that H−(CHCOOEt)n−OH chains are present in the polymer samples. The MS data 

are also suggestive for the copresence of H−(CHCOOEt)n−H chains, although this 
picture is somewhat blurred (no clear intensity change upon addition of Ag+ and 
overlapping signals of Ir-based alternatives). At this point we cannot entirely 
exclude the possibility of organometallic rhodium or iridium complexes being 
present as polymer chain ends. PEA samples obtained with catalyst 1a reveal the 
presence of 0.09% Rh, which corresponds to approximately 1 equivalent of Rh per 
polymer chain. Therefore, a final assignment of the polymer end groups (i.e. Rh/Ir 

based, only H−PEA−OH or a mixture of both H−PEA−OH and H−PEA−H) requires 

additional data from high-resolution MS spectra (requiring polymer samples with a 
lower polydispersity) and/or NMR characterization of lower molecular weight 
polymers (see Chapter 6). 

2.2.7 Mechanistic considerations 

At this point not all details of the formation of PEA are clear. A high catalyst 
loading of 2 mol% is needed to obtain complete conversion of EDA. Half of the 
starting material converts to diethyl maleate, diethyl fumarate and higher oligomers. 
Since polymers consisting of about 1000 CHCOOEt repeating units are formed, 
only about 3% of the added catalytic precursor becomes active as a polymerization 
catalyst. 
 The nature of the applied catalysts has little influence on the obtained 
stereoregular PEA. The Rh-based catalytic precursors 1a, 2a, 3, and 4 produce 
roughly the same molecular weight PEA with comparable polydispersities. Only the 
Ir-based precursor 2b produces somewhat lower molecular weight PEA. There are 
no obvious differences in the properties between the obtained polymers (including 
NMR data), suggesting that identical or at least very similar active species are 
generated. This likely involves dissociation of the N,O-ligand from the metal under 
catalytic conditions. However, the precursors 1a, 2a, 3, and 4 produce PEA in 
different yields, thus suggesting that the N,O-ligands do have an influence on the 
kinetics of initiation. This might, for example, involve formation of a reactive 

metal−alkyl by attack of a nitrogen donor (as in the Pd-based systems of Ihara et 

al.)9
 or oxygen donor of the N,O-ligand to a metal-bound carbene. The MALDI-ToF 

mass spectra further suggest the presence of −H and −OH end groups. Chain growth 

might thus start from M−OH and/or M−H species, while termination might involve 

reductive elimination of M(H)(Cchain) fragments, protonation of M−Cchain fragments, 

and/or oxidation (by e.g. O2). 
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Formation of a rhodium-bound carbene is commonly believed to be a key step in 
rhodium-catalyzed carbene transfer reactions with diazoacetates.18 PEA might thus 

be formed via consecutive (migratory) α-insertions of metal-bound carbenes into 

the Rh−C bond of the growing chain (Scheme 4). 
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Scheme 4. Proposed formation of PEA via insertion polymerization of carbenes (propagation steps). 

The propagation (Chapter 4) and initiation/termination (Chapter 6) mechanisms will 
be discussed in more detail in other Chapters of this thesis. 

2.2.7.1 Stereocontrol 

Since no ancillary ligand effect on the stereoselectivity was observed, we propose 

that the insertions into the Rh−CH(COOEt)P fragment (P = polymeryl) are 

sterically controlled by the configuration of the Rh-bound carbon atom of the 
growing chain (propagation under “chain-end control”). This is illustrated by the 
Newman projections in Figure 13. 
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Figure 13. “Chain-end control” in the stereoselective polymerization of “carbenes” from EDA leading to 
syndiotactic PEA. 

Stereoselective propagation under chain-end control19
 has been observed in a 

number of insertion polymerizations, including the Pd-mediated alternating 
copolymerization of CO with styrene.20

 Migratory carbene insertions involving 

stereogenic Rh−*CH(COOEt)P methine carbons (*C) in configuration S experience 

least steric hindrance when the re-face of the rhodium carbene is attacked. This 

yields a new Rh−*CH(COOEt)P methine carbon in configuration R, which in turn 
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preferentially attacks the si-face of a carbene (Figure 13). We thus expect formation 
of a syndiotactic polymer, having a regular arrangement of alternating R and S 

configurations concerning the stereogenic carbons of the polymer backbone.21 

2.3 Conclusions 

Rh-mediated polymerization of carbenes, generated from ethyl diazoacetate, results 
in formation of a new highly stereoregular polymer with a high molecular weight 
obtained as a white semi-crystalline solid: poly(ethyl 2-ylideneacetate) (PEA). 
Diazoacetates containing other ester functionalities can also be polymerized, 
affording polymers containing polar functional side groups at each carbon of the 
carbon-chain backbone. The stereocontrol in the formation of PEA most likely 
involves propagation under chain-end control. On the basis of a comparison of the 
13C NMR data with those obtained for isotactic enriched polyfumarates, the 
polymers obtained with Rh and EDA are found to be syndiotactic. This assignment 
is supported by solid state NMR experiments and molecular mechanics calculations. 

2.4 Experimental 

General Procedures 

All procedures were performed in distilled solvents under an argon atmosphere unless stated 
otherwise. The temperature indication room temperature (RT) corresponds to about 20°C. 
NMR experiments were carried out on a Bruker DPX200 spectrometer (200 MHz and 50 
MHz for 1H and 13C, respectively), Varian Mercury 300 spectrometer (300 and 75 MHz for 
1H and 13C, respectively), a Bruker DRX300 spectrometer (300 MHz and 75 MHz for 1H and 
13C, respectively), a Bruker AC300 spectrometer (300 MHz and 75 MHz for 1H and 13C, 
respectively), and a Varian Inova 500 spectrometer (500 MHz and 125 MHz for 1H and 13C 
respectively). Assignment of the signals was aided by COSY, NOESY, 13C HSQC, and APT 

experiments. Solvent shift reference for 1H spectroscopy: CDCl3: δ = 7.26, CD2Cl2: δ = 5.31. 

For 13C NMR: CDCl3: δ = 77.0, CD2Cl2: δ = 54.2. Abbreviations used are s = singlet, d = 

doublet, dd = doublet of doublets, t = triplet, m = multiplet, br = broad. Elemental analyses 
(CHN) were carried out by the Kolbe analytical laboratory in Mülheim a/d Ruhr (Germany). 
Complexes 1a, 2a, 3 and 4 were reported before.11 N-Benzyl-L-proline,22 [{Ir(cod)(μ-
Cl)}2],

23 tosyl azide,24 n-propyl diazoacetate (nPrDA)25 and n-butyl diazoacetate (nBuDA)25 
were prepared according to literature procedures. Methyl diazoacetate (MDA)26 was prepared 
from glycine methyl ester · HCl.27 All other chemicals were purchased from commercial 
suppliers and used without further purification. Thermo gravimetric experiments were 
executed with a Perkin Elmer TGA7 with a heating rate of 10 °C/min under a nitrogen 
atmosphere. Differential scanning calorimetry was performed using a DSC Q1000 (TA-
Instruments) in the modulated mode. The heating rate was 10 °C/min, the amplitude of 
temperature modulation was 0.5 °C and the period of modulation 60 s. Melting temperature 
Tm and crystallization temperature Tc were determined from the heat flow curves, while the 
glass transition temperature Tg was determined from a cooling scan with 2 °C/min 
modulated. The MALDI-ToF mass spectrum in Figure 10 was obtained by analysis on a 
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Voyager DE-STR from Applied Biosystems. Potassium trifluoroacetate (Aldrich, >99%) was 
added to the polymer samples as a cationization agent. The MALDI-ToF mass spectra in 
Figure 11 and 12 were obtained by analysis on a Kratos Axima-CFR MALDI-ToF mass 
spectrometer (Kratos Analytical LTD., Manchester, England), equipped with a nitrogen laser 
(λ = 337 nm), operating with a pulse repetition rate of 10 Hz. In linear mode positive ion 
spectra were recorded, accumulating 100 acquisitions. In reflectron mode, cumulation of  
173 lasershots. Ions were accelerated at 20 kV, applying a pulsed extraction delay time 
optimized for higher masses (> 13,000 Da). The instrument was externally calibrated, using 
three standard peptide solutions in the mass range 12,000 to 60,000 Da. For these solutions a 
maximum deviation of 1 mDa of the true mass was found. 2-(4-Hydroxyphenylazo)benzoic 
acid (HABA) was used as a matrix. The matrix was dissolved in THF and the polymer in 
chloroform. The measurements were performed with and without the addition of salts 
(potassium trifluoroacetate and silver trifluoroacetate). 

Synthesis of complexes 1b and 2b 

 [(L-prolinate)IrI(1,5-cyclooctadiene)] (1b). A solution of L-proline (115 mg, 1 mmol) 
and sodium hydroxide (40 mg, 1 mmol) in methanol (10 mL) was added to an orange 

suspension of [{IrI(1,5-cyclooctadiene)(μ-Cl)}]2 (336 mg, 0.5 mmol) in MeOH (10 mL). The 
obtained yellow suspension was stirred for 1 h at room temperature. The solvent was 
removed in vacuo, and the product was extracted with CH2Cl2. After removing the solvent, 
the product was recrystallized from hot MeOH affording yellow crystals of 1b in 21 % yield 
(87 mg). 
1H NMR (300 MHz, CD2Cl2, 298 K): δ 4.2-4.0 (m, 3H, CH=CH), 3.88 (m, 1H, COO−CH), 

3.47 (m, 1H, CH=CH), 3.39 (br s, 1H, NH), 3.07 (m, 2H, NH−CH2), 2.3-1.9 (m, 7H, 

cod−CH2, COO−CH−CH2−CH2), 1.66 (m, 3H, cod−CH2, NH−CH2−CH2), 1.40 (m, 2H, 

cod−CH2) ppm. A 13C NMR spectrum was not obtained due to low solubility of 1b. 
Elemental analysis calcd (%) for C13H20NO2Ir: C 37.67, H 4.86, N 3.38; found: C 37.72, H 
4.98, N 3.42. 

 
 [(N-benzyl-L-prolinate)IrI(1,5-cyclooctadiene)] (2b). A solution of N-benzyl-L-proline 
(205 mg, 1 mmol) and sodium hydroxide (40 mg, 1 mmol) in methanol (10 mL) was added to 

[{IrI(1,5-cyclooctadiene)(μ-Cl)}]2 (336 mg, 0.5 mmol). The obtained yellow solution was 

stirred for 2 h at room temperature. The solvent was removed in vacuo, and the product was 

extracted with CH2Cl2 (2× 10 mL). Evaporation of the solvent resulted in a yellow solid. 
Recrystallization from hot MeOH afforded yellow crystals of 2b in 70 % yield (369 mg). 
1H NMR (300 MHz, CD2Cl2, 298 K): δ 7.70 (m, 2H, Ph), 7.40 (m, 3H, Ph), 4.18 (m, 1H, 
CH=CH), 4.12 (d, 3JHH = 12.9 Hz, 1H, CH2Ph), 4.06 (m, 1H, CH=CH), 3.98 (d, 3JHH = 12.6 

Hz, 1H, CH2Ph), 3.59 (t, 3JHH = 9.0 Hz, 1H, COO−CH), 3.20 (m, 2H, CH=CH, N−CH2), 2.83 

(m, 2H, CH=CH, N−CH2), 2.36 (m, 3H, COO−CH−CH2−CH2), 2.20 (m, 4H, cod−CH2), 1.90 

(m, 1H, N−CH2−CH2), 1.46 (m, 4H, cod−CH2) ppm. 13C NMR (75 MHz, CD2Cl2, 298 K): δ 

184.3 (COO), 133.1, 132.5, 129.4, 128.7 (Ph), 71.7, 67.1, 66.5, 64.5 (CH=CH), 58.9 

(COO−CH), 57.2 (N−CH2), 56.3 (CH2Ph), 32.2, 32.1, 30.4, 30.0, 29.6 (COO−CH−CH2 + 

cod−CH2), 23.3 (N−CH2−CH2) ppm. Elemental analysis calcd (%) for C20H26NO2Ir: C 47.60, 

H 5.19, N 2.78; found: C 47.50, H 5.26, N 2.72. Summary of the crystal data for: 2b, 
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C20H26IrNO2, Mr = 504.62, crystal size = 0.24 x 0.18 x 0.15 mm, orthorhombic, space group: 
P212121, a = 9.0881(5) Å, b = 10.9092(4) Å, c = 17.6478(6) Å, V = 1749.67(13) Å3, Z = 4, 

ρcalcd = 1.916 g cm-3, F(000) = 984, μ(MoKα) = 76.43 cm-1, T = 208(2) K, λ(MoKα) = 

0.71073 Å, θ range = 2.19 to 27.50°, reflections collected = 19640, unique = 3997 (Rint = 

0.0205), final R indices [I>2σ(I)] = R1 = 0.0124, wR2 = 0.0252, R indices (all data) = R1 = 
0.0137, wR2 = 0.0256. 
 

Synthesis of diazo compounds heptBnDA and sBuDA 

 4-heptylbenzylic alcohol. 4-heptylbenzylic alcohol was prepared by reduction of 4-
heptylbenzoic acid (2 g; 9 mmol).28 The product was obtained as a yellow oil and not 
purified further. Yield: 1.8 g (97%). 
1H NMR (300 MHz, CDCl3, 298 K): δ 7.27 (d, J = 8.1 Hz, 2H, CAr-H), 7.18 (d, J = 8.1 Hz, 

2H, CAr−H), 4.62 (s, 2H, CH2OH), 2.61 (t, J = 7.8 Hz, 2H, ArCH2CH2), 2.13 (s, 1H, OH), 
1.62 (m, 2H, ArCH2CH2), 1.32 (m, 8H, (CH2)4CH3), 0.90 (t, J = 6.9 Hz, 3H, CH3) ppm. 13C 

NMR (75 MHz, CDCl3, 298 K): δ 142.73, 138.33 (Cipso), 128.84, 127.36 (CAr−H), 65.43 

(CH2−OH), 35.90, 32.07, 31.81, 29.53, 29.43, 22.93 (CH2), 14.36 (CH3) ppm. 
 
 4-heptylbenzyl acetoacetate.25 A solution of 4-heptylbenzylic alcohol (1.71 g, 8.3 mmol) 

and 2,2,6−trimethyl−4H−1,3−dioxin−4−one (1.18 g, 8.3 mmol) in toluene (2 mL) were 
heated to reflux and stirred for 21 h. After cooling to room temperature, toluene and acetone 
were removed in vacuo. The obtained brown oil was not purified further. 
1H NMR (300 MHz, CDCl3, 298 K): δ 7.28 (d, J = 8.1 Hz, 2H, CAr−H), 7.18 (d, J = 8.1 Hz, 

2H, CAr−H), 5.15 (s, 2H, CH2OH), 3.49 (s, 2H, CH2C=O), 2.60 (t, J = 7.8 Hz, 2H, 
ArCH2CH2), 2.24 (s, 3H, CH3C=O), 1.61 (m, 2H, ArCH2CH2), 1.32 (m, 8H, (CH2)4CH3), 

0.89 (t, J = 6.9 Hz, 3H, CH3) ppm. 13C NMR (75 MHz, CDCl3, 298 K): δ 200.74, (H3CC=O), 

167.25 (H2CC=O), 143.70, 132.65 (Cipso), 128.90, 128.80 (CAr−H), 67.38 (CH2−OH), 50.33 
(H2C(C=O)2), 35.92, 32.04, 31.68 (CH2), 30.39 (H3CC=O), 29.50, 29.40, 22.90 (CH2), 14.34 
(CH3) ppm. 
 
 4-heptylbenzyl diazoacetate (heptBnDA).29 To a solution of 4-heptylbenzyl acetoacetate 
(2.15 g, 7.4 mmol) in CH3CN (8 mL) containing Et3N (0.8 mL) was added drop wise a 
solution of TsN3 (1.89 g, 9.6 mmol)24 in CH3CN (8 mL). The mixture was stirred for 16 
hours at room temperature. Then it was treated with LiOH·H2O (0.93 g, 22 mmol) in water (8 
mL) and stirred for 6 hours. The orangey brown reaction mixture was extracted with Et2O (5 
x 20 mL). The combined organic layers were washed with brine (20 mL) and subsequently 
dried over MgSO4. The solvent was removed under reduced pressure and the product was 

purified on a silica gel column (60–200 μm – 60Å) with petroleum ether (40−60°C)/ethyl 
acetate (4:1) as eluent to give the product as a yellow liquid. (The product was stored at 
4°C.) Yield: 1.48 g (73%). 
1H NMR (300 MHz, CDCl3, 298 K): δ 7.27 (d, J = 8.1 Hz, 2H, CAr−H), 7.18 (d, J = 8.1 Hz, 

2H, CAr−H), 5.16 (s, 2H, CH2O), 4.79 (s, 2H, N2CH), 2.60 (t, J = 7.8 Hz, 2H, ArCH2CH2), 

1.61 (m, 2H, ArCH2CH2), 1.32 (m, 8H, (CH2)4CH3), 0.88 (t, J = 6.9 Hz, 3H, CH3) ppm. 13C 

NMR (75 MHz, CDCl3, 298 K): δ 166.81, (C=O), 143.27, 132.97 (Cipso), 128.60, 128.38 
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(CAr−H), 66.49 (CH2O), 46.35 (CHN2), 35.67, 31.77, 31.43, 29.25, 29.14, 22.63 (CH2), 14.08 
(CH3) ppm. 
 
 S-(+)-sec-butyl acetoacetate.25 The synthesis and spectroscopic data of S-(+)-sec-butyl 

acetoacetate have been reported by Smallridge et al.30 A solution of S−(+)−sec-butyl alcohol 

(2.22 g, 30 mmol) and 2,2,6−trimethyl−4H−1,3−dioxin−4−one (4.26 g, (30 mmol) in toluene 
(6 mL) were heated to reflux and stirred for 22 h. After cooling to room temperature, toluene 
and acetone were removed in vacuo. After distillation under reduced pressure a colorless 
liquid was obtained which was stored at 4°C. Yield: 3.74 g (79%).  
 

 S-(+)-sec-butyl diazoacetate (sBuDA).29 To a solution of S−(+)−sec-butyl acetoacetate 

(3.73 g, 23.6 mmol) in CH3CN (25 mL) containing Et3N (3.65 mL) was added drop wise a 
solution of TsN3 (6.05 g, 30.7 mmol)24 in CH3CN (25 mL) in 90 minutes. The mixture was 
stirred overnight at room temperature. Then it was treated with LiOH·H2O (2.97 g, 70.8 
mmol) in water (25 mL) and stirred for 3 days. Water was added to dissolve the yellowish 
solid that had formed. The orangey brown reaction mixture was extracted with Et2O (1 x 100 
and 2 x 50 mL). The combined organic layers were washed with brine (100 mL) and 
subsequently dried over MgSO4. The solvent was removed under reduced pressure and the 

product was purified on a silica gel column (60−200 μm – 60Å) with petroleum ether 

(40−60°C)/ethyl acetate (4:1) as eluent to give the product as a yellow liquid. (The product 
was stored at 4°C.) Yield: 2.19 g (70%). 
1H NMR (300 MHz, CDCl3, 298 K): δ 4.91 (m, J = 6.3 Hz, 1H, O−CH), 4.71 (s, 1H, 

N2=CH), 1.57 (m, 2H, CH2), 1.22 (d, J = 6.3 Hz, 3H, CH−CH3), 0.89 (t, J = 7.5 Hz, 3H, 

CH2−CH3) ppm. 13C NMR (75 MHz, CDCl3, 298 K): δ 166.60 (C=O), 72.81 (CH−O), 46.19 

(N2=CH), 28.84 (CH2), 19.59 (CH−CH3), 9.55 (CH2−CH3) ppm. 
 

Polymerization of carbenes from diazoesters to poly(alkyl 2-ylideneacetate) (standard 
procedure) 

Alkyl diazoacetate (2 mmol) was added to a yellow solution of catalyst precursor (0.04 
mmol) in chloroform (5-6 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. 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 (or brown oil in the case of heptBuDA) was dried 
in vacuo. 

 
 Poly(methyl 2-ylidene-acetate). Standard procedure with: methyl diazoacetate (0.2 g; 2 
mmol of a 56% solution in CH2Cl2) and 1a (13 mg, 0.04 mmol) in CHCl3 (5 mL). After 1 h a 
white precipitate is formed. The polymer was isolated as a white solid in 40% yield (57 mg). 
1H NMR (500 MHz, CDCl3 + ~1% trifluoroacetatic acid, 298 K): δ 3.66 (br s, 3H, O−CH3), 
3.11 (br s, 1H, CHbackbone) ppm. 13C NMR (125 MHz, CDCl3 + ~1% trifluoroacetatic acid, 

298 K): δ 171.7 (C=O), 52.6 (br, O−CH3),  45.5 (br, CHbackbone) ppm. 
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 Poly(methyl 2-ylidene-acetate-ran-ethyl 2-ylidene-acetate). Standard procedure with: 
methyl diazoacetate (20 mg of a 56% solution in CH2Cl2; 0.2 mmol) and ethyl diazoacetate 
(205 mg; 1.8 mmol) and 1a (13 mg, 0.04 mmol) in CHCl3 (5 mL). The polymer was isolated 
as a white solid in 59% yield (100 mg). 
1H NMR (300 MHz, CDCl3, 298 K): δ 4.07 (br s, 2H, O−CH2), 3.59 (br s, 3H, O−CH3), 3.15 

(br s, 1H, CHbackbone), 1.2 (br s, 3H, CH2−CH3) ppm. 13C NMR (75 MHz, CDCl3, 298 K): δ 

170.7 (C=O), 60.7 (O−CH2), 51.9 (br, O−CH3), 45.3 (CHbackbone), 13.8 (CH3) ppm. 
 
 Poly(n-propyl 2-ylidene-acetate). Standard procedure with: n-propyl diazoacetate (1.28 
g; 10 mmol) and 1a (65 mg, 0.2 mmol) in CHCl3 (20 mL). The polymer was isolated as a 
white solid in 19% yield (192 mg). 
1H NMR (300 MHz, CDCl3, 298 K): δ 3.91 (br s, 2H, O−CH2), 3.16 (br s, 1H, CHbackbone), 

1.60 (br m, 2H, O−CH2−CH2), 0.88 (br m, 3H, CH3) ppm. 13C NMR (75 MHz, CDCl3, 298 

K): δ 170.9 (C=O), 66.2 (O−CH2), 45.2 (CHbackbone), 21.5 (O−CH2−CH2), 10.3 (CH3) ppm. 

 
 Poly(n-butyl 2-ylidene-acetate). Standard procedure with: n-butyl diazoacetate (1.48 g; 
10.4 mmol) and 1a (68 mg; 0.21 mmol) in CHCl3 (5 mL). The reaction was exothermic and 
therefore the reaction mixture was cooled in a waterbath for 30 s. The polymer was isolated 
as a white solid in 23 % yield (266 mg). 
1H NMR (200 MHz, CDCl3, 298 K): δ 3.96 (br s, 2H, OCH2), 3.15 (br s, 1H, CHbackbone), 

1.57 (br s, 2H, O−CH2−CH2, overlapping with H2O−signal), 1.35 (br m, 2H, O−C2H4−CH2), 

0.89 (br m, 3H, CH3) ppm. 13C NMR (50 MHz, CDCl3, 298 K): δ 171.03 (COO), 64.52 

(O−CH2), 45.22 (CHbackbone), 30.45 (O−CH2−CH2), 19.24 (O−C2H4−CH2), 13.89 (CH3) ppm. 
 
 Poly(4-heptylbenzyl 2-ylidene-acetate). Standard procedure with: 4-heptylbenzyl 
diazoacetate (1.10 g, 4 mmol) and 1a (26 mg, 0.08 mmol) in CHCl3 (10 mL). The product 
was dried in vacuo for 6 h. The polymer was isolated as a brown oil in 50% yield (470 mg) 
(poly/oligomers and dimeric products). 
1H NMR (300 MHz, CDCl3, 298 K): δ 7.4-6.8 (br m, 4H, CAr−H), 6.3 (s, 1H, CH=CHdimer), 

5.4-4.5 (br, 2H, CH2O), 3.7-3.5 (br, 1H, CHbackbone), 2.6-2.3 (br m, 2H, ArCH2CH2), 1.8-1.2 

(br m, 10H, (CH2)5CH3), 1.0-0.8 (br m, 3H, CH3) ppm. 13C NMR (75 MHz, CDCl3, 298 K): δ 

171.0, (C=O), 142.7, 133.8, 128.6 (br, 3× CAr), 67.1 (br, CH2O), 45.5 (br, CHbackbone), 35.7, 

32.04, 31.8, 31.4, 29.2 (2x), 22.9 (br, 6× CH2), 14.1 (CH3) ppm. 

 
 Poly(S-(+)-sec-butyl 2-ylidene-acetate). Standard procedure with: S−(+)−sec−butyl 
diazoacetate (1.42 g, 10 mmol) and 1a (65 mg, 0.2 mmol) in CHCl3 (20 mL). After 1 h a 
white precipitate is formed. The polymer was isolated as a white solid in 30% yield (306 
mg). 
1H NMR (500 MHz, CDCl3 + ~1% trifluoroacetatic acid, 298 K): δ 4.7 (br s, 1H, O−CH), 3.6 

and 3.1 (br overlapping s, 1H, CHbackbone), 1.7 (br s, 1H, CH2), 1.4 (br s, 1H, CH2), 1.2 (br s, 

3H, CH−CH3), 0.9 (br s, 3H, CH2−CH3) ppm. 13C NMR (125 MHz, CDCl3 + ~1% 

trifluoroacetatic acid, 298 K): δ 171 (br, C=O), 74.0 (br, O−CH), 45.5 and 42.5 (overlapping, 

br, CHbackbone), 28.2 (CH2), 18.3 (CH−CH3), 9.5, 9.3 (2x CH2−CH3) ppm. 
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 Preparation of atactic poly(diethyl fumarate). Atactic poly(diethyl fumarate) was 

obtained by radical polymerization of diethyl fumarate with AIBN in benzene at 70 °C, 
according to literature procedures.9a 
1H NMR (200 MHz, CDCl3, 298 K): δ 4.11 (br s, 2H, COO−CH2−CH3), 3.19 (br m, 1H, 

CH−COO−C2H5), 1.25 (br s, 3H, COO−CH2−CH3) ppm. 13C NMR (50 MHz, CDCl3, 298 K): 

δ 171 (br m, COO), 61 (br m, COO−CH2−CH3), 46 (br m, CH−COO), 14 (br m, 

COO−CH2−CH3) ppm. SEC: Mw = 6100 Da, Mw/Mn = 1.3. 
 

Polymer and oligomer characterization 

Molecular-weight distributions of poly(diethyl fumarate) and the polymers listed in  in Table 
2 were measured using size exclusion chromatography (SEC) on a system equipped with a 

guard column and a PLgel 5 μm MIXED-D column (Polymer Laboratories) with differential 
refractive index and UV (254 nm) detection, using chloroform as an eluent at 1 mL/min and 
T = 35°C. Poly(methyl methacrylate) (PMMA) standards in the range 620 to 254,100 g/mol 
and polystyrene standards in the range of 580 to 377,400 g/mol were used to calibrate the 
SEC. A separate SEC experiment with MALLS detection (Wyatt Dawn DSP-F) revealed that 
calibration against PMMA/polystyrene slightly underestimates the molecular weights of the 
PEA polymers. The values in Table 2 were corrected accordingly. 
 
Molecular-weight distributions in Table 3 were measured using size-exclusion 

chromatography (SEC) on a Shimadzu LC-20AD system with two PLgel 5μm MIXED-C 

columns (300 mm x 7.5 mm) (Polymer Laboratories) in series and a Shimadzu RID-10A 

refractive index detector, using dichloromethane as mobile phase at 1 mL/min and T = 35°C. 
Polystyrene standards in the range of 760-1,880,000 g/mol (Aldrich) were used for 
calibration. 
 

Solid state NMR spectroscopy 

For solid state NMR measurements, ca. 70 mg of polymer were finely powdered, packed into 
a 4 mm zirconia rotor and sealed with a Kel-F cap. 13C MAS spectra were performed at 
50.13 MHz on a Bruker ASX-200 spectrometer, at a spin-rate of 8 kHz, and applying a high-
power decoupling field. Operating parameters for 13C single-pulse excitation (SPE) NMR 

were: 5 μs (90° pulse) pulse width, 1K time domain data point, 13.5 kHz spectral width, 38 
ms acquisition time, 1 s or 60 s relaxation delay, 4K transients. Operating parameters for 13C 

cross-polarization (CP) MAS NMR: 3.2 μs (90° pulse) pulse width, 1K time domain data 
point, 13.5 kHz spectral width, 38 ms acquisition time, 3 s relaxation delay, 1.5 ms contact 
time, 32K transients. The cross-polarization was performed applying the variable spinlock 
sequence RAMP-CP-MAS;31 the RAMP was applied on the 1H channel, and during the 

contact time τ the amplitude of the RAMP was increased from 50 to 100% of its maximum 

value. This method allows overcoming the motional modulation of the carbon and proton 
coupling caused by spinning the sample at high rate. 
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MM2 conformational energy calculations 

Preliminary MM2 conformational energy calculations were performed on model isotactic 

and syndiotactic polymer segments of various lengths (methyl acetate homologues, methyl 
terminated; up to 22 repeating units) using the HyperChemTM Molecular Mechanics System 
of Hypercube, Inc. (Release 7.51). Shielding constants, spin-coupling constants and chemical 
shifts were calculated using the included HyperNMRTM module (Version 7.0). 
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3.1 Introduction 

The polymerization of ‘carbenes’ generated from diazocarbonyl compounds 
mediated by transition metals (e.g. Cu-,1 and Pd-complexes)2 generally leads to 
atactic and low molecular weight oligomers (see Chapter 1). However, Chapter 2 
describes that stereoregular and high molecular weight polymers from carbenes are 
accessible by using RhI(1,5-cyclooctadiene)-complex 1 (Scheme 1).3 

 
Scheme 1. Rhodium-mediated polymerization of ethyl diazoacetate and catalyst precursor [(L-
prolinate)RhI(1,5-cyclooctadiene)] (1). 

In this Chapter we are investigating the effects of ligand modification on the 
performance of these catalysts in terms of yields, tacticity, and molecular weight 
(distributions). In this light we wondered if we could use the supramolecular 
strategies developed in other types of catalysis research in our group to modify the 
basic catalyst structure in a modular and combinatorial way. 
 Traditionally, covalent approaches are used to steer the steric and electronic 
properties of a metal complex.4 This is a proven method, but usually associated with 
time consuming synthetic efforts. Recently, supramolecular strategies have been 
introduced to make bidentate ligands and to encapsulate metal complexes. 5-9 One of 
the advantages is the relative ease with which large catalyst libraries can be 
prepared as it involves simple mixing of ligand building blocks that form the 
catalyst. The viability of this approach was demonstrated in the hydroformylation of 
1-octene leading to mainly branched aldehydes,7 in the hydrogenation of 
challenging enamides,6b in the palladium-catalyzed allylic alkylation,6a and in late 
transition metal mediated copolymerization of CO and 4-t-butylstyrene.6c In the 
latter example, pyridyl-modified Pd-bian complexes are efficiently encapsulated by 
ZnII-salphen complexes (salphen = N,N’-bis(salicylidene)-o-phenylenediamine 
dianion), and such supramolecular encapsulated catalysts reveal a higher activity 
and improved copolymer stereoregularity as compared to the non-encapsulated 
control catalyst. 
 We argued that similar approaches could be useful in Rh-mediated 
polymerization reactions. As such we decided to study the effect of ZnII-template-
based assemblies in the polymerization of carbenes from ethyl diazoacetate (EDA) 
(Scheme 1).  
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3.2 Results and Discussion  

3.2.1 Catalyst precursors 

New N-heterocyclic carbene (NHC) ligands containing a pending pyridyl moiety 
were designed for subsequent coordination of ZnII-templates (Scheme 2).10 
Imidazolium salt 2a was prepared by reacting 2 equiv. of 1-mesitylimidazole and 4-
bromopyridine hydrochloride. In a similar manner, NHC precursor 2b was easily 
synthesized by the condensation of 1-mesitylimidazole and freshly prepared picolyl 
chloride in good yield. Subsequent reactions with Ag2O led to Ag complexes 3a-b. 

 
Scheme 2. Synthesis of imidazolium salts 2a-b and silver complexes 3a-b. 

From these NHC ligands we prepared the [RhICl(NHC)(cod)] complexes 4a-b 
following the synthetic routes depicted in Scheme 3, involving transmetalation11 of 
the corresponding silver precursor 3a and 3b with [RhCl(cod)]2. The analogous 
complex 4c was prepared as a control species, using the previously reported silver 
complex 3c.12 

 
Scheme 3. Synthesis of compounds 4a-c by transmetalation. 

NMR spectroscopy reveals axial chirality of complexes 4a-c due to hindered 

rotation of the NHC moiety around the Rh−C bond, disclosed by 4 inequivalent 

olefinic cod signals and an AB pattern for the CH2Ar moieties of 4b and 4c.13 
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Figure 1. ORTEP drawing of the molecular structures of 4a (left) and 4b (right) with 50% probability 
ellipsoids. Hydrogen atoms are omitted for clarity. 

Table 1 Selected bond lengths (Å) and angles (°). 

 4a 4b 
Rh(1)-Cl(1) 2.3674(4) 2.3858(4) 
Rh(1)-Ccarbene 2.0349(15) 2.0373(15) 
Rh(1)-C(1) 2.1018(16) 2.0953(16) 
Rh(1)-C(8) 2.1244(16) 2.1041(18) 
Rh(1)-C(5) 2.1770(16) 2.1919(17) 
Rh(1)-C(4) 2.2177(16) 2.2228(17) 
C(1)-C(8) 1.400(2) 1.398(3) 
C(4)-C(5) 1.372(3) 1.361(3) 

C(14)-Rh(1)-Cl(1) 86.42(4) 90.77(4) 
C(5)-Rh(1)-Cl(1) 89.01(5) 88.15(6) 
C(14)-Rh(1)-C(8) 95.11(6) 92.22(6) 
C(5)-Rh(1)-C(8) 82.21(7) 82.03(8) 

 

The X-ray structures of 4a and 4b are shown in Figure 1 (see Table 1 for selected 
bond lengths and angles). Their coordination geometries are similar to those 
observed for related RhI(Cl)(cod)(NHC) complexes.13,14 The NHC ligand is oriented 

parallel with the cod double bonds, presumably to allow optimal π-bonding of both 
the cod ligand and the NHC ligand with the metal d-orbitals. The cod double bonds 
trans to the NHC ligands (C4-C5) are shorter and at a larger distance from the metal 
than the cod double bonds trans to the chlorine atom (C1-C8), reflecting the 
stronger trans influence of the NHC ligands compared to Cl-, suggesting metal-to-
ligand back-bonding to the NHC ligand.15 The structures reveal non-coordinating 
pyridine groups and the presence of both enantiomers in the unit cell. In the 
particular case of 4a, the orientation of the dangling pyridine in the solid state is 

determined by intermolecular π-π stacking interactions between the 4-pyridyl rings 

(separated by a distance of 2.57 Å) of two enantiomeric molecules. 
 The formation of the supramolecular assemblies 4b·(I) and 4b·(II) by 
encapsulation of Rh complex 4b with the ZnII-templates tetraphenylporphyrin (I) 
and salphen (II) (Figure 2) was studied by NMR and UV/Vis. UV/Vis titration 
experiments revealed binding constants Kass = 4.6 x 103 M-1 for 4b·(I); and Kass = 
3.0 x 105 M-1 for 4b·(II), which are similar Py-Zn bond strengths as reported for 
analogous phosphine derivatives.7,16 
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Figure 2. ZnII-templates tetraphenylporphyrin I and salphen II. 

Models of the assemblies 4a·(I) and 4b·(I) with semi-empirical methods (PM3), 
reveal (as expected) in complex 4a the largest steric crowding around the metal 
imposed by the template (Figure 3). 

 
Figure 3. Spartan (semi-empirical PM3) optimized geometries of assemblies 4a⋅(I) (left) and 4b⋅(I) (right). 

3.2.2 Polymerization of carbenes from ethyl diazoacetate 

There are no previous reports on the use of NHC ligands in ‘carbene 
polymerization’ from diazocompounds. However, since NHC-complexes are known 
to mediate other carbene transfer reactions (copper, silver and gold complexes of 

NHC ligands are active in C−H bond functionalization with diazo compounds),17 we 

expected at least some activity of the complexes 4a-c in ‘carbene polymerization’ 
(Scheme 1). As such we applied complexes 4a-c in the polymerization of EDA to 
poly(ethyl 2-ylidene-acetate) (PEA).  
 The polymerization reactions were carried out by addition of 50 equivalents of 
EDA to a solution of the catalyst precursor at room temperature. The NHC 
complexes are active, but perform only moderately. The reactions were not 
complete after 24 h, after which catalyst decomposition had occurred, leading to 
low PEA polymer yields (< 25%; MeOH insoluble fraction) and oligomer yields 
between 15 and 30% (entries 1-4, Table 2; MeOH soluble fraction). However, in all 
cases, high molecular mass polymers were obtained (Mw typically in the range 70-
150 kDa) and their polydispersity values (Mw/Mn) are typically around 2.5 for the 
reactions in dichloromethane. 
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Table 2. Polymerization experiments with EDA.a 

Entry Catalyst Solvent Template PEA yield (%)b Oligomer yield (%)c Mw(kDa) Mw/Mn 
1 4a CH2Cl2 - 25 15 110 2.7 
2 4b CHCl3 - 20 30 150 4.7 
3 4b CH2Cl2 - 5 15 80 2.5 
4 4c CH2Cl2 - 5 20 70 2.5 
5 4a CH2Cl2 I 10 20 260 3.7 
6 4b CH2Cl2 I 15 15 310 3.5 
7 4b THF I 10 5 150 2.8 
8d 4b MeOH I 0 40 - - 
9 4b CH2Cl2 II 10 10 265 4.7 

10 4b THF II 5 20 140 2.7 
11 4b MeOH II 5 10 60 2.3 
12 4c CH2Cl2 II 5 20 225 4.2 
13 1 CH2Cl2 - 30 50 190 4.1 
14 1 CHCl3 - 50 30 150 3.6 
15 1 MeOH - 10 40 50 2.2 
16 1 CH2Cl2 I 25 40 320 4.7 
17 1 CH2Cl2 II 25 35 220 4.7 
18 - CH2Cl2 I 0 0 - - 
19 - CH2Cl2 II 0 0 - - 
20e 2b CH2Cl2 - 0 0 - - 

a Conditions: 0.04 mmol catalyst, 0.04 mmol template, 2 mmol EDA, 5 mL solvent, room temperature, 24 h 
reaction time. b MeOH insoluble fraction. c MeOH soluble fraction, excluding diethyl maleate and fumarate. d 
Template I is only scarcely soluble in MeOH. e Deprotonated in situ with tBuOK. 

 
Catalysts 4b and 4c, containing –CH2Ph and –CH2Py substituents, give lower yields 
and lower molecular weight PEA than catalyst 4a in which a 4-pyridyl fragment is 
directly attached to the NHC ligand (entries 1-4). However, overall the results 
obtained with 4a-c are roughly comparable to the catalytic activity of the known 
[RhI(cod)(prolinate)] catalyst 1 (entries 13 and 14). Lower PEA yields, and PEA 
with somewhat lower molecular weights were obtained with 4a-c, and the PDI 
values are somewhat smaller with 4a-c, but in all cases highly stereoregular 
(syndiotactic) PEA was obtained.3  
 Albeit small, the differences between 1 and 4a-c could mean that the NHC 
ligands influence the catalytic results as auxiliary ligands bonded to the active 
species responsible for the polymerization event. We thus considered it worthwhile 
to study the effect of assembly of 4a and 4b to the ZnII-templates I and II (Figure 2) 
on the catalytic results. Indeed, in the presence of 1 equivalent of the corresponding 
ZnII-template polymers with higher molecular weights (225-310 kDa), but in even 
lower yields and with higher PDI values (3.5-4.7) were obtained (entries 5, 6 and 9). 
Initially we interpreted these results being the result of the envisaged 
supramolecular assembly. However, in control experiments performed with 
complex 4c (which does not contain a pyridyl group suitable for binding the ZnII-
templates) we observed exactly the same effect of the presence of template II 
(entries 4 and 12). Another control experiment was performed in which we 
investigated the effect of template I and II on the activity of the previously reported 
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catalyst 1,3 in which we observed a similar effect of the ZnII-template (entries 13, 
14, 16 and 17); lower yields of PEA with somewhat higher molecular weights and 
broader PDI values. Finally, to rule out the possibility of the ZnII-template acting 
directly as a Lewis acid catalyst, templates I and II were tested in the absence of 
any rhodium species. As expected, no reaction with EDA occurred (entries 18 and 
19). 
 Although the initial supramolecular transition metal complex is formed and the 
new NHC ligand functions as such, the explanation of the effect of the ZnII-
templates cannot be sought in the initially expected supramolecular assembly 
formation. Nevertheless, the templates do influence the polymerization results, and 
apparently we can steer the reaction to produce longer polymers by simply adding 
Lewis acidic ZnII-complexes. The simplest explanation for all above observations is 
the following: All the different precursor complexes (1 and 4a-c) produce the same 
active species under catalytic conditions (most likely a species derived from a 
RhI(cod) fragment, see Chapter 4), but the efficiency by which this species is 
formed depends on the ligands attached to the precursor. Possibly, the addition of 
the ZnII-templates somehow decreases the initiation efficiency, with less active 
species leading to higher weight polymers, although at this point we cannot 
completely exclude a more active role of the Lewis acidic ZnII-complexes on the 
polymerization event (e.g. Zn···O=C interactions with the carbonyl groups of the 
Rh-bound growing polymer chain, which might facilitate opening of a vacant site 
and/or slow down termination reactions). As far as we know, such an effect of ZnII 
Lewis acids on the polymerization of polar monomers has not been observed 
previously. Active participation of the ZnII-templates should be weaker in polar 
solvents and indeed the molecular weights of the polymer are lower when using 
more polar solvents (THF, MeOH, entries 7, 8, 10, 11 and 15).  
 Additional information about this reaction was obtained with NMR and ESI-MS 
experiments. As mentioned above, the studied reactions proceeded rather slowly 
(less than 50% overall yield in 24h) which allowed us to perform “in-situ” NMR 
studies. Thus, 1H-NMR spectra of a d2-dichloromethane solution of 4b in the 
presence of 3 equivalents of EDA showed that the precatalyst signals remained 
unaltered for a long period of time (24 h) while signals of oligomers and PEA 
started appearing during the first hour. Subsequent additions of EDA produced an 
increase in PEA yields. These results, together with a final control experiment 
where the free NHC (generated in situ by the addition of t-BuOK to 2b) showed no 
activity in the EDA polymerization (entry 20), confirm that the true active species is 
rhodium-based. Furthermore, the active species must be present in very small 
amounts compared to the precursor 4b, since polymers are obtained even when 
using only 3 equivalents of EDA. Initiation is slow compared to chain-growth. 
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Interestingly, ESI-MS analyses of the oligomeric fraction indicated loss of the NHC 
ligand from the metal, with possibly partial incorporation of the NHC moiety into 
the oligomeric chains. Analyzed samples contained the fragmentation peaks 
corresponding to species A and B (Scheme 4). Additional peaks corresponding to 
higher MW (increase by 86 mass units: CHCO2Et) were also observed but with very 
low relative intensities (C). These species are probably formed in the initiation steps 
via a reductive elimination process from Rh-alkyl-carbene species leading to 
incorporation of the NHC moiety in the oligomeric fraction. The proposed species 
are in analogy to findings of others with palladium18 and nickel19 complexes. 

 
Scheme 4. Proposed formation of NHC-based oligomeric and polymeric species. 

3.3 Conclusions 

In summary, the envisaged use of supramolecular assemblies to steer and control 
‘carbene polymerization’ does not work as expected. ZnII-templates do influence the 
outcome of the polymerization reaction somehow, but control experiments reveal 
that the effect of the ZnII-template on the polymerization results is general and not 
due to the expected assembly formation. The templates do influence the 
polymerization results though, and apparently we can steer the reaction to produce 
longer polymers by simply adding Lewis acidic ZnII-complexes. The ZnII-effect 
seems to be mostly based on its influence on the initiation efficiency towards the 
active species. The exact role of ZnII is poorly understood. The ‘true’ active species 
are probably based on [Rh(cod)]+ (or its derivatives) formed when the NHC ligand 
has dissociated from the metal (see Chapter 4). 

3.4 Experimental 

General Procedures 

All manipulations were performed under an argon atmosphere using standard Schlenk 
techniques. Dichloromethane distilled from calcium hydride, hexane distilled from sodium 
and tetrahydrofuran distilled from sodium benzophenone ketyl, were used for metal complex 
synthesis. NMR spectroscopy experiments were carried out on a Varian Inova 500 
spectrometer or a Bruker AV400 spectrometer. Abbreviations used are: s = singlet, d = 
doublet, dd = doublet of doublets, t = triplet, q = quartet, m = multiplet, br = broad, cod = 
1,5-cyclooctadiene. IR solid state measurements were performed on a Shimadzu FTIR 8400S 
spectrometer equipped with a Specac MKII Golden Gate Single Reflection ATR system. 
High resolution mass spectra were recorded on a JEOL JMS SX/SX102A four sector mass 
spectrometer; for FAB-MS 3-nitrobenzyl alcohol was used as matrix. UV/VIS spectroscopy 
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experiments were performed on a HP 8453 UV/Visible System. Elemental analyses (CHN) 
were performed by the Kolbe analytical laboratory in Mülheim an der Ruhr (Germany). [(L-
prolinate)RhI(1,5-cyclooctadiene)] (1),3 1-mesitylimidazole,20 ZnII-templates I21 and II22 
were synthesized according to published procedures. All other chemicals are commercially 
available and were used without further purification. 

Synthesis of compounds 2-4 

 N-mesityl-N’-(4-pyridyl)imidazolium bromide (2a). 1-mesitylimidazole (600 mg, 3.22 
mmol) and 4-bromopyridine hydrochloride (290 mg, 1.5 mmol) were heated at 120°C 
overnight. The reaction mixture was washed with THF and Et2O and dried under vacuum. 
The product was re-crystallized from ethanol/hexane.  White solid. Yield: 400 mg, 75%. 
1H NMR (DMSO-d6, 400 MHz): δ 2.13 (s, 6H, 2 CH3), 2.36 (s, 3H, CH3), 7.20 (s, 2H, 2 H 
arom), 8.10 (d, JHH = 5 Hz, 2H, 2 H arom), 8.27 (s, 1H, =CH), 8.87 (s, 1H, =CH), 8.96 (d, 

JHH = 5 Hz, 2H, 2 H arom), 10.37 (s, 1H, NCHN) ppm. 13C NMR (DMSO-d6, 100.6 MHz): δ 
17.1 (2 Me), 20.6 (Me), 116.2 (2 CH arom), 121.0 (=CH), 125.2 (=CH), 129.3 (2 CH arom), 
130.9 (Cq arom), 134.4 (2 Cq arom), 137.5 (NCN), 140.6 (Cq arom), 142.8 (Cq arom), 150.0 

(2 CH arom) ppm. IR : ν 3165, 3138, 2995, 2961, 1636, 1605, 1537, 1518, 1485, 1383, 1331, 
1312, 1248, 1229, 1150, 1072, 997, 957, 932, 855, 737, 692, 662 cm-1. HRMS (FAB): m/z, 
264.1499, [M-Br]+ (exact mass calculated for C17H18N3: 264.1501). 
 
 N-mesityl-N’-(3-pyridylmethyl)imidazolium chloride (2b). 3-(Chloromethyl)pyridine 
hydrobromide (1.76 g, 10.75 mmol) was neutralized using a saturated aqueous solution of 
sodium carbonate. The liberated 3-chloromethylpyridine was extracted into diethyl ether (3 × 
50 cm3) at 0 °C, dried with magnesium sulfate and filtered. The filtrate was concentrated 
until a volume of 75 ml approximately. 1-mesitylimidazole (1g, 5.37 mmol) in THF (50 cm3) 
at 0 °C was added, the ether removed under reduced pressure and the solution was warmed to 
room temperature and then refluxed for seven days. After cooling, the solid precipitate was 
filtered, washed with diethyl ether and dried under vacuum. White solid. Yield: 1.095g, 65%. 
1H NMR (CDCl3, 400 MHz): δ 2.07 (s, 6H, 2 CH3), 2.35 (s, 3H, CH3), 6.25 (s, 2H, CH2), 

7.01 (s, 2H, 2 H arom), 7.14 (s, 1H, =CH), 7.54 (dd, JHH = 8, 5 Hz, 1H, py), 8.05 (m, 1H, 
=CH), 8.66 (dd, JHH = 5, 2 Hz, 1H, py), 8.70 (dt, JHH = 8, 2 Hz, 1H, py), 9.16 (d, JHH = 2 Hz, 

1H, py), 10.95 (s, 1H, NCHN) ppm. 13C NMR (CDCl3, 100.6 MHz): δ 17.4 (2 Me), 20.9 
(Me), 50.4 (CH2), 122.9 (=CH), 123.3 (=CH), 124.1 (CH arom), 129.7 (2 CH arom), 130.0 
(Cq arom), 130.5 (Cq arom), 133.9 (2 Cq arom), 137.2 (CH arom), 138.3 (NCN), 141.1 (Cq 

arom), 149.8 (CH arom), 150.4 (CH arom) ppm. IR : ν 3171, 3119, 3082, 3026, 2960, 1672, 
1637, 1597, 1545, 1485, 1456, 1433, 1375, 1201, 1163, 1109, 1032, 937, 873, 802, 746, 733, 
710, 671, 654 cm-1. HRMS (FAB): m/z, 278.1653, [M]+ (exact mass calculated for C18H20N3: 
278.1657). 
 
 [N-mesityl-N’-(4-pyridyl)imidazol-2-ylidene] silver bromide (3a). N-mesityl-N’-(4-
pyridyl)imidazolium bromide (2a) (800 mg, 2.32 mmol) and Ag2O (270 mg, 1.16 mmol) 
were mixed in CH2Cl2 (100 mL) and heated to 40 °C for 3 hours. After cooling down the 
reaction mixture was filtered through celite and dried over MgSO4. The volatiles were 
removed under reduced pressure and the solid product was washed with diethyl ether and 
dried in vacuo. Yellow solid. Yield: 690 mg, 65%. 
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1H NMR (CDCl3, 400 MHz): δ 2.07 (s, 6H, 2 CH3), 2.37 (s, 3H, CH3), 7.02 (s, 2H, 2 H 
arom), 7.21 (d, JHH= 2 Hz, 1H, =CH), 7.60 (d, JHH= 2 Hz, 1H, =CH), 7.73 (dd, JHH= 5, 2 Hz, 
2H, 2 H arom), 8.85 (bs, 2H, 2 H arom) ppm. 13C NMR (CD2Cl2, 400 MHz): δ 17.8 (2 Me), 
21.1 (Me), 117.6 (2 CH arom), 120.7 (=CH), 124.3 (=CH), 129.7 (2 CH arom), 134.3 (2 Cq 
arom), 135.0 (Cq arom), 140.2 (Cq arom), 146.0 (Cq arom), 151.9 (2 CH arom) ppm. NCN 

not observable. IR : ν 3080, 3034, 2916, 2855, 1661, 1589, 1543, 1489, 1408, 1379, 1308, 
1273, 1248, 1217, 1089, 1034, 993, 933, 852, 823, 737, 700, 665 cm-1. HRMS (FAB): m/z, 
372.0471, [M-Br]+ (exact mass calculated for C17H17N3Ag: 372.0471). 
 
 [N-mesityl-N’-(3-pyridylmethyl)imidazol-2-ylidene] silver chloride (3b). N-mesityl-N’-
(3-pyridylmethyl)imidazolium chloride (2b) (200 mg, 0.64 mmol) and Ag2O (74 mg, 0.32 
mmol) were mixed in DCM (30 mL) and heated to 40 °C for 3 hours. After cooling down the 
reaction mixture was filtered through celite and dried over MgSO4. The volatiles were 
removed under reduced pressure and the solid product was washed with diethyl ether and 
dried in vacuo. Yellow solid. Yield: 240 mg, 90%. 
1H NMR (CD2Cl2, 400 MHz): δ 2.06 (s, 6H, 2 CH3), 2.40 (s, 3H, CH3), 5.49 (s, 2H, CH2), 
7.07 (s, 2H, 2 H arom), 7.08 (d, JHH= 4 Hz, 1H, =CH), 7.20 (d, JHH= 4 Hz, 1H, =CH), 7.39 
(dd, JHH= 8, 4 Hz, 1H, H arom), 7.67 (bd, JHH= 8 Hz, 1H, H arom), 8.61 (d, JHH= 8, 2 Hz, 
1H, H arom), 8.64 (dd, JHH= 4, 2 Hz, 1H, H arom) ppm. 13C NMR (CD2Cl2, 100.6 MHz): δ 
17.3 (2 Me), 20.7 (Me), 53.0 (CH2), 121.0 (CH arom), 123.6 (CH arom), 123.8 (CH arom), 
129.2 (2 CH arom), 131.4 (Cq arom), 134.7 (2 Cq arom), 135.0 (CH arom), 135.3 (Cq arom), 

139.6 (Cq arom), 148.7 (CH arom), 149.9 (CH arom), 181.7 (NCN) ppm. IR : ν 3150, 3107, 
3075, 3034, 2944, 2914, 1593, 1558, 1551, 1477, 1431, 1377, 1354, 1329, 1231, 1188, 1092, 
1042, 1030, 966, 933, 856, 827, 806, 731, 704, 675 cm-1. HRMS (FAB): m/z calcd. for 
C18H19N3Ag: 384.0630; found: 384.0638 [M-Cl]+. Elemental Analysis: C18H19N3AgCl 
(420.68): calcd. C 51.4, H 4.5, N 10.0; found C 51.3, H 4.5, N 10.1. 
 

 Chloro(1,5-cyclooctadiene)(N-mesityl-N’-4-pyridyl-imidazol-2-ylidene) rhodiumI 
(4a). To a solution of [N-mesityl-N’-4-pyridyl-imidazol-2-ylidene] silver bromide (3a) (150 
mg, 0.33 mmol) in CH2Cl2 (10 mL) was added a solution of [RhCl(cod)]2 (82 mg, 0.17 
mmol) in CH2Cl2 (5 mL) and the mixture was stirred during 24 hours. The reaction mixture 
was then filtered through a celite plug and the solvent was removed under vacuum. The 
compound was purified by precipitation from CH2Cl2-hexane. Yellow solid. Yield: 150 mg, 
90%. 
1H NMR (CD2Cl2, 400 MHz): δ 1.60-1.80 (m, 5H, CHH COD), 1.92 (s, 3H, CH3), 1.95-2.10 

(m, 3H, CHH COD), 2.40 (s, 3H, CH3), 2.43 (s, 3H, CH3), 3.13 (m, 1H, =CH COD), 3.18 (m, 
1H, =CH COD), 4.64 (m, 1H, =CH COD), 4.79 (m, 1H, =CH COD), 7.01 (s, 1H, H arom), 
7.01 (d, JHH= 2 Hz, 1H, =CH), 7.13 (s, 1H, H arom), 7.48 (d, JHH= 2 Hz, 1H, =CH), 8.51 (d, 
JHH= 5 Hz, 2H, H arom), 8.82 (d, JHH= 5 Hz, 2H, H arom) ppm. 13C NMR (CD2Cl2, 100.6 

MHz): δ 18.3 (Me), 20.0 (Me), 21.4 (Me), 28.5 (CH2 COD), 29.3 (CH2 COD), 32.1 (CH2 
COD), 33.8 (CH2 COD), 68.6 (d, JRhC= 14 Hz, CH COD), 69.2 (d, JRhC= 14 Hz, CH COD), 
97.4 (d, JRhC= 8 Hz, CH COD), 97.8 (d, JRhC= 8 Hz, CH COD), 119.9 (2 CH arom), 121.5 
(CH arom), 125.5 (CH arom), 128.9 (CH arom), 130.1 (CH arom), 134.2 (Cq arom), 135.7 
(Cq arom), 136.8 (Cq arom), 139.1 (Cq arom), 147.4 (Cq arom), 151.2 (2 CH arom), 185.5 (d, 
JCRh= 51 Hz, NCN) ppm. Elemental analysis for C25H29ClN3Rh·0.5H2O: calcd. C 57.87, H 
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5.83, N 8.10; found C 58.19, H 5.96, N 8.00. Crystal data for 4a: C25H29ClN3Rh, M = 

509.87, triclinic, space group P-1, a = 7.4144(3) Å, b = 11.7114(4) Å, c = 13.4408(6)Å, α = 

93.230(2)°, β = 104.119(2)°, γ = 93.696(2)°, V =1126.36(8) Å3, Z =2, T =110(2) K, Dcalcd = 

1.503 g cm-3, μ(MoKα) = 8.94 cm-1, MoKα radiation (λ = 0.71073 Å), F(000) = 524, R1 = 
0.0203, wR2 = 0.0479. 
 

 Chloro(1,5-cyclooctadiene)(N-mesityl-N’-(3-pyridylmethyl)imidazol-2-ylidene) 
rhodiumI (4b). To a solution of [N-mesityl-N’-(3-pyridylmethyl)imidazol-2-ylidene] silver 
chloride (3b) (63 mg, 0.15 mmol) in CH2Cl2 (5 mL) was added a solution of [RhCl(cod)]2 
(37 mg, 0.075 mmol) in CH2Cl2 (5 mL) and the mixture was stirred during 24 hours. The 
reaction mixture was then filtered through a celite plug and the solvent was removed under 
vacuum. The compound was purified by precipitation from CH2Cl2-hexane. Yellow solid. 
Yield: 75 mg, 90%. 
1H NMR (CD2Cl2, 400 MHz): δ 1.40-1.80 (m, 5H, CHH COD), 1.86 (s, 3H, CH3), 1.90-2.20 
(m, 3H, CHH COD), 2.38 (s, 3H, CH3), 2.42 (s, 3H, CH3), 2.99 (m, 1H, =CH COD), 3.23 (m, 
1H, =CH COD), 4.72 (m, 1H, =CH COD), 4.82 (m, 1H, =CH COD), 5.86 (d, JHH= 15 Hz, 
1H, CHH), 6.26 (d, JHH= 15 Hz, 1H, CHH), 6.84 (d, JHH= 2 Hz, 1H, =CH), 6.96 (s, 1H, H 
arom), 6.98 (d, JHH= 2 Hz, 1H, =CH), 7.12 (s, 1H, H arom), 7.36 (dd, JHH= 8, 5 Hz, 1H, py), 
7.86 (dt, JHH= 8, 2 Hz, 1H, py), 8.60 (dd, JHH= 5, 1.5 Hz, 1H, py), 8.71 (d, JHH= 1.5 Hz, 1H, 

H arom) ppm. 13C NMR (CD2Cl2, 100.6 MHz): δ 18.1 (Me), 20.0 (Me), 21.4 (Me), 28.5 

(CH2 COD), 29.5 (CH2 COD), 32.1 (CH2 COD), 34.3 (CH2 COD), 53.2 (CH2), 68.4 (d, JRhC= 
14 Hz, CH COD), 69.2 (d, JRhC= 15 Hz, CH COD), 97.6 (d, JRhC= 8 Hz, CH COD), 97.8 (d, 
JRhC= 8 Hz, CH COD), 121.5 (CH arom), 124.3 (CH arom), 124.4 (CH arom), 128.8 (CH 
arom), 130.0 (CH arom), 133.7 (Cq arom), 134.9 (Cq arom), 136.5 (CH arom), 136.6 (Cq 
arom), 137.3 (Cq arom), 139.4 (Cq arom), 150.1 (CH arom), 150.2 (CH arom), 184.1 (d, 
JCRh= 51 Hz, NCN-Rh) ppm. Elemental analysis for C26H31ClN3Rh·H2O: calcd. C 57.62, H 
6.14, N 7.75; found C 57.81, H 5.96, N 7.69. Crystal data for 4b: C26H31ClN3Rh, M = 
523.90, monoclinic, space group P21/c, a = 11.1897(3) Å, b = 17.3083(6) Å, c = 

13.4145(4)Å, β = 115.790(2)◦, V = 2339.27(13) Å3, Z =4, T =150(2) K, Dcalcd = 1.4876 g cm-

3, μ (MoKα) = 8.64 cm-1, MoKα radiation (λ = 0.71073 Å ), F(000) = 1080, R1 = 0.0197, 
wR2 = 0.0504. 
 
 Chloro(1,5-cyclooctadiene)(N-mesityl-N’-benzylimidazol-2-ylidene) rhodiumI (4c). To 
a solution of N-mesityl-N’-benzylimidazolium bromide (286 mg, 0.8 mmol) in CH2Cl2 (30 
mL) was added silver (I) oxide (93 mg, 0.4 mmol) and the mixture was stirred in the 
darkness for 3 hours at 40°C. After cooling down, the reaction mixture was filtered over 
celite onto a solution of [RhCl(cod)]2 (197 mg, 0.4 mmol) in CH2Cl2 (5 mL) and stirred for 
24 hours. The solvent was removed under vacuum and the residue was purified by flash 
chromatography (AcOEt:hexane 1:1). Yellow solid. Yield: 310 mg, 75%. 
1H NMR (CD2Cl2, 400 MHz): δ 1.40-1.80 (m, 5H, CHH COD), 1.87 (s, 3H, CH3), 1.90-2.20 
(m, 3H, CHH COD), 2.39 (s, 3H, CH3), 2.43 (s, 3H, CH3), 3.00 (m, 1H, =CH COD), 3.31 (m, 
1H, =CH COD), 4.70 (m, 1H, =CH COD), 4.82 (m, 1H, =CH COD), 5.69 (d, JHH= 15 Hz, 
1H, CHH), 6.35 (d, JHH= 15 Hz, 1H, CHH), 6.81 (d, JHH= 2 Hz, 1H, =CH), 6.96 (bs, 2H, 2 H 
arom), 7.12 (bs, 1H, H arom), 7.33-7.48 (m, 5H, 5 H arom) ppm. 13C NMR (CD2Cl2, 100.6 
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MHz): δ 17.4 (Me), 19.3 (Me), 20.7 (Me), 27.8 (CH2 COD), 28.8 (CH2 COD), 31.5 (CH2 
COD), 33.6 (CH2 COD), 55.1 (CH2), 67.4 (d, JRhC= 14 Hz, CH COD), 68.5 (d, JRhC= 14 Hz, 
CH COD), 96.4 (d, JRhC= 8 Hz, CH COD), 96.8 (d, JRhC= 7 Hz, CH COD), 121.0 (CH arom), 
123.3 (CH arom), 127.7 (CH arom), 128.0 (2 CH arom), 128.1 (CH arom), 128.7 (2CH 
arom), 129.3 (CH arom), 134.4 (Cq arom), 136.1 (Cq arom), 136.7 (Cq arom), 137.4 (Cq 
arom), 138.6 (Cq arom), 182.9 (d, JCRh= 51 Hz, NCN-Rh) ppm. Elemental analysis for 
C27H32ClN2Rh: calcd. C 62.02, H 6.17, N 5.36; found C 61.96, H 6.21, N 5.40. 

Polymerization of Carbenes from EDA to Poly(ethyl 2-ylidene-acetate) 

Ethyl diazoacetate (EDA) (2 mmol) was added to a solution (5 mL) of catalyst precursor 
(0.04 mmol) either with or without the ZnII-template added (0.04 mmol). Upon addition, gas 
evolution was visible, and the color of the reaction mixture became slightly darker. The 
mixture was stirred for 24 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 washings were colorless (in case of using template I, which 
is scarcely soluble in methanol, a small amount of toluene was added to wash away I). The 
resulting white powder was dried in vacuo and identified as poly(ethyl 2-ylidene-acetate) 
(PEA). The methanol soluble oligomeric fraction was analyzed separately after evaporation 
of the solvent. 

Polymer and Oligomer Characterization 

Molecular-weight distributions were measured using size-exclusion chromatography (SEC) 

on a Shimadzu LC-20AD system with two PLgel 5μm MIXED-C columns (300 mm x 7.5 
mm) (Polymer Laboratories) in series and a Shimadzu RID-10A refractive index detector, 

using dichloromethane as mobile phase at 1 mL/min and T = 35 °C. Polystyrene standards in 
the range of 760-1,880,000 g/mol (Aldrich) were used for calibration. 
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4.1 Introduction 

In the foregoing Chapters we saw that the Rh-mediated polymerization of carbenes 
is a valuable method for the preparation of stereoregular, high molecular weight and 
highly functionalized polymers. We described that RhI(cod) complexes bearing 
“hard” N,O-type ligands1 (Chapter 2) or NHC-ligands2 (Chapter 3) are able to 
polymerize carbenes from diazoacetates to syndiotactic ester-functionalized 
polymethylenes with a high molecular weight. In particular, the use of the amino-
acid L-proline as a ligand for rhodium proved to give quite active and selective 
catalysts for the polymerization of ethyl diazoacetate (see Scheme 1). Polymers 
with molecular weights up to 190,000 Da, or even 320,000 Da (Mw) in the presence 
of ZnII-templates, were obtained as solid materials with catalyst precursor 5 
(Chapters 2 and 3). 
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Scheme 1. Rhodium-mediated polymerization of ethyl diazoacetate and catalyst precursor [(L-
prolinate)RhI(1,5-cyclooctadiene)]. 

In this Chapter we describe our investigations into the mechanism of this new 
reaction on the basis of experimental and computational studies. We use ligand 
variation and DFT calculations to uncover the nature of the catalytically active 
species. Furthermore, we focus on understanding the chain propagation mechanism 
to provide a rationale for the formation of syndiotactic polymers. 

4.2 Results and Discussion 

4.2.1 Catalyst precursors 

In Chapter 2 we described [(N,O-ligand)RhI(cod)] complexes as catalyst precursors 
for the polymerization of carbenes from alkyl diazoacetates.1 In the search for the 
nature of the active species we focused on variation of both the N,O- and the diene-
ligand of the [(N,O-ligand)RhI(diene)] species. The catalyst precursors reported in 
Chapter 2, 3-5,1 and the new complexes 2, 6, 7 and 8 used for the polymerization of 
carbenes formed from ethyl diazoacetate (EDA) are depicted in Scheme 2. 
Complexes 2, 6, 7 and 8 were prepared according to the reactions shown and were 
obtained in moderate to high yields (35-80%). 
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Scheme 2. Synthesis of catalyst precursors 1-8. 

Similar to the previously reported complexes 3-5, the complexes 2 and 6 reveal 
expected and uncomplicated NMR spectra, showing the presence of only a single 
isomer in solution. The new [(L-prolinate)RhI(endo-dicyclopentadiene)] complex 7 
shows more complicated 1H and 13C NMR spectra due to the presence of four 
isomers. Reaction of enantiomerically pure L-proline (S-proline) with racemic 

[{(dcp)Rh(μ-Cl)}2] in a 2:1 ratio is expected to result in formation of two 

diastereoisomeric [(L-prolinate)RhI(dcp)] species 7a and 7b in a 1:1 ratio. The 
NMR spectra clearly reveal the presence of four isomeric [(L-prolinate)RhI(dcp)] 

species, two by two (7a with 7a′ and 7b with 7b′) species in dynamic equilibrium 
with each other according to EXSY spectroscopy (see Scheme 3). The species are 

present in the ratio: 7a:7a′:7b:7b′ = 1:0.9:1.2:0.6, but as expected the sum 7a + 

7a′ equals the sum 7b + 7b′. The spectroscopic difference between these species is 
most pronounced for the olefinic signals, both in 1H NMR and in 13C NMR (see also 
Tables 5 and 6 at the end of this Chapter). The olefinic signals f and g (see Scheme 
3) of the isomers 7a and 7b are substantially upfield shifted relative to those of 

7a′ and 7b′, whereas the a/b olefinic signals shift downfield (see Table 1). This 

clearly points to the presence of cis/trans isomers, with 7a and 7b having the more 

symmetrical f/g olefin trans to the anionic O-donor and 7a′ and 7b′ having the least 

symmetrical olefin a/b trans to this donor. Stronger metal-to-olefin π-back-donation 

to the olefin trans to the (π-donating) prolinate O-donor explains the observed 
upfield shifts of the different olefin signals. In good agreement with the 
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experimentally derived ratios, DFT calculations reveal that the species 7a′ and 

7b′ are about +0.33 and +0.19 kcal/mol higher in energy than 7a and 7b, 
respectively (Scheme 3). 
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Scheme 3. Relative energies of the DFT optimized (Turbomole, b3-lyp, TZVP) geometries of 
diastereoisomers 7a and 7b, each consisting of four possible geometrical isomers (in kcal/mol, not corrected 
for ZPE or thermal effects). 

 

Table 1. Chemical shift values of the olefinic NMR signals of 7a, 7a’, 7b, and 7b.a,b 

1H δ (ppm) 13C δ (ppm)  

7a 7a’ 7b 7b’ 7a 7a’ 7b 7b’ 
a 4.81 4.04 4.92 4.52 87.59 78.48 87.08 78.48 
b 4.92 4.04 4.98 4.04 85.22 73.59 84.18 73.22 
f 3.81 4.67 4.04 4.70 64.84 75.94 65.78 75.14 
g 5.50 6.39 5.18 6.20 89.59 102.28 90.52 101.82 

a Measured in CDCl3 at 298 K (1H: 500 MHz and 13C: 125 MHz). b For labeling, see Figure 1. 

 
Coordination of the prolinate nitrogen makes this donor enantiotopic, and in 
principle both R and S configurations are possible for this atom through pyramidal 
inversion. In a previous report we published the X-ray structure of the [(L-
prolinate)RhI(cod)] analogue, revealing an S configuration of the N-donor (and no 
other isomers were observed with NMR spectroscopy).1

 We expected 7a and 7b to 
behave in a similar way, and indeed the relative energies (DFT calculations) of the 

species having a nitrogen R configuration (7aN-Inverted, 7a′N-inverted, 7bN-Inverted, and 

7b′N-inverted) are about 3 kcal/mol higher compared to the respective species having a 

nitrogen S configuration (Scheme 3). In line with this, these N-inverted species were 
not detected by NMR spectroscopy.  
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Compound 8 is also present in different isomers in solution. The 1H and 13C NMR 
spectra show two isomers in a 1:1 ratio (Scheme 4). These isomers can interconvert 
by rotation of the hexadiene ligand. 
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Scheme 4. Two isomers of 8 observed in solution. 

Complex 8 was analyzed by X-ray diffraction and the molecular structure is shown 
in Figure 1 with selected bond distances and angles in Table 2. In the crystal only 
the exo isomer is observed. Similarly to the structures of 3-5,1,3 complex 8 adopts a 
square planar geometry. Furthermore, the structure is isostructural to its 
cyclooctadiene analogue 5 and it shows a slightly bent prolinate ring. 

 
Figure 1. Molecular structure of 8 with 50% probability ellipsoids. Hydrogen atoms are omitted for clarity.  

 

Table 2. Selected bond lengths (Å) and angles (°). 

 8 
Rh(1)−N(4) 2.092(2) 
Rh(1)−O(1) 2.060(2) 
Rh(1)−C(11) 2.102(4) 
Rh(1)−C(12) 2.110(3) 
Rh(1)−C(15) 2.159(3) 
Rh(1)−C(16) 2.128(3) 
C(11)−C(12) 1.385(5) 
C(15)−C(16) 1.374(4) 

N(4)−Rh(1)−O(2) 81.14(8) 
O(1)−Rh(1)−C(11) 164.88(12) 
N(4)-Rh(1)-C(11) 95.59(10) 
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4.2.2 Carbene polymerization reactions 

Polymerization reactions were carried out by addition of 50 equivalents of EDA to a 
solution of the catalyst precursor in chloroform at room temperature. After 14 h the 
solvent was evaporated, and the polymer (poly(ethyl 2-ylidene-acetate), PEA) was 
isolated and washed with methanol. For all catalysts except 6 and 8, 1H NMR 
spectroscopy indicated complete conversion of EDA after 14 h.  
 The polymers and oligomers were analyzed by size exclusion chromatography 
(SEC) calibrated with polystyrene samples. These molecular weights and weight 
distributions, therefore, deviate slightly from the data reported in Chapter 2, which 
were calibrated with MALLS.1 

Table 3. Polymerization of EDA with catalysts 1-8.a 

catalyst diene PEA (%)b Mw (kDa) b,c Mw/Mn
b,c oligomer (%)c,d Mw (kDa) c,d Mw/Mn

c,d 
maleate/ 

fumarate (%)e 
1 cod 15 150 3.7 57 1.1 2.6 28 
2 cod 30 150 3.4 37 1.0 3.6 33 
3 cod 11 130 3.7 nd nd nd nd 
4 cod 11 140 3.7 nd nd nd nd 
5 cod 50 150 3.6 30 1.2 2.6 20 
6 nbd 5f 350 15.4g 53f 1.4 3.6 7f 
7 dcp 30 540 2.0 38 1.1 4.5 32 
8 hed 5h 60 3.0 30 2.5 1.6 nd 

a Conditions: 0.04 mmol catalyst; 2 mmol EDA, 5 mL chloroform (solvent), room temperature, reaction time: 
14 hours. b Isolated by precipitation and washing with MeOH. c SEC analysis calibrated against polystyrene 
samples.d Combined MeOH soluble fractions after evaporation of the solvent. e Estimated yield; part of the 
combined diethyl maleate and fumarate fraction is lost during work-up of the polymer and oligomer fractions, 
using a vacuum pump f ~35% EDA recovered. g Bimodal distribution. h Incomplete conversion. 
 
If we focus on the formation of well-defined stereoregular PEA, it is clear that the 
use of the Rh(cod) catalyst precursors 1-5 with different O,O- and N,O-ligands 
(chiral and non-chiral) produces virtually identical polymers with comparable 
molecular weights and weight distributions, albeit in different yields (see Table 3 
and an example by Buchmeiser et al. in the literature).4 These results suggest that 
the O,O- or N,O-ligands might be involved in the initiation of the polymerization 
but are unlikely to act as stabilizing ligands to Rh during the propagation steps. In 
contrast, varying the diene ligand of the [(L-prolinate)RhI(diene)] catalyst 
precursors 5-8 leads to polymers with very different molecular weights and weight 
distributions (Table 3). For example, the use of complex 8 leads to shorter polymer 
chains (in a low yield: 5%) compared to polymers obtained with catalyst precursors 
with other diene ligands. These results are probably due to the fact that the 
hexadiene ligand is bound much weaker to the metal center compared to the other 
cyclic diene ligands used in this study, which supports the proposed stabilizing role 
of the diene ligand. 
 Most remarkably, the RhI complex with the dicyclopentadiene (dcp) ligand (7) 
produces substantially higher molecular weight polymers (Mw = 540 kDa) with a 
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much narrower molecular weight distribution (Mw/Mn = 2.0) compared to the cod 
analogue 5 (Mw = 150 kDa, Mw/Mn = 3.6) under otherwise identical reaction 
conditions (Table 3). These data clearly point to the involvement of Rh(diene) 
species in the chain propagation.5 
 Note that the behavior of 7 points to generation of a single site active catalyst, 
while the spectroscopic data of the precatalyst clearly revealed the presence of four 
different isomeric species in solution. These data further support the idea of 
prolinate dissociation upon generation of the catalytically active species. 
 Since high-molecular weight polymers are obtained while using only 50 
equivalents of EDA, only a few percent of the catalyst precursor can be active in the 
polymerization reaction (5: ~3%, 7: ~1%). Additionally, 1H NMR experiments of 
complex 5 with only one or two equivalents of EDA in CDCl3 clearly showed the 
formation of polymer and dimer (besides the presence of 5). These low initiation 
efficiencies do not exclude the possibility of Rh adventitious impurities playing a 
role in the catalytic reaction. However, different batches of the Rh(diene) catalysts, 
prepared from different Rh sources, give rise to identical results in the catalytic 
carbene polymerization. Using repeatedly recrystallized batches of catalyst 
precursor 5 and freshly distilled EDA and solvent has no beneficial effect on the 
catalytic performance at all, and deliberately adding water and/or introducing 
oxygen has only a minor negative influence on the obtained polymer yields. 
Furthermore, it is relevant to note that for Rh(diene)-mediated polymerization of 
phenyl acetylene inefficient initiation (<5%) is quite commonly observed, with 
ligand modifications having a substantial beneficial effect on the initiation 
efficiencies (reaching up to 100% as recently reported by Masuda et al.).6 
 For the reactions with complexes 1, 2, 5, 6, 7 and 8 we also determined the 
oligomer yields of the reactions (Table 3). These fractions were isolated from the 
methanol soluble fractions left after workup and washing the PEA with methanol as 
described in Chapter 2. The oligomers vary in amount and have a number degree of 
polymerization of only about 11-20 “carbene” units. It is clear that all of the applied 
catalyst precursors produce the same poorly defined oligomers (identical NMR 
spectra and similar Mw and Mw/Mn within experimental errors, see Table 3). It is 
thus unlikely that the oligomerization process involves the same catalytically active 
species responsible for the polymerization event. 
 We monitored the polymerization reaction catalyzed by cod complex 5 in time by 
1H NMR spectroscopy. As shown in Figure 2 (top left), under the conditions 
applied, rather fast EDA consumption was observed in the beginning of the 
reaction, with production of most of the byproducts. Within 1 h most (>75%) of the 
EDA has been consumed, and the reaction mixture consists of ~38% oligomers, 
~15% diethyl maleate and fumarate dimers (combined), and only ~21% of polymer. 
After 1 h the total amount of diethyl maleate/fumarate and oligomer byproducts 
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hardly increases further (within experimental errors), and consumption of the 
remaining EDA almost exclusively leads to stereoregular PEA (Figure 2, top left). 
The final product distribution determined with NMR spectroscopy deviates only 
slightly from the distribution of isolated products (Table 3), which is reasonable 
considering substantial experimental and integration errors associated with 1H NMR 
integrations.7 
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Figure 2. Time-product profiles for carbene polymerization reactions. Top-Left: Development of the product 
distribution in time using catalyst 5. Top-Right: Correlation between the molecular weights of the polymer 
(Mw in kDa) and obtained PEA yields (%) for catalysts 5 and 7. Bottom: Development of the polymer 
molecular weights and yields in time using catalyst 5 and 7. The numbers represent the obtained PDI values 
(Mw/Mn) for each SEC sample. 

SEC analysis of stereoregular PEA samples obtained after varying reaction times 
yields further information. With catalyst precursor 5 (Figure 2, bottom left), the 
polydispersity value (PDI) of the obtained polymers is quite large initially (ca. 3.0), 
increases further in the first hour of the reaction to about 4.0, and then slowly 
decreases to a limiting value of ca. 3.0. Formation of PEA using catalyst precursor 
7 (Figure 2, bottom right) is slower. The molecular weight distribution is quite 

narrow initially (PDI ~1.3) but broadens over time (to a PDI of ca. 2.0). 
 The nearly linear correlation between the molecular weight and yield for polymer 
samples obtained with both catalyst precursors 5 and 7 (Figure 2, top right) is an 
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indication for a chain-growth mechanism proceeding without detectable chain 
transfer (near-living character). The gradually broadening molecular weight 
distribution of polymer samples obtained with catalyst precursor 7 in time points to 
slow termination of the chain propagating species. This is happening under 
conditions of monomer depletion, which potentially limits the molecular weight. 
However, using much more EDA (100 equivalents) leads to much lower overall 
yields (with unreacted EDA being recovered after the reaction) and does not lead to 
an increase in the molecular weight of the obtained polymer. This clearly suggests 
that the active species deactivates in time, even in the presence of enough monomer. 
Further investigations wherein different concentrations of EDA are slowly added in 
time may lead to further process optimization, but future efforts aiming at finding 
more efficient ways to initiate the polymerization are likely more rewarding. 
 The variation in the polymer PDI values in time for samples obtained with 
catalyst precursor 5 is not so easily understood in terms of a single-site catalyst, and 
perhaps 5 generates more than one species active in the carbene polymerization 
process (see Chapter 6). Somewhat higher-molecular weight PEA (205 kDa) is 
attainable with catalyst precursor 5 upon addition of an additional amount of EDA 
(25% of the initial amount) after 1 h. This leads to an overall PEA yield of only 
45% (60% is expected with full conversion of, at that point, unreacted plus 
additional EDA to PEA), again suggesting that, even in the presence of enough 
monomer, termination processes stop the polymerization reaction before complete 
EDA conversion. Direct addition of 100 equivalents of EDA (instead of 50 
equivalents) to a solution of 5 in CHCl3 led to an even lower overall PEA yield of 
33% (Mw = 210 kDa, Mw/Mn = 4.3). 

4.2.3 Computational studies 

The experimental results clearly suggest the involvement of a Rh(diene)-based 
active species in chain propagation. This makes the involvement of any RhIII 
complex (kinetically inert, low affinity for alkenes) rather unlikely, leaving 
(diene)RhI(alkyl) as the most plausible active species. Such a species could, for 
example, be generated in situ by nucleophilic attack of the prolinate oxygen atom 
on a Rh-bound carbene fragment. On this basis we performed computational studies 
in search for a plausible mechanistic explanation for the preferred formation of 
syndiotactic polymers with (diene)Rh catalysts. 
 All calculations were performed with cod as the stabilizing diene and with methyl 
diazoacetate (MDA) as a smaller model substrate for EDA. Neutral 

(cod)RhI{CH(COOMe)}3CH3 species A (obtained after three consecutive carbene 

insertions into a Rh−Me fragment) is probably the smallest possible model that 
realistically represents the steric and electronic properties of the active catalyst. All 
calculated pathways started from species A, containing a syndiotactic growing chain 
fragment.8 As expected, geometry optimization of A led to coordination of a 
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carbonyl oxygen atom of the growing chain to the rhodium center. The ester 
methoxy oxygen atoms can also coordinate to rhodium, but this leads to 
substantially higher-energy structures, which we therefore did not consider further. 
The most stable geometry of A contains a favorable five-membered ring formed by 

coordination of the β-carbonyl fragment (see Figure 3). Coordination of the α-

carbonyl is also possible, leading to a somewhat higher-energy structure A′ (+0.7 
kcal/mol) which could be considered as a “hetero-allyl” species. 
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Figure 3. Relative free energies (ΔG0 in kcal/mol) associated with (rate determining) carbene formation steps 
from A and MDA (b3-lyp, TZVP), corrected for ZPE and thermal effects (298K). 

Generation of a Rh-carbene fragment requires binding of the prochiral diazo-

bearing carbon atom of MDA to Rh after carbonyl dissociation from A or A′, 
leading to two possible diastereoisomeric MDA adducts that are close in energy 
(Bsyndio +12.6 kcal/mol; Biso +12.3 kcal/mol). MDA coordination through a nitrogen 
atom is also possible (+7.5 kcal/mol) but is not productive9 and was therefore not 
considered further. 
 We failed to find any transition state involving a direct attack of the Rh-bound 
growing chain on the coordinated MDA fragments in structures B. Such a 
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mechanism would lead to structures D in a single SN2-like substitution step, similar 
to the mechanism recently proposed for BH3- and Pd-catalyzed oligomerization of 
EDA.10,11 It thus seems more likely that our Rh-mediated polymerization reaction 
proceeds via discrete carbenoid intermediates C, and this pathway was further 
explored. 
 In good agreement with other computational studies,12 exothermic formation of 
the carbenoids C seems to proceed via dinitrogen loss from carbon-bound MDA 
adducts B, which is over-all rate limiting along the calculated reaction pathway. The 
transition-state free energies TS1 are within a reasonable range for reactions 
proceeding within hours at RT (Figure 3). The transition state for formation of 
Csyndio (TS1syndio, +21.8 kcal/mol) lies about 3 kcal/mol lower in free energy than 
that for formation of Ciso (TS1iso, +24.9 kcal/mol). 
 Remarkably, the Rh=C bond of structure C adopts a parallel orientation with 
respect to the cod C=C bond trans to it (Figure 4). Thus, different d orbitals of the 

rhodium metal center are used for optimal π-backbonding to the carbene fragment 
and to this C=C bond. As a result, the carbene fragment is pre-organized for 

migratory insertion into the Rh−C bond of the growing chain, with Csyndio having its 

re face and Ciso having its si face oriented for attack of the growing chain. This 
corresponds to the two possible enantiotopic insertion pathways (racemic vs meso) 
leading to syndiotactic and isotactic polymers. For steric reasons, the 

{CH(COOMe)}3CH3 chains of B and C adopt approximate trans-gauche 

conformations (torsion angles: CMe−C−C−C ≈ 160° and C−C−C−Rh ≈ 60°). Any 

other conformation would cause substantial strain, either within the chain itself or 
between the chain and the Rh(cod) or Rh(carbene)fragments. 

 
Figure 4. DFT optimized geometry of carbenoid Csyndio (b3-lyp, TZVP). 

Once the carbene fragments are formed, migratory carbene insertion into the Rh−C 

bonds of C to form the insertion products D is a strongly exothermic, low-barrier 
process (Figure 5). Although formation of Csyndio is substantially easier than 
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formation of Ciso, carbene rotation provides a relatively low energy equilibration 
pathway between these species (TS2 = +4.4 kcal/mol). The product-forming steps 

(C → D) are also calculated to have low activation energies (ΔG‡ = 6.3 and 7.0 

kcal/mol), so the final selectivity will not be simply determined by a single limiting 
step. 
 It should be noted here that entropy corrections appear to artificially disfavor 
TS3syndio relative to TS3iso. The calculated enthalpy difference of 2.2 kcal/mol is 
reduced to only 0.7 kcal/mol on going to free energies. This is due to contributions 
from a few very low-frequency modes, for which the harmonic approximation used 
in the corrections loses its validity. It may be that the use of relative enthalpy values 
is more appropriate here. Indeed, for smaller models in which we replaced the 

−{CH(COOMe)}3CH3 growing chain by −{CH(COOMe)}CH3 (which is less 

floppy, thus causing fewer problems associated with low-frequency modes), the free 

energy for the syndiotactic migratory insertion (ΔG‡ = 3.6 kcal/mol) is 1.5 kcal/mol 

lower than the corresponding isotactic insertion (ΔG‡ = 5.1 kcal/mol). 
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Figure 5. Relative energies ΔE and free energies (ΔG0) of isotactic and syndiotactic carbene insertion steps 
(b3-lyp, TZVP) in kcal/mol, corrected for ZPE and thermal effects (298K). 

In any case, the final selectivity will be intermediate between that expected from B 

→ C (k1/k1′), as selectivity-determining on the one hand, and rapid Csyndio/Ciso 

equilibration leading to C → D (k3/k3′), as selectivity-determining on the other hand 
(see Scheme 5). 
 Table 4 lists the actual predicted selectivity (from a steady-state model; see the 
appendix at the end of the Chapter) and these limiting values, based on both 
enthalpy and free-energy differences. Regardless of the energies used, syndiotactic 
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propagation is energetically favored. However, all of the energy differences here are 
rather small, close to the error limits of the computational methods employed, and 
the differences should be treated with caution. In particular, the balance between 
rotation and insertion, which has a significant effect on predicted stereoselectivity, 
can also be expected to have a relatively large error margin. 

 
Scheme 5. Selectivity of the syndiotactic over isotactic carbene insertion (ksyndio/kiso) depending on rate 
constants k1, k1’, k2, k2’, k3 and k3’. 

 

Table 4. Predicted stereoselectivity ksyndio/kiso and limiting values, based on calculated barriers. 

 B → C limiting (k1/k1’) steady state model C → D limiting (k3/k3’) 
ΔH‡ 187.8 50.1 (115.6a ) 48.6 (113.2a) 
ΔG‡ 187.8 3.4 (16.5a ) 3.4 (13.0a) 

a values between brackets based on barriers for C → D (TS3syndio and TS3iso) obtained with smaller, 
shorter growing chain models keeping TS1 and TS2 barriers of the larger model.  

 
The interplay between the different rates implies that the ancillary ligand could well 
influence the stereoselectivity. Ancillary ligand effects are difficult to predict 
though. For cod, competition between the two respective carbene-forming steps (B 
→ C) and the two respective carbene insertion steps (C → D) is clearly determined 
by carbene-chain end interactions (for a simplified representation, see Figure 6), but 
this could easily change with other (diene) ligands. Electronic and steric properties 
of the ancillary ligand (e.g., the bite-angles) could have an influence on the absolute 
and relative carbene formation and insertion barriers. The ancillary ligand could 

also affect the carbene rotation barrier, which depends on the π-acceptor strength of 

the diolefin as well as its steric properties. Variation of the rotation barrier would 
shift the selectivity between the B → C and C → D limiting values in Table 4. 
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Figure 6. Simplified representation of Rh-mediated ‘carbene’ polymerization under chain-end control, with 
minimal steric interactions between the substituents of the growing chain and the carbene fragments favoring 
the Csyndio → D migratory insertion. 
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A selection of changes in bond lengths and angles associated with carbene 
formation (N2 loss from MDA adduct B via TS1 to carbenoid C) and migratory 
insertion (from C to TS3) is shown in Figure 7. The geometric differences between 
the syndio and iso paths are clearly minor and support our interpretation of weak 
steric monomer-chain end interactions as the selectivity-determining factor when 
applying cod as the ancillary ligand.13 
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Figure 7. Selection of bond lengths (Å) and angles (°) associated with carbene formation and migratory 
insertion for both the calculated isotactic and syndiotactic pathways. 

4.2.4 Introduction of a chiral monomer 

Additional experimental proof for the proposed migratory insertion mechanism was 
gained by introduction of a chiral monomer. Use of an enantiopure chiral monomer 
leads to diastereomeric Rh-carbene-polymeryl species for the insertion step (Figure 
8), which can cause stereoerrors in the polymer if the influence of the chiral alkyl 
group of the diazoester is sufficient. Analysis of the polymer by NMR spectroscopy 
can reveal the presence of stereoerrors. 
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Figure 8. Newman projections of Rh-mediated ‘carbene’ polymerization under chain-end control, with 
minimal steric interactions between the substituents of the growing chain and the carbene fragments leading to 
syndio coupling. 
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Poly(S-(+)-sec-butyl 2-ylidene-acetate) (poly(sBuA)) was prepared by addition of 
50 equivalents of enantiopure S-(+)-sec-butyl diazoacetate (sBuDA) to a solution of 
5 in chloroform (Scheme 6, see also Chapter 2). 

 
Scheme 6. Polymerization of a chiral diazoester: S-(+)-sec-butyl diazoacetate (sBuDA). 

The polymeric product is hardly soluble in chloroform; it precipitates during the 
polymerization reaction. For analysis by NMR spectroscopy, the polymer was 
dissolved in deuterated chloroform with trifluoroacetic acid (the solubility in most 
common polar and apolar solvents was not sufficient). The signals in the NMR 
spectra are broad and in the 1H NMR spectrum the backbone signal is split (Figure 
9). (Part of the spectrum of syndiotactic PEA is shown for comparison.) 

 

ppm (f1) 2.503.003.50  
Figure 9. Part of the 1H NMR spectra of poly(EA) (top) and poly(sBuA) (bottom) (125 MHz, CDCl3, RT). 

The same behavior is observed for the backbone signal in the 13C NMR spectrum; 
the main resonance is at a similar chemical shift as the backbone signal of 
syndiotactic PEA, but more upfield, a smaller broad signal is observed (Figure 10). 
Additionally, the carbonyl signal is significantly broadened, compared to the same 
signal in the spectrum of syndiotactic PEA. 

  

170.0175.0  40.045.050.0  

 
Figure 10. Parts of the 13C NMR spectra of PEA (top) and poly(sBuA) (bottom) (125 MHz, CDCl3, RT). 
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These findings clearly show that stereoerrors in the polymer occur when using a 
chiral enantiopure diazoester for the polymerization reaction, which supports the 
migratory insertion mechanism proposed in this Chapter (Scheme 7). 

 
Scheme 7. Proposed mechanism of propagation steps of the Rh-mediated polymerization of polar 
functionalized carbenes (P = growing polymer chain, E = COOMe). 

4.3 Conclusions 

[(N,O-ligand)Rh(diene)] complexes mediate formation of high-molecular weight 
and highly stereoregular functionalized polymethylenes (PEA) from ethyl 
diazoacetate (EDA). Variation of the anionic N,O-ligand is only of influence on the 
polymer yields and not on the polymer properties, whereas variation of the diene 
ligand has a marked influence on the polymer properties. This suggests that the 
N,O-ligand is only involved in the initiation while the diene ligand is the metal-
supporting ligand of the catalytically active species during the propagation steps. 
 Kinetic studies indicate that only a small fraction of the Rh (1-5%) is involved in 
polymerization catalysis; the linear relation between polymer yield and Mw suggests 
that the chains terminate slowly and chain transfer is not observed. Oligomers and 
fumarate/maleate byproducts are most likely formed from other “active” species. 
 DFT calculations suggest a chain-growth pathway involving consecutive 
migratory insertion steps of carbene fragments, formed from the carbon-bound 

diazo substrate by rate-limiting dinitrogen loss, into the Rh−C bond of the growing 

chain. The computational results explain the formation of syndiotactic polymers via 
chain-end control,13 modulated by carbene rotation. These new insights provide new 
tools for catalyst optimization to further improve this novel polymerization reaction.  

4.4 Experimental 

General Procedures 

All manipulations were performed under an argon atmosphere using standard Schlenk 
techniques. Methanol and dichloromethane distilled from calcium hydride and toluene 

distilled from sodium were used for metal complex synthesis. [{RhI(1,5-cyclooctadiene)(μ-

OAc)}]2 (1),14 [{RhI(2,5-norbornadiene)(μ-Cl)}]2
15 and [{RhI(endo-dicyclopentadiene)(μ-

Cl)}]2
16 [{RhI(1,5-hexadiene)(μ-Cl)}]2

17 (modification to the procedure: the synthesis was 
carried out without Na2CO3 and in iso-propanol/water) were prepared according to literature 
procedures. The syntheses and catalytic activity of [(picolinate)RhI(1,5-cyclooctadiene] (3), 
[(quinolinate)RhI(1,5-cyclooctadiene)] (4), and [(L-prolinate)RhI(1,5-cyclooctadiene)] (5), 
have been reported previously (see also Chapter 2).1 The synthesis and polymerization of S-
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(+)-sec-butyl diazoacetate (sBuDA) were described in Chapter 2. 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 and 125 
MHz for 1H and 13C, respectively) or a Varian Mercury 300 spectrometer (300 and 75 MHz 
for 1H and 13C, respectively). Assignment of the signals was aided by COSY, NOESY, 13C 

HSQC, and APT experiments. Solvent shift reference for 1H NMR spectroscopy: CDCl3: δH 

= 7.26, DMSO-d6: δH = 2.50. For 13C NMR spectroscopy: CDCl3: δC = 77.0, DMSO-d6: δC = 
39.43. Abbreviations used are: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q 
= quartet, m = multiplet, br = broad, cod = 1,5-cyclooctadiene, gly = glycinate, nbd = 2,5-
norbornadiene, dcp = dicyclopentadiene, hed = 1,5-hexadiene, pro = prolinate. Elemental 
analyses (CHN) were performed by the Kolbe analytical laboratory in Mülheim an der Ruhr 
(Germany). 

Synthesis of compounds 2, 6, 7 and 8 

 [(Glycinate)RhI(1,5-cyclooctadiene)] (2). A solution of [{RhI(1,5-cyclooctadiene)(μ-

OAc)}]2 (1) (200 mg, 0.4 mmol) in toluene (10 mL) was added to a suspension of glycine 
(56 mg, 0.7 mmol) in methanol (6 mL). The yellow solution was stirred at room temperature 
for 20 h. Subsequently, volatiles were evaporated, resulting in a yellow solid. The product 
was recrystallized from hot methanol, affording yellow crystals (76 mg, 0.3 mmol, 38%). 
1H NMR (300 MHz, DMSO-d6, 292 K): δ 3.97 (t, 3JHH = 6.5 Hz, 2H, NH2), 3.90 (br s, 4H, 

cod−CH), 3.03 (t, 3JHH = 6.5 Hz, 2H, CH2−COO), 2.32 (m, 4H, cod−CH2), 1.71 (dd, 3JHH = 

7.5 Hz, 4H, cod−CH2) ppm. 13C NMR (75 MHz, DMSO-d6, 292 K): δ 182.3 (COO), 77 (br, 

cod−CH), 45.8 (gly−CH2), 30.1 (cod−CH2) ppm. Elemental analysis for C10H16NO2Rh: calcd 
C 42.12, H 5.66, N 4.91; found C 41.98, H 5.62, N 4.83. 

 
 [(L-Prolinate)RhI(2,5-norbornadiene)] (6). A solution of proline (125 mg, 1 mmol) and 
sodium hydroxide (43 mg, 1 mmol) in methanol (5 mL) was added to a brown suspension of 

[{RhI(2,5-norbornadiene)(μ-Cl)}]2 (250 mg, 0.5 mmol) in methanol (5 mL). The obtained 
clearbrown solution was stirred for 1 h at room temperature. The solvent was removed in 
vacuo, and the product was dissolved in dichloromethane (15 mL). The mixture was filtrated, 
and subsequently the solvent was evaporated. The product was obtained as a yellow powder 
(264 mg, 0.8 mmol, 80%). 
1H NMR (500 MHz, CDCl3, 298 K): δ 4.02, 3.98 (br s, 4H, nbd−CH olefinic), 3.90 (s, 2H, 

nbd−CH), 3.70 (m, 1H, CH−COO), 2.86-2.73 (m, 2H, CH2−NH), 2.19-2.12 (m, 1H, 

CH2−CH), 2.05-1.91 (m, 2H, CH2−CH2−CH−COO), 1.69-1.61 (m, 1H, CH2−CH2−CH), 1.25 

(s, 2H, nbd−CH2) ppm. 13C NMR (125 MHz, CDCl3, 298 K): δ 184.99 (COO), 62.51 

(COO−CH), 61.69 (nbd−CH2), 51.02 (nbd−CH non-olefinic), 49.13 (NH−CH2), 30.13 

(COO−CH−CH2), 25.72 (NH−CH2−CH2) ppm (olefinic carbon signal is probably too broad 

to be observed). Elemental analysis for C12H16NO2Rh·0.2CH2Cl2: calcd C 44.54, H 5.04, N 
4.24; found C 44.79, H 5.13, N 4.37. NMR reveals inclusion of ~0.2 equiv of CH2Cl2 in the 
crystal lattice. 
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[(L-Prolinate)RhI(endo-dicyclopentadiene)] (7). A solution of proline (115 mg, 1 mmol) 
and sodium hydroxide (40 mg, 1 mmol) in methanol (5 mL) was added to a suspension of 

[{RhI(endo-dicyclopentadiene)(μ-Cl)}]2 (270 mg, 0.5 mmol) in methanol (5 mL). The 
obtained clear orange-brown solution was stirred for 1 h at room temperature. The solvent 
was removed in vacuo, and the product was dissolved in dichloromethane (20 mL). The 
mixture was filtrated, and subsequently the solvent was evaporated. The product was 
obtained as an orange-yellow powder (244 mg, 0.6 mmol, 65%). 
1H NMR (500 MHz, CDCl3, 298 K) (mixture of four isomers: 7a, 7a′, 7b, and 7b′): δ 6.39 (s, 

1H, CgH of 7a′), 6.18 (s, 1H, CgH of 7a′), 5.50 (s, 1H, CgH of 7a), 5.18 (s, 1H, CgH of 7b), 
4.98 (s, 1H, CbH of 7b), 4.92 (overlapping s, 2H, CbH of 7a and CaH of 7b), 4.81 (s, 1H, 

CaH of 7a), 4.70 (s, 1H, CfH of 7b′), 4.67 (s, 1H, CfH of 7a′), 4.52 (s, 1H, CaH of 7b′), 4.43 

(m, 1H, NH), 4.22-4.16 (m, 3H, NH), 4.04 (overlapping s, 4H, CaH, and CbH of 7a′, CbH of 

7b′, and CfH of 7b), 3.81 (s, 1H, CfH of 7a), 3.76, 3.69 (2× m, 4H, COO−CH), 3.33 (s, 1H, 

ChH of 7a), 3.29 (overlapping s, 3H, ChH of 7a′, 7b, and 7b′), 3.05 (overlapping s, 4H, 4× 

CiH), 3.24, 3.12, 2.99, 2.86, 2.67, 2.62 (6× m, 8H, NH−CH2), 2.42, 2.36, 2.31 (overlapping s, 

CdH and CeH), 2.28, 2.25, 2.21 (3× s, CcH2), 2.18-1.88 (overlapping m, CjH2 and 

COOCH−CH2), 1.85-1.77 (m, CcH2 and COO−CH−CH2−CH2), 1.75-1.71 (m, CjH2), 1.67-

1.53 (COO−CH−CH2−CH2) ppm. 13C NMR (125 MHz, CDCl3, 298 K): δ 184.65, 184.33, 

183.86 (3× s, COO), 102.28 (d, 1JRh−C = 12 Hz, CgH of 7a′), 101.82 (br s, CgH of 7b′), 90.52 

(d, 1JRh−C = 13 Hz, CgH of 7b), 89.59 (d, 1JRh−C = 13 Hz, CgH of 7a), 87.59 (d, 1JRh−C = 11 

Hz, CaH of 7a), 87.08 (d, 1JRh−C = 15 Hz, CaH of 7b), 85.22 (d, 1JRh−C = 11 Hz, CbH of 7a), 

84.18 (d, 1JRh−C = 11 Hz, CbH of 7b), 78.48 (d, 1JRh−C = 12 Hz, CaH of 7a′ and 7b′), 75.94 (d, 
1JRh−C = 14 Hz, CfH of 7a′), 75.14 (br s, CfH of 7b′), 73.59 (d, 1JRh−C = 13 Hz, CbH of 7a′), 
73.22 (br s, CbH of 7b′), 65.78 (d, 1JRh−C = 16 Hz, CfH of 7b), 64.84 (d, 1JRh−C = 16 Hz, CfH 

of 7a), 63.77, 63.47, 63.41 (3× s, COO−CH), 59.81, 59.52, 59.35 (3× s, CjH2), 56.91 (br s), 

56.48, 56.12, 55.61, 55.18, 54.33, 54.15 (br s) (7× s, ChH and CiH), 49.64, 49.42, 48.93 (3× 

s, NH−CH2), 44.82, 44.54, 44.48, 44.42, 44.35, 44.24 (6× s, CdH and CeH), 34.84, 34.73, 

34.60, 34.39 (br) (4× s, CcH2), 30.23, 29.89, 29.62 (3× s, COO-CH−CH2), 25.35, 25.02, 

24.98, 24.82 (br) (4× s, COO−CH−CH2−CH2) ppm. Elemental analysis for 
C15H20NO2Rh·0.25 CH2Cl2: calcd C 48.80, H 5.52, N 3.71; found C 48.81, H 5.57, N 3.74. 
NMR reveals inclusion of ~0.25 equiv of CH2Cl2 in the crystal lattice. 

 
 [(L-prolinate)RhI(1,5-hexadiene)] (8). A solution of 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 [{RhI(1,5-hexadiene)(μ-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): δ 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 
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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) ppm. 13C NMR (125 MHz, 
CDCl3, 298 K): δ 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: 8, 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, ρcalcd = 1.732 g cm-3, F(000) = 608, μ(MoKα) = 14.68 cm-1, T = 

208(2) K, λ(MoKα) = 0.71073 Å, θ range = 2.73 to 27.49°, reflections collected = 12655, 

unique = 2624 (Rint = 0.0326), final R indices [I>2σ(I)] = R1 = 0.0254, wR2 = 0.0422, R 
indices (all data) = R1 = 0.0300, wR2 = 0.0454. 

Polymerization of carbenes from EDA to poly(ethyl 2-ylidene-acetate) 

Ethyl diazoacetate (EDA) (2 mmol) was added to a yellow solution of catalyst precursor 
(0.02 mmol of 1 and 0.04 mmol of 2-8) in chloroform (5 mL) (2 dissolved after addition of 
EDA). 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. 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 and identified as poly(ethyl 2-ylidene-acetate) 
(PEA) using 1H NMR spectroscopy. Experiments in which the polymerization was followed 
in time were performed using identical conditions (1H NMR: 300 MHz, CDCl3, 292 K). 

Polymer and oligomer characterization 

Molecular-weight distributions were measured using size-exclusion chromatography (SEC) 

on a Shimadzu LC-20AD system with Waters Styragel HR1, HR2, and HR4 (300 mm x 7.8 
mm) columns in series and a Shimadzu RID-10A refractive-index detector, using 

dichloromethane as mobile phase at 1 mL/min and T = 40°C. Polystyrene standards in the 
range of 760-1,880,000 g/mol (Aldrich) were used for calibration. Previously, SEC-MALLS 
experiments showed that the values obtained by calibration against polystyrene standards 
slightly underestimate the molecular weights (Mw) and somewhat overestimate the 
polydispersities (Mw/Mn) of poly(ethyl 2-ylidene-acetate).1 

DFT calculations 

The geometry optimizations were carried out with the Turbomole program18a,b coupled to the 
PQS Baker optimizer.19 Geometries were fully optimized as minima or transition states at the 

b3-lyp level20 using the polarized triple-ξ TZVP basis18c,f (small-core pseudopotential18c,e on 

Rh or Ir). All stationary points were characterized by vibrational analysis (numerical 
frequencies); ZPE and thermal corrections (entropy and enthalpy, 298 K, 1 bar) from these 
analysis are included. Energies are reported both as enthalpies and free energies. Optimized 
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geometries are visualized with the PLATON21 program (rendered with POVRAY).  
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Table 5. Tabulated 1H NMR chemical shift values (δ in ppm) of compounds 6 and 7. 
 [(dcp)Rh(pro)] (7) 

a

b

c

d

e

f g

h

i

j

 

[(nbd)Rh(pro)] (6) 
 

g'

e'

f g

e

f'

j

 

proton 7a 7a’ 7b 7b’ - 
a 4.81 4.04 4.92 4.52 - 
b 4.92 4.04 4.98 4.04 - 
c 2.28, 2.25, 2.21 and 1.85-1.77 - 
d - 
e 

2.42, 2.36 and 2.31 
3.90 

f 3.81 4.67 4.04 4.70 4.02 and 3.98 
g 5.50 6.39 5.18 6.20 4.02 and 3.98 
h 3.33 3.29 3.29 3.29 - 
i 3.05 - 
j 2.18-1.88 and 1.75-1.71 1.25 

NH 4.43 and 4.22-4.16 - 
COO−CH 3.76 and 3.69 3.70 
NH−CH2 3.24, 3.12, 2.99, 2.86, 2.67 and 2.62 2.86-2.73 

CH2−CH−COO 2.18-1.88 2.19-2.12 and 2.05-1.91 
NH−CH2−CH2 1.85-1.77 and 1.67-1.53 2.05-1.91 and 1.69-1.61 

 
Table 6. Tabulated 13C NMR chemical shift values (δ in ppm) of compounds 6 and 7. 

 [(dcp)Rh(pro)] (7) 

a

b

c

d

e

f g

h

i

j

 

[(nbd)Rh(pro)] (6) 
 

g'

e'

f g

e

f'

j

 
carbon 7a 7a’ 7b 7b’  

a 87.59 78.48 87.08 78.48 - 
b 85.22 73.59 84.18 73.22 - 
c 34.84, 34.73, 34.60 and 34.39 - 
d - 
e 

44.82, 44.54, 44.48, 44.42, 44.35 and 44.24 
51.02 

f 64.84 75.94 65.78 75.14 - 
g 89.59 102.28 90.52 101.82 - 
h - 
i 

56.91, 56.48, 56.12, 55.61, 55.18, 54.33 and 54.15 
- 

j 59.81, 59.52 and 59.35 61.69 
COO 184.65, 184.33 and 183.86 184.99 

COO−CH 63.77, 63.47 and 63.41 62.51 
NH−CH2 49.64, 49.42 and 48.93 49.13 

CH2−CH−COO 30.23, 29.89 and 29.62 30.13 
NH−CH2−CH2 25.35, 25.02, 24.98 and 24.82 25.72 
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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’:  

]2[
]3[

23k
dt

d =   ]'2[
]'3[

'3'2k
dt

d =  

After integration, the syndio/iso ratio is expressed by: 

]'2[

]2[

]'3[

]3[

'3'2

23

k

k
=  

which can be calculated from the kinetic equations below: 

]2[]2[]'2[]1[
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Steady-state assumption on [2] and [2’] (d[2]/dt = 0 and d[2’]/dt = 0) gives: 

12

2'223'22 ]'2[]2[]2[
]1[

k

kkk −+
=  and 

'12
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]1[

k
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=  

which gives combined and rearranged the following equation: 
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As a result we approach the syndio/iso ratio by the following kinetic expression: 

'221223'22'12

2'2'12'3'22'212

'3'2

23

)(

)(

]'3[

]3[

kkkkk

kkkkk

k

k

++
++

⋅=  

 
The rate constants were calculated from the DFT free energies of activation. The thus 
obtained syndio/iso selectivities are presented in Table 4 (steady-state model). 
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5.1 Introduction 

Polymerization of functionalized C1 monomers is a powerful tool to obtain highly 
functionalized polymers with a large structural diversity.1-7 Such polymers are 
difficult to prepare by traditional olefin polymerization.8-10 We developed the Rh-
mediated polymerization of carbenes from diazoesters, which is an interesting new 
method to synthesize highly functionalized and stereoregular polymers with high 
molecular weights (Scheme 1).2-4 In the foregoing Chapters we saw that 
syndiotactic poly(ethyl 2-ylidene-acetate) (PEA) can be obtained by reacting ethyl 
diazoacetate with simple RhI(diene)(N,O-ligand)-complexes (Scheme 1, R = Et).2,3  

 
Scheme 1. RhI(diene) mediated polymerization of carbenes from diazoesters, showing syndiotactic poly(alkyl 
2-ylidene-acetate). 

The molecular weight (Mw) of the polymer depends on the applied diene ligand, and 
ranges from 120 to 540 kDa (see Chapter 4).3 So far, the highest polymer yield 
(50%) has been obtained with [(L-prolinate)RhI(cod)] (cod = 1,5-cyclooctadiene). 
We anticipated that longer polymers and higher polymer yields should be attainable 
by increasing the steric bulk at the diene ligand. In analogy with Pd-mediated olefin 

polymerization by Brookhart’s α-diimine systems, the increased steric bulk around 

the metal should prevent or slow down chain termination pathways.10 Coordination 
of multiple substrates should be disfavored, and thus larger diene ligands should 
also prevent or slow down competing carbene dimerization reactions (i.e. formation 
of maleates and fumarates). We therefore decided to employ Me2cod as a new 
ligand in Rh-mediated carbene polymerization reactions. Me2cod is a C2-chiral 
analogue of cod bearing a Me-fragment at each of the two coordinating alkene 
moieties (Me2cod = 1,5-dimethyl-1,5-cyclooctadiene). 

5.2 Results and Discussion 

5.2.1 Synthesis and characterization of the catalyst precursor 

The new precatalyst 2 was prepared in high yield (80%) by reacting racemic 
[{RhI(Me2cod)(μ-Cl)}]2 (1) with deprotonated enantiomerically pure L-proline in 
methanol at room temperature (Scheme 2). 
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Scheme 2. Synthesis of catalyst precursor 2. 

Bridging chloro-dimer [{RhI(1,5-dimethyl-1,5-cyclooctadiene)(μ-Cl)}]2 (1) was 

synthesized from RhCl3⋅3H2O and a commercially available mixture of 1,5-
dimethyl-1,5-cyclooctadiene and 1,6-dimethyl-1,5-cyclooctadiene (circa 3:1)11 in 
71% yield (see the experimental section). Complex 1 is described in the literature, 
but detailed (spectroscopic) data of this compound are not provided.12 Crystals of 1 
suitable for X-ray crystallography were obtained by layering a solution of 1 in 
chloroform with methanol. The molecular structure (Figure 1 and Table 1) reveals 
two rhodium centers in a square planar configuration. The coordination planes 

around the rhodium atoms are folded around the Cl−Cl bond with a dihedral angle 

of 121.33(3)° (Rh(1)−Cl(1)−Cl(2)−Rh(2)).13 The Δ,Δ and the Λ,Λ enantiomers are 
both present in the unit cell. 

 
Figure 1. Molecular structure of 1. Hydrogen atoms are omitted for clarity and thermal ellipsoids are drawn at 
the 40% probability level. 

Table 1. Selected bond lengths (Å) and angles (°). 

 1 
Rh(1)−Cl(1) 2.4034(7) 
Rh(1)−Cl(2) 2.3948(7) 
Rh(1)−C(1) 2.143(2) 
Rh(1)−C(2) 2.103(2) 
Rh(1)−C(5) 2.146(2) 
Rh(1)−C(6) 2.100(2) 
C(11)−C(12) 1.396(4) 
C(15)−C(16) 1.3967(3) 

Cl(1)−Rh(1)−Cl(2) 82.14(2) 
C(1)−Rh(1)−Cl(1) 158.48(7) 
C(1)-Rh(1)-Cl(2) 96.53(6) 
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Comparison of the molecular structure and NMR spectroscopic data were used to 
evaluate the rhodium-diene ligand bond strength in dimeric complexes [{RhI(1,5-

cyclooctadiene)(μ-Cl)}]2 and 1. The Rh−Cl and Rh−CH interatomic distances of 1 

and its cod-analogue are similar.14 However, the Rh−CMe distances are 

significantly longer than the Rh−CH distances. In Table 2, the Rh−CCt distances (Ct 

= centroid of the C=C bond) are shown. These distances are slightly longer for 1 
than for the cod analogue. As expected, the CMe coordinates weaker to the metal 
centre than the diene without substituents. The difference in bond strength is not 
visible in the C=C distances; similar distances are found for both complexes (Table 
2). 

Table 2. Upfield coordination shifts Δδ(13C) = δcomplex − δligand and rhodium-CCt (Cct = centroid of the C=C 
bond) and C=C distances for [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 and [{RhI(1,5-dimethyl-1,5-
cyclooctadiene)(μ-Cl)}]2 (1). 

Δδ(13C, ppm(JRh-C in Hz)) diene 
C=C C=CMe 

Rh−CCt(C=C) (Å) C=C distance (Å) 

cod − 49 (13.4) - 
1.982(4), 1980(4), 
1.998(4),1.983(5) 

1.401(8),1.388(10), 
1.395(9), 1.390(9) 

Me2cod − 47 (13.0) − 40 (15.0) 
2.0029(16), 2.0035(17), 

2.007(2), 2.0074(19) 
1.407(4), 1.407(4), 
1.397(3), 1.396(4) 

 
A weaker bonding of the methyl substituted carbon to rhodium is also reflected by 
the smaller upfield coordination shifts (the difference in chemical shifts of the 
alkene-carbon atoms in the metal complex and the free ligand) observed for the 
Me2cod complex.15 For the coordinated CH moieties, the coordination shifts are 

within the range usually found for RhI complexes (− 46 down to − 59 ppm).16 
Between the complexes they only differ 2 ppm (Table 2). For the methyl substituted 

carbon the upfield coordination shift is much smaller (− 40 ppm), indicating that for 

this carbon the contribution of π-backbonding is substantially smaller than for the 
coordinated CH. 
 
The NMR spectra of 2 (see Figures 10 and 11 at the end of this Chapter) are 
complicated and show the presence of two diastereoisomers in a ca. 5:3 ratio 
(Figure 2). DFT optimization of the two possible diastereoisomers 2a and 2b 

reveals an energy difference of 1.1 kcal mol−1 between the two structures, in favor 

of isomer 2a. 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. 
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ΔE =         0   +1.1 kcal mol-1 
 

 
Figure 2. Diastereoisomers 2a and 2b of [(L-prolinate)RhI(Me2cod)] (2) (C* = CMe) and their DFT optimized 
geometries. 

5.2.2 Polymerization experiments 

Precatalyst 2 was evaluated in the polymerization of the diazoesters ethyl (EDA) 
and benzyl (BnDA) diazoacetate (Scheme 1). The polymerizations were performed 
by addition of 50 equivalents of diazoester to a solution of the catalyst precursor in 
chloroform. The solution was stirred for 14 hours at room temperature. EDA and 
BnDA are completely converted. In addition to the polymers poly(ethyl 2-ylidene-
acetate) (PEA) and poly(benzyl 2-ylidene-acetate) (PBnA), also dimeric (di-alkyl 
fumarate and maleate) and oligomeric side products were obtained. These dimers 
and oligomers are soluble in methanol and are separated from the white solid 
polymer during the precipitation step.2-4 

 A closer look at the 1H NMR spectrum of the methanol soluble fraction of the 
reaction of 2 with BnDA shows a new product, formed in addition to the oligomeric 
and dimeric side products (Figure 3). The most characteristic resonances of this 
product, identified as benzyl 2-ethoxyacetate, are the triplet at 1.23 ppm and the 
quartet at 3.60 ppm. 

ppm (f1) 1.02.03.04.05.06.07.0

Ph

CDCl3

CH=CH

Ph-CH2

Et-CH2

C(O)-CH2 Et-CH3

 
Figure 3. 1H NMR spectrum of methanol soluble fraction of the reaction product of the polymerization of 
BnDA (CDCl3, 300 MHz,RT). 
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Benzyl 2-ethoxyacetate is formed by the Rh-mediated OH-insertion reaction17 of 
BnDA and ethanol (Figure 4). The formation of benzyl 2-ethoxyacetate was also 
confirmed by GC-MS. 

 
Figure 4. Formation of benzyl 2-ethoxyacetate by the Rh-mediated OH-insertion reaction of BnDA and 
ethanol. 

The ethanol is present as stabilizer in the solvent, chloroform. In a typical 
experiment, 5 mL of chloroform are used with 0.5-2.0 mmol of ethanol to which 2 
mmol of BnDA are added (Table 2, entries 10-13). In such experiments the 
observed benzyl 2-ethoxyacetate yield is approximately 10% (based on 1H NMR 
experiments). In addition to benzyl 2-ethoxyacetate, oligomers and dibenzyl 
fumarate and maleate (~ 3% overall yield), some other substances were revealed by 
GC-MS, which could not be identified at this point. In the reaction with EDA the 
insertion product was not observed, probably because it is not or hardly formed 
(maximum yield < 4%). 
 
As anticipated, the increased steric bulk around the metal employing the Me2cod 
ligand instead of cod indeed leads to much longer polymers. Polymers with 
molecular weights (Mw) of ~700 kDa are formed when Rh(Me2cod) catalyst 2 is 
used for the polymerization of both substrates (PEA: 670-770 kDa; PBnA: 650-690 
kDa, see Table 2), which are much higher than the Mw of PEA obtained with the 
non-substituted Rh(cod) analog [(L-prolinate)Rh(cod)] (320 kDa, see Chapter 3),2 
and which even exceed the highest reported Mw for this polymer (540 kDa, see 
Chapter 4) considerably.3 However, as is clear from Table 3, freshly prepared 
precatalyst 2 performs poorly in terms of the overall polymer yield (entries 2 and 
10).2,3 Quite remarkably, leaving solid samples of 2 open to air for several days 
leads to substantially higher polymer yields. Such “aged” samples of precatalyst 2 
perform much better in the polymerization of both EDA (entries 4-8) and BnDA 
(entries 11-13) compared to the samples of 2 freshly prepared under argon. This 
behavior was not observed before for other RhI(diene)(N,O-ligand)-complexes.2,3 
The improved yields are not a simple matter of reduced precatalyst loadings, which 
could be expected from a reaction of 2 with air, because reducing the loading of 
fresh samples of 2 led to very poor yields only (entry 3). The “aging” process in air 
hardly influences the molecular weights of the obtained polymers. All polymers 
show similar sharp 13C NMR resonances for the carbonyl and the backbone CH 
carbons, indicating the same high syndiotacticity as described in Chapter 2.3 
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Table 3. Polymerization of carbenes from EDA and BnDA with catalyst precursor 2 exposed to air or 
dioxygen for several defined days.a 

entry diazoester days in air/O2 polymer yield (%)b Mw
c PDIc oligomer yield (%) IE (%)d 

1e,3 EDA - 50 150 3.6 30 5 
2 EDA 0 30 760 1.8 35 0.3 
3f EDA 0 5 770 2.0 5 0.6 
4 EDA 1 40 760 1.8 35 0.4 
5 EDA 4 60 760 4.6 30 1.6 
6 EDA 18 65 710 3.5 25 1.4 
7 EDA 26 70 700 4.2 20 1.8 
8 EDA 41 80 670 3.3 20 1.7 
9g EDA 13g 75 500 2.9 20 1.9 
10 BnDA 0 20 680 4.9 n.d.h 0.9 
11 BnDA 12 40 650 5.9 n.d.h 2.8 
12 BnDA 26 45 650 2.8 n.d.h 1.5 
13 BnDA 43 50 690 2.7 n.d.h 1.4 

a Conditions: 0.04 mmol of catalyst precursor, 2 mmol of diazoester, 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%). e Catalyst precursor: [(L-prolinate)Rh(cod)]. f 0.004 mmol of catalyst precursor. g Exposed 
to pure O2 atmosphere for 13 days, excluding air. h Not determined due to the presence of several other side 
products. 
 
Assuming that each chain grows from a single Rh atom and no chain transfer 
occurs, the initiation efficiency (IE: the average number of chains per Rh) can be 
estimated from Mn and the yield of the polymer (Table 2). This number seems to 
increase slightly upon “aging” 2 in air (0.3 to 1.8%), but is overall low, even lower 
than for [(L-prolinate)RhI(cod)] (~5%, entry 1).2,3  
 Remarkably, with the increase of the yield of PEA, the oligomer yield decreases 
from 35% to 20%, and dimer formation (35% initially) is completely suppressed 
after 41 days “aging”. The difference in reactivity for different samples of 2 with 
BnDA is also significant, but smaller; the polymer yield increases from 20% to 50% 
and the total side product formation decreases from 80% to 50%. 
  
The product distribution from EDA obtained with freshly prepared 2 and 2 “aged” 
for 26 days in air was monitored in time by 1H NMR to gain more insight in the 
reaction (Figure 5). 
 Freshly prepared 2 converts EDA faster than [(L-prolinate)RhI(cod)],3 but 
produces a larger amount of the dimeric and oligomeric side products (Figure 5a). 
Compound 2 “aged” for 26 days converts EDA slower, but is also much more 
selective (Figure 5b). It seems that the freshly prepared precatalyst 2 (or perhaps 
more likely the species formed from 2 and EDA in the initial stage of the reaction) 
is responsible for the fast but non-selective reaction of EDA. “Aging” suppresses 
the formation of the side products and thereby improves the polymer yield. 
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Figure 5. Reaction profile in time; a) Freshly prepared 2 and b) 2 “aged” for 26 days in air (black squares: 
EDA, red circles: PEA, blue triangles: dimers, oligomers are not shown here). 

In order to accelerate the “aging” process, we investigated the effect of heating 2 in 
air, addition of water, and synthesizing 2 in air but none of these experiments gave 
the same yield improvements (Table 4). 

Table 4. Polymerization of EDA with catalyst precursor 2 under different conditions.a 

entry 
polymer 

yield (%)b 
Mw (kDa)c PDIc 

oligomer 
yield (%) 

catalyst precursor 
pretreatment 

IE (%)d other conditions 

1 30 760 1.8 35 under argon 0.3 - 
2e 5 770 2.0 5 under argon 0.6 4 μmol of 2 
3e <1 n.d. n.d. 2 under argon - 0.4 μmol of 2 
4 10 80 2.8 n.d. under argon 1.5 drop of H2O 
5 50 630 2.0 25 prepared in air 0.7 - 
6 40 490 4.9 n.d. heated in air 1.7 - 
7 40 630 4.5 n.d. heated under argon 1.2 - 
8 70 500 3.8 20 41 days in air 2.3 50 mL of CHCl3 
9 60 560 4.7 20 41 days in air 2.2 100 mL of CHCl3 

a General conditions: 0.04 mmol of 2, 2 mmol of diazoester, 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%). e 0.004 
mmol of catalyst precursor. e No complete conversion of EDA. 
 
The substrate decay in time with the aged samples of 2 is dominated by the carbene 
polymerization reaction and clearly reveals first order kinetics in [EDA] (Figure 6). 
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Figure 6. First order kinetics plot in EDA polymerization with aged 2. 

Comparison of the NMR spectra of a sample of freshly prepared 2 and “aged” 
samples of 2 revealed some remarkable differences (see Figures 10 and 11 at the 
end of this Chapter). In the spectra of freshly prepared 2 both diastereoisomers 2a 
and 2b are clearly visible, but in the spectra of “aged” 2 the minor diastereoisomer 
2b gradually disappears (Figure 7), suggesting that only this isomer reacts with air, 
producing small amounts of NMR silent paramagnetic species and presumably (a 
mixture of) unknown diamagnetic species (some new signals with low intensity are 
observed in the 13C NMR spectra at high field). 
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Figure 7. Parts of 13C APT NMR spectra with a) freshly prepared 2 and b) 2 “aged” for 1 month in air (125 
MHz, 298 K, CDCl3), showing the gradual disappearance of diastereoisomer 2b. 
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EPR spectroscopy suggests the presence of a rhodium superoxo complex RhIII-O2
·− 

in the solid samples exposed to air for prolonged periods of time; a solid sample of 
2 exposed for 41 days to air reveals a clear EPR signal (Figure 8). Simulation of the 
EPR spectra reveals a slightly rhombic spectrum (gx= 2.093, gy = 2.025, gz = 2.000) 
without resolved hyperfine couplings. The observed g-tensor is characteristic of a 

RhIII-superoxo species (RhIII−O−O•−),18 presumably formed from capture of O2 by a 
RhII species (which can be generated by oxidation of RhI).18 Although we cannot 
completely exclude that this paramagnetic species is active in the carbene 
polymerization, we do not consider this possibility very likely (vide infra).  

2800 3000 3200 3400 3600 3800 4000
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dX
''/

dB
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2.4 2.3 2.2 2.1 2 1.9 1.8 1.7

 
Figure 8. Experimental and simulated X-band EPR spectra of solid 2 exposed for 41 days to air. The solid 
sample was measured directly without dissolving. T = 10 K, Frequency = 9.389813 GHz, power = 0.2 mW, 
modulation amplitude = 4 Gauss.  

After exposure of solid 2 to air for 40 days, the sample hardly contains 
diastereoisomer 2b while 2a is still present abundantly. Apparently, isomer 2b 
reacts faster with air than 2a, leaving 2a as the predominant RhI(Me2cod) species 
after several days in air. The decreased side product formation upon “aging” 
(thereby leading to higher polymer yields) thus seems to be the direct result of 
repressing the amount of 2b. Similar results are obtained upon exposure of 2 to a 
pure O2 atmosphere (see entry 9 in Table 3). 
 Mass spectrometry (FAB+) experiments with freshly prepared samples of 2 reveal 
a strong signal at 354 m/z corresponding to [2 + H]+. This signal is also abundantly 
present in the “aged” samples, but these reveal additional small peaks at 370 m/z 
(corresponding to [2 + O + H]+ ). These mass experiments correspond with the 
above NMR data, and show that reaction with O2 from the air is related to the above 
catalytic observations. 
 At this point the mechanistic implications of the above observations are not clear. 
Oxidized species formed upon exposure to O2 could be responsible for the improved 
polymer yields, but more likely the remaining non-oxidized RhI(diene) species are 
responsible for the polymerization activity.  
 Fresh samples of 2, carefully prepared and handled under argon are also active in 
producing high molecular weight PEA (Mw ~700 kDa) (albeit in a lower yield), and 
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the molecular weights of polymers produced by other non-oxidized 
[(L-prolinate)RhI(diene)] complexes strongly depend on the applied dienes, thus 
suggesting the involvement of Rh(diene) species in the polymerization reactions.3 
With these precatalysts the yields decrease or do not change upon exposing them to 
air. On the other hand, for 2 the polymerization efficiency does increase upon 
exposing the (pre)catalyst to air. The improved performance could be due to 
activation of the catalyst upon oxidation, or by simply decreasing the formation of 
the oligomeric and dimeric side products by suppressing the activity of 2b. The 
separation of diastereoisomers 2a and 2b to test their individual catalytic activity 
should be the next step to elucidate the nature of the active species. 

5.3 Conclusions 

In conclusion, increasing the steric bulk around the Rh-center of the catalyst 
precursor by using the sterically more demanding diene ligand Me2cod for the 
polymerization of carbenes, improves the performance of the catalyst. Polycarbenes 
are obtained with molecular weights higher than previously reported. “Aging” the 
solid precatalyst samples for prolonged periods in air leads to markedly improved 
polymer yields. These “aged” samples of [(L-prolinate)RhI(Me2cod)] are clearly the 
best currently available catalysts for “carbene polymerization”, allowing the 
formation of highly syndiotactic, fully functionalized carbon-chain polymers with 
the highest reported molecular weights in high yields. The exact nature of the active 
species responsible for the polymer formation remains elusive, and requires more 
research. 

5.4 Experimental 

General procedures 

All manipulations (except the work-up 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 were distilled from calcium hydride 
under nitrogen for metal complex synthesis. Chloroform (stabilized by ethanol; 0.5-1.5 
%w/v) was purchased from Biosolve and used as such. The synthesis and catalytic activity of 
[(L-prolinate)RhI(1,5-cyclooctadiene)] have been reported previously.2a,3 Dimethyl-1,5-
cyclooctadiene was purchased as a circa 3:1 mixture of 1,5-dimethyl-1,5-cyclooctadiene and 
1,6-dimethyl-1,5-cyclooctadiene11 and used as such. [{RhI(1,5-dimethyl-1,5-

cyclooctadiene)(μ-Cl)}]2 (1) was described before, without detailed characterization.19 

[{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 was prepared by published procedures.20 Benzyl 
diazoacetate (BnDA)21 was synthesized from glycine benzyl ester hydrochloride22 according 
to literature procedures. 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). 
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Assignment of the signals was aided by COSY, 13C HSQC and APT experiments. 
Assignment of the different isomers 2a and 2b was aided by NOESY experiments. Solvent 
shift reference for 1H NMR spectroscopy: CDCl3: δH = 7.26 ppm and CD2Cl2: δH = 5.32 
ppm. For 13C NMR spectroscopy: CDCl3: δC = 77.0 ppm and CD2Cl2: δC = 54.0 ppm. 
Abbreviations used are: 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. Elemental analysis (CHN) was performed by the Kolbe 
analytical laboratory in Mülheim an der Ruhr (Germany). High resolution mass spectra were 
recorded on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-
nitrobenzyl alcohol was used as matrix. Molecular-weight distributions were measured using 
size-exclusion chromatography (SEC) on a Shimadzu LC-20AD system with two PLgel 5μm 
MIXED-C (300 mm 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 and 
T = 35°C. Polystyrene standards in the range of 760-1,880,000 g/mol (Aldrich) were used for 
calibration. 
 
 [{RhI(1,5-dimethyl-1,5-cyclooctadiene)(μ-Cl)}]2 (1). A mixture of RhCl3·3H2O (2.0 g, 
7.6 mmol) and dimethyl-1,5-cyclooctadiene (5.9 mL) (mixture of 1,5-dimethyl-1,5-
cyclooctadiene and 1,6-dimethyl-1,5-cyclooctadiene) in iso-propanol/water (36 mL; 5:1) was 
heated under reflux for 20 hours. Subsequently, the reaction mixture was concentrated and 
filtrated. The obtained yellow powder was washed with iso-propanol/water (5:1) and dried in 
vacuo (1.48 g, 71%). 
1H NMR (500 MHz, CD2Cl2, 298 K), (mixture of two isomers† (~ 3:1)): δ 3.96 and 3.73 (2x 

dd, 4H, 3JH−H = 7.0 Hz, CH of major and minor isomer resp.), 2.6-2.5 (m, 5H, CH2), 2.2-2.0 

(m, 5H, CH2), 1.8-1.6 (overlapping m, 6H, CH2), 1.65 and 1.40 (2x s, 12H, CH3) ppm. 13C 

NMR (125 MHz, CD2Cl2, 298 K): δ 96.01 (d, 1JRh−C = 15.0 Hz, CH=CMe of major isomer), 

95.11 (d, 1JRh−C = 15.0 Hz, CH=CMe of minor isomer), 77.17 (d, 1JRh−C = 13.3 Hz, CH=CMe 

of minor isomer), 76.34 (d, 1JRh−C = 13.0 Hz, CH=CMe of major isomer), 38.11 (CH2−CMe 

of major isomer), 38.03 (CH2−CMe of minor isomer), 31.18 (d, 2JRh−C = 1.5 Hz, CH3 of 

major isomer), 30.61 (d, 2JRh−C = 1.4 Hz, CH3 of minor isomer), 30.43 (CH2−CH of major 

isomer), 30.19 (CH2−CH of minor isomer) ppm. Elemental analysis for C20H32Cl2Rh2: calcd. 

C 43.74, H 5.87; found C 43.68, H 5.81%. Summary of the crystal data for: 1, C20H32Cl2Rh2, 
Mr = 549.18, crystal size = 0.25 x 0.10 x 0.10 mm, monoclinic, space group: P21/c, a = 

11.0987(8) Å, b = 14.4483(12) Å, c = 12.7931(6) Å, β = 94.926(5)°, V = 2043.9(2) Å3, Z = 

4, ρcalcd = 1.785 g cm-3, F(000) = 1104, μ(MoKα) = 18.76 cm-1, T = 208(2) K, λ(MoKα) = 

0.71073 Å, θ range = 2.13 to 27.49°, reflections collected = 35343, unique = 4670 (Rint = 

0.0213), final R indices [I>2σ(I)] = R1 = 0.0219, wR2 = 0.0474, R indices (all data) = R1 = 

0.0294, wR2 = 0.0505. 
 
† Although 1 is synthesized from a mixture of 1,5-dimethyl-1,5-cyclooctadiene and 1,6-
dimethyl-1,5-cyclooctadiene, only the 1,5-dimethyl-1,5-cyclooctadiene complexes are 
formed as can be judged from NOESY/EXSY experiments. Nonetheless, the NMR spectra of 

1 reveal the presence of two isomers in a ratio of ca. 3:1. These are the Δ,Δ/Λ,Λ and the Δ,Λ-
isomers shown in Figure 9. 
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Figure 9. Bent and planar isomers of [{RhI(1,5-dimethyl-1,5-cyclooctadiene)(μ-Cl)}]2 (1) (C* = CMe) with 
their relative energies. 

These isomers reveal exchange peaks for the Me2cod-CH3 signals and for the Me2cod-CH 

signals between the two species in NOESY/EXSY spectra. This means that the Δ,Δ/Λ,Λ and 

the Δ,Λ-isomers exchange on the EXSY time scale, but are in slow equilibrium on the NMR 
timescale. This exchange process most likely involves the breaking and reformation of the 

Rh−Cl bridges. Computational analysis reveals that the bent Δ,Λ-isomer is lower in energy 

than bent Λ,Λ/Δ,Δ-isomers by 0.7 kcal mol-1. In the X-ray structure, only the Λ,Λ/Δ,Δ-
isomers are observed, which is probably a matter of crystal packing forces. Dissolving 

crystals of 1 re-establishes the equilibrium between the Λ,Λ/Δ,Δ- and Δ,Λ diastereoisomers 
in solution. 
 
 [(L-prolinate)RhI(1,5-dimethyl-1,5-cyclooctadiene)] (2). A solution of proline (125 mg, 
1 mmol) and sodium hydroxide (43 mg, 1 mmol) in methanol (10 mL) was added to a yellow 
suspension of [{RhI(1,5-dimethyl-1,5-cyclooctadiene)(μ-Cl)}]2 (1) (275 mg, 0.5 mmol) in 
methanol (10 mL). The obtained clear yellow solution was stirred for 90 minutes at room 
temperature. The solvent was removed in vacuo and the product was extracted with 
dichloromethane. The mixture was filtrated over celite and subsequently the solvent was 
evaporated. The product was obtained as a yellow powder (141 mg, 80%). 
1H NMR (500 MHz, CDCl3, 298 K) (mixture of 2 diastereoisomers 2a and 2b (~ 5:3)): δ 

4.08-4.02 (overlapping m, 3H, 2x CH=CMe of 2a and 2b and CH−COO of 2b), 3.97 (m, 1H, 

NH of 2a), 3.73-3.69 (m, 1H, CH−COO of 2a), 3.49-3.48 (m, 1H, CH=CMe of 2b), 3.39-

3.36 (m, 1H, NH of 2b), 3.32-3.25 (m, 1H, NH−CH2 of 2a), 3.20-3.19 (m, 1H, CH=CMe of 

2a), 3.17-3.12 (m, 1H, NH−CH2 of 2a), 3.00-2.93 (m, 1H, NH−CH2 of 2b), 2.82-2.74 (m, 

1H, NH−CH2 of 2b), 2.56-2.48 (overlapping m, 3H, CH2−CH−COO of 2a and 

Me2cod−CH2−CH of 2a and 2b), 2.36-2.25 (overlapping m, 3H, CH2−CH−COO of 2b and 

Me2cod−CH2−CH of 2a and 2b), 2.24-2.12 (overlapping m, 1H, CH2−CH−COO of 2a), 2.11-

1.98 (overlapping m, 1H, NH−CH2−CH2 of 2a), 1.94-1.85 (overlapping m, 2H, 

Me2cod−CH2−CH of 2a and 2b), 1.81-1.69 (overlapping m, 3H, NH−CH2−CH2 and 

CH2−CH−COO and Me2cod−CH2−CH of 2b), 1.67-1.54 (overlapping m, 3H, 

Me2cod−CH2−CH of 2a and NH−CH2−CH2 of 2a and 2b), 1.57 (s, 3H, CH3), 1.46 (s, 3H, 

CH3) 1.40 (s, 6H, 2x CH3) ppm. 13C NMR (125 MHz, CDCl3, 298 K): δ 182.73 (s, COO), 
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180.36 (s, COO), 100.24 (d, 1JRh−C = 13 Hz, CH=CMe of 2a), 99.83 (d, 1JRh−C = 13 Hz, 

CH=CMe of 2b), 85.85 (d, 1JRh−C = 14 Hz, CH=CMe of 2a), 84.79 (d, 1JRh−C = 14 Hz, 

CH=CMe of 2b), 79.57 (2x d overlapping, 1JRh−C = 12 Hz, CH=CMe of 2a and 2b), 73.20 (d, 
1JRh−C = 14 Hz, CH=CMe of 2b), 71.82 (d, 1JRh−C = 14 Hz, CH=CMe of 2a), 65.16 (s, 

COO−CH of 2b), 63.42 (s, COO−CH of 2a), 50.96 (s, NH−CH2 of 2a), 48.92 (s, NH−CH2 of 
2b), 38.93, 37.49, 37.28, 36.46 (4x s, CH2 of Me2cod), 30.57 (s, CH2), 30.44 (s, CH3), 29.93, 
29.41, 29.21 (3x s, CH2), 29.05 (s, CH3), 28.98 (s, CH2), 28.21 (s, CH3), 25.34, 23.17 (2x s, 

NH−CH2−CH2) ppm (the signals for one CH3 and one CH2 of the Me2cod were not observed, 

probably due to overlap). HRMS (FAB) calcd for [M + H]+ C15H25O2NRh, 354.0940; found, 
354.0932. Elemental analysis for C15H24O2NRh · 0.15 CH2Cl2: calcd. C 49.86, H 6.71, N 
3.84; found C 49.89, H 6.42, N 3.79%. NMR confirms inclusion of CH2Cl2 in the crystal 
lattice. 
 

13C NMR spectroscopy data for determination of coordination shifts. 1,5-cyclooctadiene: 
13C NMR (75 MHz, CD2Cl2, 298 K): δ 129.14 (CH=CH), 28.57 (CH2) ppm. 1,5-dimethyl-
1,5-cyclooctadiene: 13C NMR (75 MHz, CD2Cl2, 298 K) (Mixture of two isomers, only one 
is reported here. Detailed data on both isomers is reported in the literature.11): δ 136.22 
(CH=CMe), 123.15 (CH=CMe), 33.97 (CH2), 26.78 (CH2), 26.53 (CH3) ppm. [{RhI(1,5-

cyclooctadiene)(μ-Cl)}]2: 
13C NMR (75 MHz, CD2Cl2, 298 K): δ 79.13 (d, 1JRh−C = 13.3 Hz, 

CH=CH), 31.40 (CH2) ppm. 
 
Polymerization of carbenes from diazoesters. Ethyl or benzyl 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. 
 
Polymer analysis. Poly(ethyl 2-ylidene-acetate)2a (PEA): 1H NMR (500 MHz, CDCl3, 298 
K): δ 4.1 (br s, 2H, CH2), 3.2 (br s, 1H, CH), 1.2 (br m, 3H, CH3) ppm. 13C NMR (125 MHz, 
CDCl3, 298 K): δ 170.8 (C=O), 60.7 (CH2), 45.4 (CH), 13.8 (CH3) ppm. Poly(benzyl 2-
ylidene-acetate) (PBnA): 1H NMR (500 MHz, CDCl3, 298 K): δ 7.0-7.2 (m, 5H, CHarom), 4.7 
(br s, 2H, CH2), 3.6 (br s, 1H, CH) ppm. 13C NMR (125 MHz, CDCl3, 298 K): δ 170.9 
(C=O), 135.7 (Cipso), 128.1, 128.0, 127.5 (3x CHarom), 66.8 (CH2), 45.1 (CH) ppm. 
 
EPR spectroscopy. Experimental X-band EPR spectra were recorded on a Bruker EMX 
spectrometer equipped with a He temperature control cryostat system (Oxford Instruments). 
The spectra were simulated by iteration of the anisotropic g values and line widths. We thank 
Prof. Dr. Frank Neese for a copy of his EPR simulation program (W95EPR).  
 
DFT geometry optimizations. All geometry optimizations were carried out with the 
Turbomole program23a coupled to the PQS Baker optimizer.24 Geometries were fully 
optimized as minima at the b3-lyp level25 using the Turbomole TZVP basis23c,f (small-core 
pseudopotential23c,e on Rh). 
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Figure 10. 1H NMR spectra of top: freshly prepared 2 and bottom: 2 “aged” for 1 month in air (500 MHz, 298 
K, CDCl3). 
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Figure 11. 13C APT NMR spectra of top: freshly prepared 2 and bottom: 2 “aged” for 1 month in air (125 
MHz, 298 K, CDCl3). 
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6.1 Introduction 

In the previous Chapters we saw that the Rh-mediated polymerization of carbenes is 
a valuable method for the preparation of highly functionalized, stereoregular and 
high molecular weight polymers.1 Different catalyst precursors were described for 
the polymerization of carbenes from diazoacetates to afford syndiotactic ester-
functionalized polymethylenes with a high molecular weight (Scheme 1).2-5 

 
Scheme 1. RhI(diene) mediated polymerization of carbenes from diazoesters, showing syndiotactic poly(alkyl 
2-ylidene-acetate). 

The polymer properties can be influenced by using different ligands; molecular 
weights (Mw) in the range of ~150-770 kDa are possible.3,5 In Chapter 5 an efficient 
catalyst precursor was introduced, leading to formation of the polymer in high 
yields (up to 80%).5 
 A mechanism was proposed to describe the propagation steps based on 
experimental and computational investigations (Chapter 4).3 However, the initiation 
efficiency of the polymerization reaction is in general low and the initiation and 
termination processes are not well understood. In this Chapter, investigations to 
understand these processes are described, focusing on the influence of different 
(pre-activated) catalysts, additives and reaction conditions on catalyst 
(de)activation, initiation, termination and chain-transfer processes. Additionally, we 
explored the influence of the formed side products on the actual polymerization 
reaction. 

6.2 Results and discussion 

6.2.1 Exploring the reactivity of Rh-alkyl/aryl complexes in the polymerization of EDA 

Ligand variation and computational studies led to a proposed mechanism for the 
propagation steps of the polymerization of carbenes from diazo compounds 
(Chapter 4). In this mechanism, a [(diene)RhI-alkyl] complex was proposed as the 
active species (Scheme 2). 
 The evaluation of Rh-alkyl complexes resembling the proposed active species as 
catalysts for the polymerization of carbenes can give more insight in the initiation 
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mechanism of the reaction. A higher initiation efficiency is expected when using 
Rh-alkyl compounds than the N,O-ligand supported analogues used in the previous 
Chapters (up to ~5%), since it was proposed that the active species are formed from 
the Rh(diene) catalyst precursors in the initial stages of the reaction with the diazo 
compounds. 

 
Scheme 2. Proposed mechanism of propagation steps of the Rh-mediated polymerization of polar 
functionalized carbenes (P = growing polymer chain, E = COOMe). 

Several Rh-alkyl/aryl complexes are described in the literature. These complexes 
are often stabilized by sterically demanding ligands and/or additional donor ligands 
(e.g. phosphines or amines), which makes them less reactive towards substrates. A 
selection of such complexes was used for evaluation in the polymerization of EDA 
(see Scheme 3). 
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Scheme 3. Rh-alkyl/aryl complexes evaluated for the polymerization of EDA (Py = pyridine). 

All compounds in Scheme 3 are described in the literature, except complex 4. This 
Rh-aryl complex was synthesized from [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2, 
triphenylphosphine and mesityl lithium in moderate yield (37%). Somewhat related 
complexes were reported in the literature as catalysts for the polymerization of 
acetylenes and isocyanides.6 For example, with [(Ph2C=CPh)RhI(tfb)-
(triphenylphosphine)] (tfb = tetrafluorobenzobarrelene) quantitative initiation 
efficiency was achieved in the polymerization of phenylacetylene.6b 
 Crystals of 4 suitable for X-ray diffraction were obtained by crystallization from 
n-hexane. The molecular structure and selected bond distances and angles are 
depicted in Figure 1 and Table 1. 
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The molecular structure of 4 shows a square planar environment around rhodium 
with bond lengths and angles similar to related complexes in the literature.6a,7 

 
Figure 1. Molecular structure of 4 with 50% probability ellipsoids. Hydrogen atoms are omitted for clarity.  

Table 1. Selected bond lengths (Å) and angles (°). 

 2b 
Rh(1)−P(1) 2.3153(9) 
Rh(1)−C(1) 2.056 (3) 
Rh(1)−C(11) 2.194(3) 
Rh(1)−C(12) 2.201(3) 
Rh(1)−C(15) 2.202(3) 
Rh(1)−C(16) 2.253(3) 
C(11)−C(12) 1.361(5) 
C(15)−C(16) 1.365(5) 

C(1)−Rh(1)−P(1) 90.83(8) 
C(1)−Rh(1)−C(11) 86.90(13) 
P(1)−Rh(1)−C(11) 160.51(10) 

 
The Rh-alkyl/aryl complexes shown in Scheme 3 were evaluated in the 
polymerization of carbenes from EDA (Table 2). Complexes 3,8 4 and 59 are 
relatively air- and moisture stable and can easily be handled. These compounds 
were applied in a similar way as described in the previous Chapters, by addition of 
EDA to a solution of the complex in dichloromethane or chloroform (entries 3-6). 
RhIII-complex 5 was activated by reaction with HBArF 
([H(OEt2)2]B(C6H3(CF3)2)4)

10 prior to addition of EDA, but was not reactive (entry 
6). 
 Complexes 111 and 212 were not isolated before reaction with EDA. The thermally 

unstable Rh-complex 1 was prepared in Et2O at −70°C and subsequently the 

reaction mixture was warmed to −40°C. EDA was added (200 equivalents) and the 
mixture was warmed to room temperature. For 2 this was done in a similar way, by 
addition of EDA after reaction of 1 with pyridine. 
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Table 2. Polymerization of EDA with Rh-alkyl/aryl complexes.a 

entry 
catalyst 

precursor 
Rh:EDA  solvent polymer yield (%)b Mw (kDa) b,c 

Mw/Mn
b,c 

IE (%)d 

1 1e,f 1 : 200 Et2O 3 164g 8.3 3 
2 2f,h 1 : 100 Et2O/DCM 6 221g 8.3 2 
3 3 1 : 90 DCM 10 82 3.3 3 
4 4 1 : 50 CHCl3 41 269g 6.3 5 
5 4f 1 : 500 CHCl3 3 125 4.1 4 
6 5i 1 : 100 DCM no reaction - - - 

a Conditions: see experimental section. 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%). e Prepared in situ from [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 and MeLi. f Incomplete 
conversion. g Bimodal distribution. h Prepared in situ from [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2, MeLi and 
pyridine. i With addition of ~2 equivalents of HBArF. 
 
For most test reactions a higher EDA : Rh ratio was used than usual to ensure the 
formation of polymers of a certain molecular weight in case of an anticipated higher 
initiation efficiency. The polymerization reactions with 1 and 2 afforded only low 
polymer yields; 3 and 6% respectively (entries 1 and 2). The size exclusion 
chromatograms show broad and bimodal distributions, but high molecular-weight 
polymers. 
 The yields with compounds 3 and 4 are slightly higher than with 1 and 2 and the 
molecular-weight distributions are narrower. Complex 4 performs better when the 
catalyst loading is higher; the yield improves from 3 to 41% and the EDA is 
completely converted in the latter case (entries 4 and 5). Overall, high molecular 
weight polymers are formed with these Rh-alkyl/aryl complexes. 
 Assuming that each chain grows from a single Rh atom and no chain-transfer 
occurs, the initiation efficiency (IE: the average number of chains per Rh in %) can 
be estimated from Mn and the yield of the polymer (Table 2).5 This number is not 
higher for any of the reactions in Table 2 compared to what was described in the 
previous Chapters (up to ~5%). The results show that the initiation efficiency is not 
higher when using well-defined (diene)Rh-methyl/aryl complexes as catalyst 
precursors (compared to (diene)Rh complexes without alkyl/aryl ligands). 
 Possibly, the Rh-complexes evaluated here (1-5) are not reactive enough (and/or 
the reaction of 1 and 2 is hindered by side products due to the in situ synthesis of 
the catalysts), but from the results obtained thus far it seems that even the well-
defined [(diene)RhI-alkyl] model species in Scheme 2 are still merely precatalysts 
instead of the true active polycarbene producing species. Catalyst activation under 
the applied reaction conditions seems to be important for formation of the species 
that produce high molecular-weight and stereoregular polymers.  

6.2.2 Characterization of the oligomeric side products 

Polymer end-group analysis generally provides valuable information about the 
initiation and termination processes of a polymerization reaction. However, the 
polymers described so far have high molecular weights and a broad molecular 
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weight distribution, which makes them unsuitable for end-group analysis by NMR 
spectroscopy or mass spectrometry. Hence, we resorted to analyzing the oligomeric 
fractions, which are generally obtained with a relatively narrow Mw distribution and 
have the appropriate molecular weight range for MALDI-ToF mass spectrometry 
analysis. These data are described in this section. 
 The oligomeric products are isolated from the reaction mixture by precipitation of 
the polymer with methanol.3-5 The polymeric fraction is separated from the reaction 
mixture by filtration or centrifugation, while the oligomeric (and dimeric) products 
remain dissolved in the methanol. Evaporation of the solvent and subsequent 
prolonged drying under vacuum to remove the dimeric products (diethyl maleate 
and fumarate) leaves the oligomeric fraction as a dark brown viscous oil. This 
material shows broad signals in the 1H and 13C NMR spectra (see Figure 3 in 
Chapter 2) indicative of ill-defined, atactic (and possibly branched) oligomers. 
 In Chapter 4 we suggested that different active species could be responsible for 
the formation of the polymeric and oligomeric products. SEC-analysis of the 
reaction products supports this. For example, the SEC-traces of the methanol 
soluble and insoluble products of the reaction of EDA with pre-catalyst 6 or 7 
(Figure 2), show clearly two separate signals, which do not, or hardly overlap 
(Figures 3 and 4). 

 
Figure 2. Pre-catalysts 6 and 7. 

The oligomers obtained with both 6 and 7 have similar low molecular weights in the 
range of 1.1 kDa, while the polymers have significantly different molecular 
weights. The polymers and oligomers prepared with 7 show no overlap between the 
two signals at all (Figure 4). The most straightforward explanation for this behavior 
is that the oligomeric fraction is produced by a different type of active Rh-species 
than those responsible for the formation of the polymeric fraction. Hence, at least 
two different active species are produced from the catalyst precursors under the 
applied catalytic conditions. 
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Figure 3. SEC-trace of polymeric (methanol insoluble) and oligomeric (methanol soluble) products of a 
reaction of 6 with EDA (the signal intensities are normalized for easier comparison).  
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Figure 4. SEC-trace of polymeric (methanol insoluble) and oligomeric (methanol soluble) products of a 
reaction of 7 with EDA (the signal intensities are normalized for easier comparison).  

Since the broad signals in the NMR spectra (see Figure 3 in Chapter 2) did not give 
detailed information about the oligomeric species, other techniques were used for 
their analysis. The IR spectra of polymer and the oligomers are similar (Figure 5), 
with the most significant differences being additional vibrations for the oligomeric 
species at ~1600 cm-1 and ~1200 cm-1. The 1H NMR spectrum of the oligomer 
sample used for IR spectroscopy is similar to Figure 3 in Chapter 2; no dimers were 
present in the mixture that was analyzed. Possibly, these extra signals stem from 
(parts of) the catalyst precursor and/or oligomer ester moieties coordinated to 
rhodium remains. 
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Figure 5. IR-spectrum of polymeric and oligomeric products of a reaction of 6 with EDA. 

In Chapter 2 the possibility of organometallic end-groups was mentioned. In the 
methanol soluble fraction of the reaction mixture of 6 or 7 (Figure 2) with EDA 
rhodium is clearly present as is evidenced by elemental analysis (Table 3, entries 4 
and 5). The amount of rhodium found in the oligomeric fraction corresponds with 
~0.5-1 Rh atoms per oligomeric chain, leaving the possibility of rhodium still being 
attached to the oligomeric chains as one of the chain ends. From these results alone 
it is not clear whether the rhodium is indeed still attached and therefore we further 
analyzed the oligomers with MALDI-ToF mass spectrometry. 

Table 3. Elemental analysis of polymer and oligomers of EDA. 

entry polymer/oligomer precatalyst  C H N Rh 
1 polymer  calculated 55.81 7.02 - - 
2 polymer 6 found 55.67 6.91 n.d. 0.09 
3 oligomer 7 found 51.11 6.24 1.47 n.d. 
4 oligomer 6 found 51.22 6.36 1.19 5.46 
5a oligomer 6 found 49.77 6.26 0.81 4.50 

a Filtrated through silica before analysis. 
 

To gain more insight in the initiation capabilities of the σ-donor ligands bound to 
the applied RhI(diene) complexes, the oligomeric products of the reactions of 
catalyst precursors 1, 4, 6 and 8-12 (see Figure 6) with EDA were all analyzed by 
MALDI-ToF mass spectrometry. Some oligomer samples were purified by filtration 
through a silica plug before analysis (see experimental section), but this did not lead 
to a clear difference in the obtained spectra. 
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Figure 6. Catalyst precursors used for the polymerization of EDA. 

In the spectra the signals with the highest intensities are found around 800 m/z, 
corresponding with low molecular weight polycarbene chains. The clearest picture 
was obtained for the oligomers obtained with [(L-prolinate)RhI(2,5-norbornadiene)] 
(8); one clear series of signals with a repetitive unit of 86 Da (the mass of one 
carbene unit: CHCOOEt) is observed in Figure 7. 
 The peaks correspond to (CHCOOEt)n + 25 Da (e.g. 779.37 Da, with n = 9), 
which we interpret as oligomeric chains with two hydrogen-atom chain-ends and 

Na+ as a charge carrier: [Na]+{(H−(CHCOOEt)9−H)}. The analysis was also 
performed with addition of lithium trifluoroacetate, resulting in a clear series 

corresponding to [Li]+{(H−(CHCOOEt)n−H)}. 
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Figure 7. Part of the MALDI-ToF mass spectrum (reflectron mode) of oligomers obtained with 8. 

For most of the oligomeric samples obtained with the other catalyst precursors, 
masses corresponding to the same saturated species are observed: 

[Na]+{(H−(CHCOOEt)n−H)} (Figure 8). These spectra are not as clean as the one of 

the oligomeric species obtained with 8, but the peaks can be distinguished (the 
marked peaks). Unfortunately, we were not able to assign the other peaks. 
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Figure 8. Part of the MALDI-ToF mass spectrum (reflectron mode) of oligomers obtained with 1, 6, 10 and 
12. 

Addition of lithium trifluoroacetate to the oligomeric sample obtained with 12 

confirmed that the signals correspond to [Na]+{(H−(CHCOOEt)n−H)}; the peaks 
marked in Figure 8 (bottom) shift by 16 Da to lower masses 

([Li]+{(H−(CHCOOEt)n−H)}). 

 The spectrum of the oligomers obtained with 9 shows a large number of signals. 
Addition of sodium or lithium salts leads to a clearer image (Figure 9), with in both 
spectra two series with a repeating unit of 86 Da. The series with mass 885 (Figure 

9, top) and 869 Da (Figure 9, bottom) correspond with [Na]+{(H−(CHCOOEt)n−H)} 

and [Li]+{(H−(CHCOOEt)n−H)}, respectively. The other series are also fragments 

with sodium or lithium as charge carrier and are shifted by 44 Da to higher mass 

(compared to the series corresponding with [M]+{(H−(CHCOOEt)n−H)}), but it is 
not clear how this series should be interpreted in terms of chain-ends. 
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Figure 9. Part of the MALDI-ToF mass spectra (reflectron mode) of oligomers obtained with 9 (sample with 
top: sodium trifluoroacetate and bottom: lithium trifluoroacetate). 

For catalyst precursors 4 and 11 the same series are visible as discussed for the 
previous spectra, corresponding to the saturated species: 

[Na]+{(H−(CHCOOEt)n−H)} (signals with masses 713, 799, 885, etc. in Figure 10).  

700 750 800 850 900 950 1000

m/z

700 750 800 850 900 950 1000

m/z

885.22

precatalyst: 11

precatalyst: 4

857.23

943.22

771.20

799.21

685.16

971.23

713.24

671.23
713.24

745.25

799.26

885.28 971.35

•

•

•
• •

•

•
•

♦

659.25

671.23

757.34

757.34

843.34

843.34

♦

°
°

°
°◊

◊

◊

◊

◊

◊

 
Figure 10. Part of the MALDI-ToF mass spectra (reflectron mode) of oligomers obtained with 4 and 11. 
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Interestingly, two other series were observed pointing to a mesityl chain-end 

([Na]+{(H−(CHCOOEt)n−Mes)}, masses: 659, 745, etc.) and an acetate chain-end 

([Na]+{(H−(CHCOOEt)n−OC(Me)=O)}, masses: 685, 771, 857, etc.). Additional 
series with masses of 671, 757, etc. without the added salt ions as charge carrier 
could not be assigned. 
 The observed mesityl and acetate chain-ends stem from the complexes 4 and 11, 
respectively, where they were bound as ligands to rhodium. This means that (part 

of) the chain-initiation must have proceeded via carbene insertion into the Rh−C or 

Rh−O bonds with the mesityl and acetate ligands in 4 and 11. However, it is also 
clear that the repeating mass patterns of all analyzed oligomeric fractions are 
dominated by series of the same saturated poly-carbene fragments in the mixture: 

[Na]+{(H−(CHCOOEt)n−H)}. Most likely the latter chains started to grow from a 

Rh-hydride species, and must be terminated by protonation (e.g. by adventitious 
ethanol or water present in the reaction mixture or as a result of the work-up with 
methanol). In most of the mass spectra several peaks were observed, which could 
not all be identified. For these species an organometallic end-group is still a 
possibility. 
 
The most straightforward explanation for the above observations is that the 
(diene)Rh precatalyst becomes modified under the applied catalytic reaction 
conditions in the beginning of the reaction with EDA (Figure 11). Most likely, the 

precatalysts A (Figure 11a) (generic formula (diene)Rh−Y, in which Y = 

nucleophilic donor ligand) react with the diazo compounds N2=CHE (e.g. EDA) 

through carbene insertion into the Rh−Y bonds. We propose that with the 
unmodified (diene)Rh species this leads to only a few insertions (B in Figure 11a), 

followed by rapid β-H elimination to form the (diene)Rh−H species C. Carbene 

insertion into the Rh−H bond of unmodified C would then again lead to rapid β-H 
elimination, thus explaining the carbene dimerization activity in the beginning of 
the reaction (see Chapter 4).3 During the first 30 minutes of the reaction it seems 
that the (diene)Rh species are modified under the applied catalytic reaction 
conditions to form a different, modified active species: (diene’)Rh. The ability of 

these modified species (diene’)Rh to undergo β-H elimination seems to be absent or 

be markedly suppressed compared to that of the starting (diene)Rh species, thus 

leading to oligomerization from the (diene’)Rh−Y and (diene’)Rh−H species D 
(Figure 11a) and G (Figure 11b), respectively. This explains the observation of both 

–H and –Y chain-ends from a chain-initiation perspective. The observation of −H 

chain-ends from a chain-termination perspective is indicative for protonolysis of the 

Rh−C bonds to liberate the growing chain fragments from the metal. The markedly 

suppressed or absent ability of the Rh-chain species to undergo β-hydrogen 

elimination is quite remarkable for rhodium. 
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Figure 11. Proposed product formation in reaction of the Rh-catalyst precursor with EDA. 

Protonolysis could be induced by traces of water or ethanol present in the reaction 
mixture (stabilizer in chloroform), but the protons may also stem from the workup 
with MeOH or even from the somewhat acidic EDA.13 It seems that during the 
reaction the (diene’)Rh species are further modified so that the remaining active 
(diene’’)Rh species produce only high molecular weight and stereoregular polymers 
instead of short, atactic oligomers. 

6.2.3 The influence of alcohols on the polymerization of EDA 

In Chapter 2, analysis of polymers by MALDI-ToF mass spectrometry was 
described. Chains with a combination of end-groups –OH and –H as well as –H and 
–H were detected (see section 2.2.6). Likely, these chains were initiated by 

nucleophilic attack of OH− at a metal carbene species and terminated by 

protonolysis, in good agreement with the above data concerning chain-end analysis 
of the oligomeric fractions (section 6.2.2). The possibility of improving the 
initiation efficiency of the polymerization reaction by addition of water and 
alcohols was investigated and is described in this section. 
 
The experiments were performed with [(L-prolinate)RhI(1,5-cyclooctadiene)] (6) 
and EDA in the presence of water and different amounts of methanol (Table 4). The 
influence of other alcohols was also investigated (Table 5). 
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Table 4. Polymerization of EDA with 6 in mixtures of chloroform and methanol.a 

entry MeOH (mL) CHCl3 (mL) EDA (mmol) polymer yield (%)b Mw (kDa) b,c Mw/Mn
b,c IE (%)d 

1 0 5 2.0 45 150 3.6 4.6 
2 1 5 2.0 40 86 3.4 6.8 
3 2.5 2.5 1.7 7 30 1.9 1.6 
4 5 0 1.7 5 35 2.2 1.1 
5 0.02 mL H2O 5 1.8 30 165 3.7 2.8 

a Conditions: 0.04 mmol catalyst, 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%). 
 
The addition of water has a negative effect on the polymer yield (entry 5), while the 
polymers have a similar Mw compared to the reaction without water (entry 1). Due 
to the low solubility of water in chloroform, we continued the investigation 
concerning the influence of protic additives using varying amounts of methanol. 
 Addition of 1 mL of methanol affords the polymer in similar yields (~ 40%) as in 
the reactions without methanol (entries 1 and 2). The polymer molecular-weights 
clearly decrease with increasing amounts of methanol. Addition of 2.5 mL or more 
methanol results in precipitation of the polymer during the reaction, which may 
explain in part the observed lower yields (entries 3 and 4). Interestingly, the 
initiation efficiency increases significantly upon addition of up to 1 mL of methanol 
(entries 1 and 2). 
 Analysis of the polymers with size-exclusion chromatography clearly shows that 
the molecular weight distribution of the polymers becomes narrower upon addition 
of methanol (Figure 12). The shift to lower mass with increasing amounts of 
methanol is clearly visible. The polymer synthesized in the presence of 1 mL of 
methanol shows a bimodal distribution consisting of a dominating signal at lower 
molecular weights and a shoulder at higher molecular-weights. 
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Figure 12. SEC-trace of polymers obtained from the reaction of 6 and EDA in mixtures of chloroform and 
methanol (the signals were normalized). 
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This is a first indication (see also section 6.2.4) that even the polymer producing 
species formed from 6 consists of a mixture of at least two different active species. 
It seems that methanol has a profoundly different influence on the relative 
propagation versus termination rates of these species. 
 
In the next experiments, [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 was used for the 
polymerization reactions. This dimer can break up relatively easy and possibly form 
the active species in the presence of alcohols. The polymerization reactions were 
performed in the presence of different alcohols; methanol, ethanol and butanol. The 
amount of 1 mL of alcohol was chosen, because this resulted in the most significant 
effect with catalyst precursor 6 (Table 4).  

Table 5. Polymerization of EDA with [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 in DCM/alcohol mixtures.a 

entry alcohol polymer yield (%)b Mw (kDa) b,c Mw/Mn
b,c IE (%)d 

1 - 20 135 2.2 1.4 
2 methanol 15 20 1.6 6.9 
3 ethanol 20 25 1.9 5.9 
4 butanol 25 30 2.0 6.3 

a Conditions: 0.02 mmol pre-catalyst, 2 mmol of EDA, 5 mL of dichloromethane, 1 mL of alcohol, 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%). 
 
The polymerization reaction with [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 affords 
polymers in lower yields compared to the reaction with 6 (entry 1 in Table 5). 
While the polymer yields obtained in the presence of methanol, ethanol and butanol 
do not improve much compared to the reaction in pure dichloromethane, the 
initiation efficiencies are significantly higher, leading to shorter polymers (entries 
2-4). The molecular weights of the polymers are substantially lowered (~ 25 kDa) 
with polydispersities of approximately 2. 
 This could well mean that alcohols are functioning as chain-transfer agents for 
the small amount of active species responsible for the stereoregular polymerization 
activity. On the other hand, the alcohols may also generate more active species. In 
fact, the effect of the alcohols is somewhat larger than reflected in Table 5, because 
the molecular weight distribution is such that a small part of the formed 
stereoregular polymer has a too low molecular weight to precipitate from methanol 
during work-up. This is clear from 1H NMR spectroscopy analysis of the methanol 
soluble oligomeric fraction, which clearly shows the presence of the short 

stereoregular polymer (the backbone signal at δ 3.1 ppm in Figure 13) in the 

mixture containing mostly the atactic oligomers described in Chapter 2. 
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Figure 13. 1H NMR spectrum of methanol soluble fraction of the polymerization of EDA in the presence of 
methanol (300 MHz, RT, CDCl3). 

Analysis of these methanol soluble fractions with MALDI-ToF MS afforded the 
spectra shown in Figure 14, which reveal very clear repeating patterns with mass 
differences of 86 Da (corresponding with the mass of CHCOOEt). The series are 
much clearer than those obtained from the atactic oligomeric mixtures described in 
section 6.2.2 for which in most cases multiple repeating patterns are observed and 
which show weak signal to noise ratios. The much clearer patterns observed in 
Figure 14 for the oligomers prepared in the presence of alcohols are therefore likely 
dominated by the well-defined stereoregular fraction (as also detected by NMR 
spectroscopy). 
 The series of the oligomers prepared in the presence of ethanol and butanol 
appear at 14 Da and 42 Da higher masses than those prepared in methanol. These 
differences are the same as the mass differences between the alcohols and the series 
clearly correspond to oligomers with –H and –alkoxy end-groups and all have 

sodium as a charge carrier: [Na]+{(H−(CHCOOEt)n−OR)}, with R = Me, Et or Bu 

(see Figure 15). 

 
Figure 15. Oligomer fragments observed in MALDI-ToF mass spectra of oligomers obtained with [{RhI(1,5-
cyclooctadiene)(μ-Cl)}]2 in the presence of methanol, ethanol or butanol. 
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Figure 14. Part of the MALDI-ToF mass spectra (reflectron mode) of oligomers obtained with [{RhI(1,5-
cyclooctadiene)(μ-Cl)}]2 in the presence of methanol, ethanol or butanol. 
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Although the polymers prepared in the presence of methanol have lower molecular 
weights, the analysis by MALDI-ToF mass spectrometry is still difficult. For this 
technique the mass of a polymer should not exceed 10,000 Da. However, in the 
linear mode a spectrum was obtained and a part of it is shown in Figure 16. The 
repeating unit is again 86 Da and the residual mass of the peaks observed is 55 Da, 

again corresponding with: [Na]+{(H−(CHCOOEt)n−OMe)}. 

 
Figure 16. Part of the MALDI-ToF mass spectra (linear mode) of polymer obtained with [{RhI(1,5-
cyclooctadiene)(μ-Cl)}]2 in the presence of methanol. 

On the basis of the previous observations, we propose the mechanism depicted in 

Figure 17 to explain the formation of H−(CHE)n−OR oligomers and polymers, as 

well as the increased average amount of chains per added Rh (initiation efficiency). 
The latter effect can be explained by the presence of the alcohols causing an 
increased amount of active Rh-species, or by the alcohols functioning as a chain-
transfer agent, or a combination of these effects. Both effects are covered in the 
mechanism shown in Figure 17. 

 
Figure 17. Proposed chain-initiation and chain-transfer mechanisms for carbene polymerization in the 
presence of alcohols. 

Alcohol attack at a non-chain bearing Rh-carbene unit can lead to a Rh−C bond in 
order to initiate chain growth, and the combination of the reactions shown in Figure 
17 provide a plausible chain-transfer mechanism in the presence of alcohols. 
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6.2.4 The influence of side-product formation and dilution on the performance of the 
catalyst 

In this last part the influence of the dimeric side products on the polymerization 
reaction is studied. Most of the diethyl fumarate (DEF) and maleate (DEM) is 
formed in the beginning of the reaction, directly after mixing catalyst precursor 6 
with EDA (see Chapter 4).3 To evaluate their effect one of the dimers or a mixture 
of both was added to a solution of 6 in chloroform before EDA was added (Table 6). 

Table 6. Polymerization of EDA with 6 in the presence of dimers.a 

entry diethyl maleate (mmol) diethyl fumarate (mmol) isolated polymer yield (%)b Mw (kDa) c Mw/Mn
c 

1 - - 45 150 3.6 
2 2 - 23 98 3.3 
3 - 2 18 74 2.8 
4 1 1 26 129 3.7 

a Conditions: 0.04 mmol catalyst; 2 mmol EDA, 5 mL chloroform (solvent), room temperature, reaction time: 
14 hours. b Isolated by precipitation and washing with MeOH. c SEC analysis calibrated against polystyrene 
samples. 
 
Clearly, there is a negative effect of the presence of DEM and DEF on the 
polymerization activity of 6; the yields drop from ~50% to ~ 20% and the molecular 
weights are also lower (entries 2-4). The formation of dimers was suppressed 
previously by ‘aging’ catalyst precursor 10 in air (Chapter 5).5 However, catalyst 
precursor 6 does not show this behavior and therefore a different approach was 
used. To decrease the influence of the presence of the dimers during the 
polymerization reaction, the reaction mixture was diluted. The experiments were all 
performed in a similar way with increasing amounts of solvents (Table 7). 

Table 7. Polymerization of EDA with 6 at different catalyst and substrate concentrations.a 

entry solvent (mL) polymer yield (%)b Mw (kDa) b,c Mw/Mn
b,c oligomer yield (%)d 

1 5 42 126 3.3 34 
2 15 52 161 4.0 32 
3 25 65 160 3.7 28 
4 35 58 178 4.4 28 
5 45 57 167 4.3 30 
6 70 58 174 4.7 31 
7 100 44 180 4.9 25 
8 200 40 180 5.1 42 

a Conditions: 0.04 mmol catalyst; 2 mmol EDA, solvent: chloroform, room temperature, reaction time: 14 
hours. b Isolated by precipitation and washing with MeOH. c SEC analysis calibrated against polystyrene 
samples.d MeOH soluble fractions after evaporation of the solvent. 
 
The results improve upon dilution of the reaction mixture; the highest polymer 
yields (approximately 60%, entries 3-6) are obtained in 25-70 mL of chloroform. 
The molecular weights increase to 180 kDa for the reactions in 100 or 200 mL of 
chloroform (entries 7 and 8). 
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Remarkably, the polydispersities increase from ~3 in 5 mL of solvent to ~5 in 200 
mL. In the SEC-trace of the polymer samples this becomes clear by the observation 
of a bimodal polymer distribution (Figure 18). 
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Figure 18. SEC-traces of polymer samples obtained in diluted reaction mixtures of precatalyst 6 and EDA in 
chloroform (the peak intensities were adjusted to obtain a clear picture). 

While the reaction performed in 5 mL of chloroform shows one broad signal, the 
polymers prepared in the more diluted reaction mixtures show a bimodal 
distribution with two overlapping signals (Figure 18). This observation points to the 
presence of two active polymer forming species. The higher molecular weight 
signals (at the left in Figure 18) seem to retain their position in the chromatogram 
independent of the concentration. The lower molecular weight fraction shift to even 
lower weights when the reaction mixture becomes more diluted. It seems that at 
higher concentrations the reaction is dominated by an active species producing 
somewhat lower Mw polymers, for which the reactions have a clear order in the 
[EDA] concentration. For that reason the molecular weights drop upon diluting the 
reaction mixture. Upon further dilution the reaction becomes dominated by the 
activity of another active Rh species. The reactions catalyzed by this second species 
apparently have no, or at least a much lower order in the [EDA] concentration. This 
explains why the second species takes over the activity upon diluting, as well as the 
fact that the Mw of the polymer produced by this second species is hardly influenced 
upon diluting the reaction mixture.  
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To investigate if chain-transfer occurs under these diluted conditions, the reaction in 
45 mL of chloroform was monitored in time (Table 8). Remarkably, already within 
10 minutes high molecular-weight polymers are formed in moderate yield. Chain 
propagation is apparently much faster under these diluted conditions than at higher 
concentrations (see Chapter 4). The polymer yield increases to 57% at the end of the 
reaction (Table 7, entry 5), while the molecular weight does not increase 
significantly in time. The SEC-traces of these experiments are shown in Figure 19. 
These data point to slow initiation and/or chain-transfer but fast propagation 
occuring under the applied diluted conditions. 

Table 8. Polymerization of EDA with 6 in a diluted reaction mixture (45 mL) at different times.a 

entry time (min) polymer yield (%)b Mw (kDa) b,c Mw/Mn
b,c oligomer yield (%)d 

1 10 17 169 4.0 23 
2 25 22 167 4.0 26 
3 40 25 176 4.0 24 
4 55 27 181 3.7 24 

a Conditions: 0.04 mmol of catalyst; 2 mmol of EDA, 45 mL of chloroform, room temperature, reaction time: 
14 hours. b Isolated by precipitation and washing with MeOH. c SEC analysis calibrated against polystyrene 
samples.d MeOH soluble fractions after evaporation of the solvent. 
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Figure 19. SEC-traces of polymer samples obtained in a diluted reaction mixture (45 mL) of 6 and EDA in 
chloroform at different reaction times (the peak intensities were adjusted to obtain a clear picture) 

 
The above results obtained under diluted conditions (45 mL of solvent) differ 
markedly from the data gathered previously at higher concentrations (5 mL of 
solvent). Monitoring the reaction with EDA at higher concentrations (5 mL of 
solvent) clearly allowed us to observe the chain-growth process in time (see Chapter 
4).3 Under these conditions the polymerization characteristics allowed us to prepare 
block copolymers using two different diazoesters (see Chapter 7). Apparently at 
higher concentrations both the chain-growth and chain termination processes are 
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slow, likely by competing active site occupation (e.g. competing equilibria 
involving nitrogen or oxygen bound EDA). The chain growth and chain termination 
process are both faster under more dilute conditions using 45 mL of solvent, thus 
explaining the observed increasing yields of the same polymer in time without 
significant changes in the polymer Mw and PDI values.  
 The increasing polymer yields in time without formation of higher molecular 

weight polymers observed under these dilute conditions can only be explained in 
two ways (or a combination of these): 
(a) Under diluted conditions the initiation/activation process is slowed down, and 
gradually over time active polymer forming Rh species are being generated which 
propagate and terminate relatively fast under the applied diluted conditions. 
(b) Under the applied diluted conditions (45 mL of solvent) chain-transfer occurs at 
a competing rate, so that each active polymer forming Rh site produces more than 
one polymer chain. At higher concentrations (5 mL of solvent) chain-transfer is 
suppressed and plays a minor role within the time frame of the experiment. 
 We are currently unable to distinguish between these possibilities. A slowed 
down initation/activation process at lower concentrations is perhaps the most logical 
explanation considering the results obtained in section 6.2.2 (Figure 11), suggesting 
that modification of the Rh(diene) precatalyst by EDA changes its activity from 
dimerization to atactic oligomerization and finally stereoregular polymerization. 

6.3 Conclusions 

The results described in this Chapter provide valuable information about catalysts 
activation, chain initiation, chain termination and chain-transfer processes occurring 
during Rh-mediated carbene polymerization reactions. The use of well defined 
(diene)RhI-alkyl/aryl complexes does not lead to better initiation efficiencies, and 
hence catalyst activation under the applied reaction condition seems to be an 
important factor for the formation of high molecular-weight and stereoregular 
polycarbenes. 
 The combined experiments reveal a complex picture of the polymerization 
reaction; at least four different species are operative: one for the dimerization, one 
for the oligomerization and two for the polymerization reaction. It seems that the 

chains start to grow from (diene)Rh−Y species (Y = anionic nucleophile or 

nucleophilic ligand), which undergo rapid β-hydrogen elimination in their non-

modified forms, thus effectively leading to dimerization activity. Modification of 

these (diene)Rh−Y and (diene)Rh−H species under the applied reaction conditions 

leads to species for which β-hydrogen elimination is absent or suppressed, thus 

leading to the formation of atactic oligomers. Further catalyst modification then 
allows the formation of stereoregular polymers. MALDI-ToF mass spectrometry 

analysis of the oligomers reveals the presence of saturated H−(CHCOOEt)n−H and 
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Y−(CHCOOEt)n−H chains, suggesting that termination involves protonolysis in all 

cases. Chain-transfer takes place under the influence of alcohols (when added in 

high concentrations). Under such chain-transfer conditions RO−(CHCOOEt)n−H 
chains (R= Me, Et, Bu) are formed exclusively. The presence of the DEF and DEM 
dimeric products negatively influences the polymerization, and leads to lower 
polymer yields when they are added deliberately.  

6.4 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 complex 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 [{RhI(1,5-

cyclooctadiene)(μ-OAc)}]2
14 (11), [(L-prolinate)RhI(1,5-cyclooctadiene)]2,3 (6), [(L-

prolinate)RhI(1,5-dimethyl-1,5-cyclooctadiene)]5 (10), [(glycinate)RhI(1,5-cyclooctadiene)]3 
(12), [(L-prolinate)RhI(2,5-norbornadiene)]3 (8), [(L-prolinate)RhI(endo-dicyclopentadiene)]3 
(7), [(L-prolinate)RhI(1,5-hexadiene)] (9) (Chapter 4) have been described previously. 
HBArF,10 [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2,15 [{RhI(1,5-cyclooctadiene)(μ-Me)}]2

11 (1), 
[{RhI(1,5-cyclooctadiene)(L)(Me)}] (2, L = pyridine),12 [(1,5-cyclooctadiene)Rh(μ-CH2-py-
6Me-C,N)]2

8 (3) and [(TACN)Rh(Me)3]
9 (5) were prepared according to published 

procedures. 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, 121.5 MHz and 75 MHz for 1H, 31P and 13C, respectively). 
Assignment of the signals was aided by COSY, 13C HSQC and APT experiments. Solvent 
shift reference for 1H NMR spectroscopy: CDCl3: δH = 7.26 ppm. For 13C NMR 
spectroscopy: CDCl3: δC = 77.0 ppm. Abbreviations used are: s = singlet, d = doublet, dd = 
doublet of doublets, m = multiplet, cod = 1,5-cyclooctadiene, dcp = endo-dicyclopentadiene, 
pro = prolinate. IR solid state measurements were performed on a Shimadzu FTIR 8400S 
spectrometer equipped with a Specac MKII Golden Gate Single Reflection ATR system. 
Elemental analyses (CHN) were performed by the Kolbe analytical laboratory in Mülheim an 
der Ruhr (Germany). Molecular-weight distributions were measured using size-exclusion 
chromatography (SEC) on a Shimadzu LC-20AD system with two PLgel 5μm 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. 
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Synthesis of [(mesityl)RhI(1,5-cyclooctadiene)(triphenylphosphine] (4)16 

[Mes]Li 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 [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 (123 mg; 0.25 
mmol) and triphenylphosphine (295 mg; 1.13 mmol) in tetrahydrofuran (10 mL) was added 
to the [Mes]Li 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 (aliminium 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 4 in n-hexane yielded crystals suitable for X-ray diffraction. 
1H NMR (500 MHz, CDCl3, 298 K): δ 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): δ 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. 
31P NMR (121 MHz, CDCl3, 298 K): δ 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: 4, 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, β = 107.394(9)°, V = 

5713.5(13) Å3, Z = 8, ρcalcd = 1.378 g cm-3, F(000) = 2464, μ(MoKα) = 6.76 cm-1, T = 208(2) 

K, λ(MoKα) = 0.71073 Å, θ range = 2.15 to 27.50°, reflections collected = 84976, unique = 

6567 (Rint = 0.0551), final R indices [I>2σ(I)] = R1 = 0.0403, wR2 = 0.0905, R indices (all 

data) = R1 = 0.0502, wR2 = 0.0940. 
 

Polymerization of carbenes from ethyl diazoacetate 

Standard experiment. Ethyl diazoacetate (EDA) (2 mmol) was added to a yellow solution of 
catalyst precursor (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. 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 and 
identified as poly(ethyl 2-ylidene-acetate) (PEA) using 1H NMR spectroscopy. For the 
dilution experiments larger amounts of chloroform were used. Some experiments were 
performed in the presence of additives, such as methanol, diethyl fumarate and maleate (see 
main text). 
With catalyst precursor 1.11 A suspension of [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 (39 mg; 

0.08 mmol) in diethyl ether was cooled to −70°C. Methyl lithium (0.1 mL; 0.16 mmol; 1.6 M 
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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 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: 0.08 g; 3%. 
With catalyst precursor 2. Complex 2 was prepared according to published procedures12 
(from: [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2 (20 mg; 0.04 mmol), methyl lithium (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)) and was not isolated before reaction with EDA. EDA (0.9 g; 8 mmol) in 
dichloromethane (10 mL) was added to the reaction mixture of the synthesis of 2. The color 
of the solution changed from yellow to orange. After stirring for 14 h at room temperature 
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. Yield: 40 mg; 6%. 
With catalyst precursors 3 and 4. Ethyl diazoacetate (EDA) (3: 210 mg, 1.84 mmol; 4: 244 
mg, 2 mmol or 1.22 g, 10 mmol, respectively) was added to a solution of catalyst (3: 7 mg, 
0.01 mmol; 4: 24 mg, 0.04 mmol or 12 mg, 0.02 mmol, respectively) in chloroform (4: 5 or 
25 mL, respectively) or dichloromethane (3: 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. 
With complex 5. EDA (0.5 mL) was added to a solution of 5 (0.02 g; 0.04 mmol) in 
dichloromethane (5 mL) at room temperature. The reaction mixture was stirred for 2 h during 
which no gas evolution was observed. Subsequently, HBArF10 (64 mg; 0.07 mmol) was 
added. Analysis by 1H NMR showed that no reaction occurred. 
With [{RhI(1,5-cyclooctadiene)(μ-Cl)}]2. Ethyl diazoacetate (EDA) (2 mmol) was added to a 
yellow solution of catalyst precursor (0.02 mmol) in dichloromethane (5 mL) with or without 
an alcohol (1 mL). 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 washings were colorless. The resulting 
white powder was dried in vacuo. 

 
MALDI-ToF mass spectrometry. Oligomers prepared with precatalysts 6, 11 and 12 were 
filtered through a silica plug before analysis. The mass spectra shown in Figures 7-10 and 16 
were recorded using a Kratos Axima-CFR MALDI-ToF mass spectrometer (Kratos 
Analytical LTD., Manchester, England), equipped with a nitrogen laser (λ = 337 nm), 
operating with a pulse repetition rate of 10 Hz. In linear mode positive ion spectra were 
recorded, accumulating 100 acquisitions. In reflectron mode, 173 lasershots were 
accumulated. Ions were accelerated at 20 kV, applying a pulsed extraction delay time 
optimized for higher masses (> 13000 Da). The instrument was externally calibrated, using 
three standard peptide solutions in the mass range 12,000 to 60,000 Da. For these solutions a 
maximum deviation of 1 mDa of the true mass was found. 2-(4-Hydroxyphenylazo)benzoic 
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acid (HABA) was used as a matrix. The matrix (20 mg/mL) and the oligomer (7 mg/mL) 
were dissolved in THF and the polymer (7 mg/mL) in chloroform. The measurements were 
performed with and without the addition of salts (potassium-, lithium- and silver 
trifluoroacetate). The spectra in Figure 14 were recorded on a Tofspec 2EC mass 
spectrometer (Micromass, Wythenshawe, U.K.) provided with a 2 GHz digitizer. For 
reflectron MALDI-ToF MS, 0.5 μL of oligomer solution (7 mg/mL) was mixed with 0.5 μL 
of HABA (20 mg/ml) in THF was spotted on a MALDI target plate and dried.  
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7.1 Introduction 

A long standing challenge in polymer synthesis is the controlled synthesis of highly 
stereoregular, high molecular weight carbon-chain polymers with a controllable 
amount of polar functionalities. Over the past years, several new approaches have 
been developed to reach this goal. Considerable progress in this field has been 
achieved with lanthanide metallocene complexes, group 4 early transition metal 
metallocenes, and alike, which polymerize polar vinyl monomers via coordination-
addition polymerization mechanisms (metal-controlled anionic-polymerization), 
allowing the controlled synthesis of both syndiotactic and isotactic (rich) polymers 
from methylacralates, acrylates, (meth)acrylamides, acrylonitriles and 
vinylketones.1,2 High triad selectivities can be reached with these methods, but 
generally low temperatures are required to achieve high stereospecificities. These 
reactions bear some similarities with anionic polymerization of (meth)acrylates at 
low temperatures, which also allow a decent stereocontrol.3 The living character of 
both anionic and coordination-addition polymerization reactions provides 
interesting opportunities to prepare block co-polymers.  
 Progress in the development of new late transition metal catalysts for 
coordination-insertion-type polymerization reactions has made it possible to prepare 
(random) copolymers of polar vinyl monomers and (aliphatic) alkenes, hence 
producing interesting new materials with varying microstructures (e.g. side-chain 
functionalized, main-chain functionalized, random and block copolymers).1,4 These 
catalytic systems produce more than one chain per metal-ion (chain transfer), and 
the most recently developed catalysts even allow a decent control over the amount 
of the incorporated functionalities. So far there are no reported examples of late 
transition metal catalysts capable of stereospecific polymerization of polar vinyl 
monomers or stereospecific copolymerization of polar vinyl monomers with 
olefins.1  
 Fascinating new developments in the field of radical-type polymerization 
reactions show the possibility to gain excellent control over polymer lengths and 
polydispersities, and modern radical polymerization techniques even make it 
possible to gain some (albeit still limited) control over the polymer tacticities.5  
 Despite all these intriguing new developments, the problem is by no means 
solved and many important challenges are still remaining.1 For example, the 
synthesis of stereoregular carbon-chain polymers which are functionalized at every 

carbon-atom of the polymer backbone has proven to be difficult using olefinic 
monomers, and even the formation of atactic polymers by radical polymerization of 
1,2-difunctionalized olefins is non-trivial in some cases.6 In this respect, C1 
polymerization (or ‘carbene’ polymerization) techniques may offer valuable 
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alternative methods for the synthesis of new materials that are not so easily 
accessible by the more common polymerization of C=C double bonds.7-9 In the 
previous Chapters it was shown that Rh-mediated carbene polymerization, using 
diazoesters (ROC(=O)CH=N2) as carbene precursors, allows the preparation of fully 
functionalized, high molecular weight, and highly syndiotactic carbon-chain 
polymers10-13 in good yields.13 Presently, this is the only available method to prepare 
such densely functionalized, sp3-hybridized14 polymers in a stereoregular manner. 
The reaction follows a migratory carbene insertion chain propagation mechanism 
(Scheme 1), and the high syndiospecificity is most likely determined by chain-end 
control (see Chapter 4).11  

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

With a method in hand to prepare high molecular weight and highly stereoregular 
fully functionalized poly-carbenes, we decided to expand the scope of this new 
reaction towards the preparation of random and block-type copolymers using three 
different carbene precursors. The results are described in this Chapter. 
 Another important goal of this Chapter is to address the unusual thermal and 
thermo-mechanical properties of these new, highly functionalized, stereoregular 
poly-carbenes. Polar side-chain functionalities of carbon-chain polymers in general 
have a large and important influence on the polymer material properties (e.g. 
toughness, paintability/printability, solvent resistance, miscibility).4a However, their 
influence has so far only been investigated for materials in which the mutual 
influence of the dipole moments of the applied functionalities has a poorly defined 
(atactic materials)6,8 and/or diluted effect (C2-polymerization of mono-
functionalized olefins in general). Here, the polar functionalities are in close 
proximity along a fully functionalized and stereoregular carbon-chain polymer, 
leading to unusual material properties of the new poly-carbene materials, which are 
described in this Chapter. This includes a broad end-use temperature range as well 
as thermotropic (and lyotropic) liquid crystalline behavior in a broad temperature 
range (rigid rod behavior).  
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7.2 Results and discussion 

7.2.1 Catalyst precursors 

In Chapter 4, different [(diene)RhI(N,O-ligand)] complexes (diene = 1,5-
cyclooctadiene (cod) (1 in Scheme 2), endo-dicyclopentadiene (dcp), or 2,5-
norbornadiene (nbd)) were described for the polymerization of carbenes from ethyl 
diazoaceate (EDA).10,11 We showed that the diene ligand plays an important role 
during the propagation steps, while the N,O-ligand is likely involved in the 
initiation of the polymerization. The highest yields were obtained with [(L-
prolinate)RhI(1,5-cyclooctadiene)] (1) (50%)10,11 and [(L-prolinate)RhI(1,5-
dimethyl-1,5-cyclooctadiene)] (2) (up to 80%, see Chapter 5) and therefore these 
catalyst precursors were selected for copolymerization reactions. Complex 2 was 
stored for several days in air prior to its use in the polymerization reactions in order 
to obtain higher polymer yields, following the procedures described in Chapter 5.13 
Complexes 1 and 2 are easily prepared by reacting the corresponding 
[{RhI(diene)(μ-Cl)}]2 precursors (diene = 1,5-cyclooctadiene (cod) or 1,5-dimethyl-
1,5-cyclooctadiene (dmcod)) with deprotonated L-proline in methanol at room 
temperature (Scheme 2). 

Rh

N

O O

H

H

[{RhI(diene)( -Cl)}]2

diene = cod or

dmcod

L-proline, NaOH

MeOH

Rh

N

O O

H

H

Me

Me

or

1 2  
Scheme 2. Synthesis of catalyst precursors 1 and 2. 

7.2.2 Homopolymerization of different diazoesters 

We first investigated the behavior of catalyst precursors 1 and 2 in the 
homopolymerization of different diazoesters. The substrates are ethyl diazoacetate 
(EDA), a diazoester with an aromatic substituent, benzyl diazoacetate (BnDA) and 
one with a sterically demanding side group, t-butyl diazoacetate (tBuDA) (Figure 
1). EDA and tBuDA are commercially available and BnDA was prepared by 
published procedures.15,16 

 
Figure 1. Carbene precursors: ethyl, benzyl and t-butyl diazoacetate. 

The homopolymerization reactions were performed by addition of 50 equivalents of 
diazoester to a solution of catalyst precursor 1 or 2 in chloroform.10,11 The solution 
was stirred for 14 hours at room temperature. The polymer was obtained by 
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evaporation of the solvent and subsequent precipitation with methanol. After 
washing with methanol and drying, a white solid was obtained.  
 Carbenes from EDA and BnDA are polymerized to poly(ethyl 2-ylidene-acetate) 
(poly(EA)) and poly(benzyl 2-ylidene-acetate) (poly(BnA)), respectively, of high 
molecular weight (up to 690 kDa) and in moderate to good yields (entries 1, 2, 4 
and 5 in Table 1). EDA and BnDA are completely converted into polymers (major 
fraction), and some dimeric (di-alkyl fumarate and maleate) and oligomeric 
byproducts. The byproducts are soluble in methanol and are separated from the 
polymer during the precipitation step, as described before.10-12 Precatalyst 2 gives 
higher yields than precatalyst 1 for both substrates. 

Table 1. Homopolymerization of EDA, BnDA and tBuDA with 1 and 2.a 

entry catalyst precursor diene substrate polymer polymer yield (%)b Mw (kDa) c Mw/Mn
c 

111 1 cod EDA poly(EA) 50 150 3.6 
213 1 cod BnDA poly(BnA) 20 80 6.3 
3  1 cod tBuDA poly(tBuA) <5 n.d. n.d. 

413 2 dmcod EDA poly(EA) 80 670 3.3 
513 2 dmcod BnDA poly(BnA) 50 690 2.7 
6 2 dmcod tBuDA poly(tBuA) <5 n.d. n.d. 

a Conditions: 0.04 mmol of catalyst precursor, 2 mmol of diazoester, 5 mL of chloroform (solvent), room 
temperature, reaction time: 14 hours. b Isolated by precipitation and washing with methanol. c SEC analysis 
calibrated against polystyrene samples in dichloromethane. Poly(tBuA) could not be analyzed due to its poor 
solubility. 
 
The bulky diazoester tBuDA is polymerized to poly(t-butyl 2-ylidene-acetate) 
(poly(tBuA)) in only low yields by both catalyst precursors 1 and 2 (Table 1, entries 
3 and 6). The conversion is incomplete (65% for 1 and 50% for 2) and unreacted 
tBuDA was recovered after the reaction. Most of the reacted tBuDA was converted 
into oligomers (~ 80%, Mw ~ 1500 Da, PDI ~ 1.4) and a small amount of dimeric 
products, di-t-butyl fumarate and maleate (~ 15%). During the polymerization 
reaction the polymeric poly(tBuA) product precipitates from the reaction mixture in 
chloroform, which in part explains the low yields (and probably low molecular 
weights) obtained in these reactions. The isolated white solid is insoluble in most 
organic solvents, such as chloroform (with and without trifluoroacetic acid), 
dichloromethane, methanol, toluene and benzene. Due to its poor solubility, 
poly(tBuA) was analyzed by solid state IR spectroscopy (Figure 13c). In the IR 
spectra of the white polymer products (Figure 13), there are no vibrations observed 
for the diazoester starting material or dimeric and oligomeric side products (see 
Chapter 6 for the IR spectrum of oligomeric side products of the reaction with 
EDA). 
 The solubility behavior of poly(tBuA) contrasts markedly with the polymer 
obtained by radical polymerization of di-t-butyl fumarate, which results in an 
atactic, but otherwise chemically equivalent polymer.17 Atactic poly(di-t-butyl 
fumarate) dissolves in several solvents (benzene, toluene, carbon tetrachloride and 
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tetrahydrofuran). This clearly reveals that the obtained poly(tBuA) has very 
different properties than atactic poly(di-t-butyl fumarate), suggesting that like 
poly(EA) and poly(BnA), poly(tBuA) is also syndiotactic.11 However, it is not quite 
clear why exactly this leads to a poor solubility in case of poly(tBuA).  
 
From these substrate screening experiments it is clear that EDA and BnDA can be 
polymerized in reasonable to good yields, leading to high molecular weight 
polymers. Homopolymerization of tBuDA is much less successful. Catalyst 
precursor 2 performs generally better than catalyst 1, giving higher yields and 
longer polymers in case of polymerization of EDA and BnDA. Increasing the steric 
bulk on going from EDA via BnDA to tBuDA leads to lower polymer yields. With 
catalyst 1, polymerization of BnDA also leads to shorter polymers than 
polymerization of EDA, suggesting that the propagation steps in case of BnDA are 
slower, possibly decreasing the propagation/termination rate ratio, which might thus 
explain the lower yields. Remarkably, however, this seems not to be the case with 
catalyst precursor 2, which gives similar polymer lengths for EDA and BnDA. 

7.2.2 Copolymerization of carbenes from diazoesters 

Having obtained a clear picture of the influence of the substrate substituents and 
their behavior in the Rh-mediated homopolymerization reactions, we next focused 
on making copolymers of these substrates. Again catalyst precursors 1 and 2 were 
used for the copolymerization of carbenes from ethyl (EDA), benzyl (BnDA) and t-
butyl (tBuDA) diazo acetate (Figure 1). Random copolymerization was performed 
by adding a mixture of equivalent amounts of monomers A and B to a solution of 
the catalyst in chloroform, yielding poly(A-ran-B). The random copolymers 
obtained by 1 : 1 random copolymerization of EDA and BnDA are slightly enriched 
in the EA component (Table 2, entries 1 and 7). Random copolymers obtained from 
1 : 1 mixtures of EDA and tBuDA or BnDA and tBuDA are strongly depleted in the 
tBuA component (Table 2, entries 2, 3, 8 and 9). These compositions correlate with 
the results obtained in the homopolymerization reactions (vide supra), and thus 
reflect that EDA is somewhat more reactive in the copolymerization than BnDA and 
tBuDA is much less reactive than EDA or BnDA. 
 Besides random copolymers, we also attempted to make block copolymers. In 
Chapter 4 we showed that the Rh-mediated carbene polymerization reactions reveal 
a linear relation between the polymer yield and Mw, suggesting that the chains 
terminate slowly and no significant chain transfer occurs within the timeframe of 
polymerization.10,11 The polymerization characteristics are such that polymer chain 
growth is clearly observable within a workable time frame of several hours. 
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Table 2. Copolymerization of EDA, BnDA and tBuDA with 1 and 2.a 

entry 
catalyst 

precursor 
copolymer 

feed ratio 
(mmol) 

M1 : M2b 
polymer 

yield (%)c 
Mw 

(kDa)d 
Mw/Mn

d 

1 1 poly(EA-ran-BnA) 1 : 1 1 : 0.8 30 80 2.8 
2 1 poly(EA-ran-tBuA) 1 : 1 1 : 0.3 20 100 4.3 
3  1 poly(BnA-ran-tBuA) 1 : 1 1 : 0.5 5 60 2.4 
4 1 poly({EA}b-{BnA-ran-EA}b) 1.2 : 2 1 : 1 30 70 3.6 
5 1 poly({EA}b-{EA-ran- tBuA}b) 1.2 : 2 1 : 0.2 10 110 4.5 
6 1 poly({BnA}b-{BnA-ran-tBuA}b) 1.2 : 2 1 : 0.2 5 70 3.8 
7 2 poly(EA-ran-BnA) 1 : 1 1 : 0.8 60 430 4.4 
8 2 poly(EA-ran-tBuA) 1 : 1 1 : 0.3 30 330 3.8 
9 2 poly(BnA-ran-tBuA) 1 : 1 1 : 0.3 30 100 3.7 

10 2 poly({EA}b-{BnA-ran-EA}b) 1.2 : 2 1 : 1.4 45 350 2.4 
11e 2 poly({EA}b-{EA-ran-BnA}b) 2 : 2 1 : 0.5 30 720 4.2 
12 2 poly({EA}b-{EA-ran- tBuA}b) 1.2 : 2 1 : 0.2 10 380 4.1 
13 2 poly({BnA}b-{BnA-ran-tBuA}b) 1.2 : 2 1 : 0.1 20 120 3.9 

a Conditions: 0.04 mmol of catalyst precursor, 5 mL of chloroform (solvent), room temperature, reaction time: 
14 hours, random copolymerization: mixture of 2 × 1 mmol of diazoester. Block copolymerization: 1.2 mmol 
of the first diazoester is added, after 30 minutes 2 mmol of the second monomer is added. b Average 
composition (estimated by 1H NMR spectroscopy). c Isolated by precipitation and washing with MeOH. d SEC 
analysis calibrated against polystyrene samples. e Reaction temperature: −20°C, the second monomer is added 
after 1 week. 
 
This provides opportunities to prepare block copolymers, even though these 
polymerization reactions are strictly not living.18 Of course the slow but ongoing 
termination processes, and the fact that the ‘polymer forming active Rh species’ do 
not survive being completely depleted from the presence of monomer, puts some 
limitations to the available time frame and the type of block copolymers that can be 
prepared with this method. The Rh-mediated carbene polymerization method does 
however allow the synthesis of block copolymers of the type poly{homo M1}-
{random M2 > M1}, in which the homo-block M1 is constructed from monomer 
M1, and where the composition of the random block can be expected being enriched 
in second monomer M2. This is possible by starting the polymerization with 
monomer M1, and adding the second monomer M2 after a certain time during which 
much (but not all) of monomer M1 has been consumed, provided M1 and M2 have 
similar propagation rates (as is the case for EDA and BnDA). Thus obtained 
polymers are different from gradient copolymers produced by so-called forced 
gradient copolymerization,19,20 but are likely to reveal quite similar properties. Such 
copolymers are expected to blend the properties of two different polymers,19-21 
which is potentially useful for the compatibilization of immiscible polymer blends 
and for the stabilization of emulsions and dispersions.19 Hence we set-out to prepare 
densely functionalized, stereoregular, poly{homo M1}-{random M2 > M1} block 
copolymers through Rh-mediated carbene polymerization reactions.  
 Block copolymers of the type poly({M1}b-{M2-ran-M1}b) were prepared by 
reacting the catalyst precursor with 1.2 mmol of the first monomer (M1) for 30 
minutes before adding 2 mmol of the second monomer (M2) (Scheme 3). In this 
way we expected the formation of a polymer with a homoblock of the first monomer 
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M1, followed by a random block M2 > M1 being enriched in the second monomer 
M2. A similar approach to make block copolymers from the faster propagating 
monomers EDA/BnDA as the first component and the slower propagating (and 
faster terminating) tBuDA (vide supra) as the second component are expected to 
result in poly{homo M1}-{random M1 > M2} block copolymers. Here the 
composition of the random block is enriched in the first component (M1 = EA or 
BnA) despite the larger concentration of the second component M2 = tBuDA upon 
addition. To distinguish between these situations, block polymers of the types 
poly{homo M1}-{random M2 > M1} and poly{homo M1}-{random M1 > M2} are 
further denoted as poly({M1}b-{M2-ran-M1}b) and poly({M1}b-{M1-ran-M2}b), 
respectively. 

 

 
Scheme 3. Formation of poly({M1}b-{M2-ran-M1}b) block copolymers obtained through Rh-mediated 
carbene polymerization. Addition of the second monomer M2 follows 30 minutes after addition of the first 
monomer M1. 

With catalyst precursor 2, homo- and random (co)polymers were obtained in 
somewhat higher yields than the block copolymers. All obtained polymers show 
monomodal distributions in their size exclusion chromatograms. At lower 
temperatures chain termination processes are further suppressed, allowing the 
formation of longer copolymers, and the second monomer component can be added 
at a later stage (entry 11, Table 2). 
 Although carbenes from tBuDA are homopolymerized in only low yields 
(probably due to the steric demand of the t-butyl group), they are incorporated in 
decent amounts after initiating the reaction with EDA or BnDA. However, 
propagation from tBuDA monomers seems to be slow compared to propagation 
from EDA, and hence termination occurs before the reaction has completed leading 
to low overall yields and low tBu-ester incorporation (see e.g. entries 5 and 12). The 
incorporation of low amounts of tBuA-groups in the formed block after addition of 
tBuDA is due to the reactivity difference between the monomers. The M1 = 
EA/BnA and M2 = tBuA monomers are presumably randomly distributed in this 
block, but some gradient cannot be excluded in this case. 

random M2 > M1 block (enriched in M2) homo M1 block 
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Overall, RhI complex 2 produces the copolymers in higher yields and with higher 
molecular weights than complex 1. This was also observed for the 
homopolymerization reactions (Table 1). Catalyst 2 is also better suited to make 
block copolymers, leading to longer homo-blocks and longer random blocks.  

7.3 Polymer analysis 

7.3.1 NMR spectroscopy  
13C NMR spectroscopy shows one relatively sharp signal for the equivalent polymer 
backbone carbons as well as for the equivalent ester carbonyl carbons for all 
polymers (see also Figure 14 at the end of this Chapter for a selection of solid state 
NMR spectra of the homo- and copolymers). The chemical shifts for the carbonyl 
(171 ppm) and backbone carbon (45 ppm) atoms are similar to the ones reported for 
stereoregular poly(ethyl 2-ylidene-acetate) reported earlier (see also Table 5).10,11 
Therefore, these polymers must all be, as also expected, highly syndiotactic.11 
Furthermore, 1H NMR spectroscopy confirms the presence of copolymers in the 
products of the copolymerization reactions. Homopolymers of tBuDA can be 
synthesized in only very low yield and are not soluble in chloroform, while the t-
butyl group is clearly observed in the NMR spectra of the copolymers. For the 
copolymers from EDA and BnDA clearly different chemical shifts are observed 
than for the homopolymers in the 1H NMR spectra (Table 4). In Figure 2a-d part of 
the 1H NMR spectra of poly(EA-ran-BnA), poly({EA}b-{BnA-ran-EA}b) (prepared 
with 2) and a mixture of the homopolymers poly(EA) and poly(BnA) are shown. 
The spectra of the poly({EA}b-{BnA-ran-EA}b) block copolymers (Figure 2b and 
c) reveal the presence of a small amount of homopolymer poly(EA) at δ 4.08 and δ 
3.18 ppm, probably formed and terminated in the beginning of the reaction before 
addition of BnDA.22 

ppm (f1) 3.003.504.004.505.00

poly({EA}b-{BnA-ran-EA}b), EA : BnA 1 : 1.4

CH2(Et)CH2(Bn) CH(Et)CH(Bn)

CH
(copol)

CH2(Et)
CH2(Bn)

poly({EA}b-{EA-ran-BnA}b), EA : BnA 1 : 0.5

poly(EA-ran-BnA), EA : BnA 1 : 0.8

mixture of poly(EA) and poly(BnA)a

b

c

d

 
Figure 2. Part of the 1H NMR spectra (500 MHz, CDCl3, 298 K) of homo and copolymers of EDA and 
BnDA. Poly(EA): entry 4, Table 1; poly(BnA): entry 5, Table 1; poly(EA-ran-BnA): entry 7, Table 2; 
poly({EA}b-{BnA-ran-EA}b): entries 10 and 11, Table 2. 
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In principle, these signals could also stem from the poly(EA) homo-block tails 
which remain uninfluenced by the BnA > EA random block. This seems however 
unlikely, considering the fact that these signals are actually too small for the 
sizeable EA block formed after 30 minutes before addition of the second monomer 
(conversion of EDA with 2 after 30 minutes: ~ 80%; poly(EA) Mw ~ 250 kDa).23 
The peaks of homopolymer poly(EA) are also visible in the 13C NMR spectra of the 
block copolymer. In Figure 3a-d part of the 13C NMR spectra of poly(EA-ran-BnA), 
poly({EA}b-{BnA-ran-EA}b) and a mixture of the homopolymers poly(EA) and 
poly(BnA) are shown. The resonances for the copolymers are somewhat broader 
than for the homopolymers. In the spectra of the poly({EA}b-{BnA-ran-EA}b) 
copolymers, the homo-poly(EA) block can be distinguished by the small sharper 

peak tops at δ 45.3 and 60.7 ppm (Figure 3b and c). 

ppm (t1) 45.050.055.060.065.0

poly({EA}b-{BnA-ran-EA}b), EA : BnA 1 : 1.4

poly({EA}b-{EA-ran-BnA}b), EA : BnA 1 : 0.5

poly(EA-ran-BnA), EA : BnA 1 : 0.8

mixture of poly(EA) and poly(BnA)

CH2(Et)

CH2(Bn)

CHbackbone

a

b

c

d

 
Figure 3. Part of the 13C NMR spectra (125 MHz, CDCl3, 298 K) of homo and copolymers of EDA and 
BnDA. Poly(EA): entry 4, Table 1; poly(BnA): entry 5, Table 1; poly(EA-ran-BnA): entry 7, Table 2; 
poly({EA}b-{BnA-ran-EA}b): entries 10 and 11, Table 2. 

In the 1H NMR spectra, the backbone protons of poly(BnA) (δ 3.6 ppm) resonate at 
a markedly downfield shifted position compared to the same protons in poly(EA) (δ 
3.18 ppm) (Figure 2a), even though the 13C NMR signals of these polymers reveal 
similar chemical shifts for the backbone and carbonyl carbon atoms (see Table 5). 
The difference between the signals for the backbone CH signals as well as the 

O−CH2 signals for the different homopolymers is almost 0.5 ppm in the 1H NMR 
spectra. In a random copolymer with ethyl and benzyl ester groups, the backbone 
CH signals of both repeating units shift towards each other (Figure 2d). The 
backbone protons shift downfield on going from homo-poly(EA) via co-poly(EA-

BnA) to homo-poly(BnA), whereas the O−CH2−R signals shift upfield with an 

increasing amount of BnA. The deshielding of the backbone CH and shielding of 

the −O−CH2−R protons can be explained by inter- or intra-chain interactions of the 

aromatic rings of the benzyl groups involving π-π-stacking of the aromatic rings 

(Figure 4). 
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Figure 4. Schematic representation of chain interactions. 

The effects are maximized in homopolymers of BnDA, and smaller in the 
copolymers. In poly({EA}b-{BnA-ran-EA}b) (Figure 2, middle) the first part of the 
polymer consists only of poly(EA) and the last part of the polymer consists mainly 

of poly(BnA). Therefore, the effect of the π-π-stacking on the −O−CH2−Ph 1H 

NMR chemical shifts is smaller than in the random copolymer. Remarkably, all 

−O−CH2−Me functionalities in the copolymers are shifted upfield, to roughly the 
same extent for the random and the poly({EA}b-{BnA-ran-EA}b) copolymers. 
These data thus do not allow the direct detection of the presence of an EA-homo 
block with 1H NMR spectroscopy, while such blocks (with a sizeable length: Mw ~ 
250 kDa for 2) must be present considering the way the polymers were prepared. 
Since no (large amount of) pure homo-poly(EA) is obtained either, the EA-moieties 
of the poly(EA)-homoblock tails in the poly({EA}b-{BnA-ran-EA}b) polymer 
apparently resonate at the same frequency as the randomly distributed EA-moieties 
in the random polymer, while the EA-moieties of both these copolymers resonate at 
a clearly different position than those in poly(EA) homo-polymer. To explain these 
observations we propose an (on average) intercalation of the poly(EA) homo-block 
tails with the BnA moieties of the {BnA-ran-EA} random blocks (which are 
strongly enriched in BnA) of these polymers (Figure 4), thus explaining the 
observed upfield shifts of the homo-EA block signals in the poly({EA}b-{BnA-ran-
EA}b) block polymers. Hence, on average all EA-moieties of these block copolymer 
are influenced by these interactions (for a schematic representation, see Figure 5).  
 

 
Figure 5. Schematic representation of the intercalation of the polymer chain(s). 

7.3.2 Chromatographic analysis  

7.3.2.1 LC×SEC 

The following polymers were examined with online coupled gradient-elution liquid 
chromatography (LC) and SEC: poly(EA) (Mw = 150 kDa, PDI = 3.6, entry 1, Table 
1), poly(BnA) (Mw = 370 kDa, PDI = 2.4), poly(EA-ran-BnA) (Mw = 80 kDa, PDI = 
2.8, EA : BnA; 1 : 0.8, entry 1, Table 2) and poly({EA}b-{BnA-ran-EA}b) (Mw = 70 
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kDa, PDI = 3.6, EA : BnA; 1 : 1, entry 4, Table 2).24 In gradient-elution LC, the 
retention is mainly a function of chemical composition, but is also affected by the 
sequence distribution and by the molecular weight.25 
 Poly(EA) is less retained than poly(BnA). The two copolymers elute – as 
expected – between the two homopolymers, poly({EA}b-{BnA-ran-EA}b) 
somewhat later than poly(EA-ran-BnA). For a high-molecular-weight random 
copolymer retention is directly related to the chemical composition.26 If sufficiently 
long random blocks are enriched enough in one of two components, the retention is 
shifted towards the elution time of the corresponding homopolymer.27 The 
difference in retention time for poly({EA}b-{BnA-ran-EA}b) and poly(EA-ran-
BnA) is thus indicative for the different sequence distribution and higher BnA 
content in poly({EA}b-{BnA-ran-EA}b).  
 Every gradient-elution chromatogram is – to a certain extent – also convoluted by 
an effect of molecular weight, with the smallest molecules eluting first (i.e. opposite 
to what is observed in SEC).25 Therefore, combining gradient-elution LC and SEC 
enables the separation of substances, which would co-elute in one-dimensional SEC 
and gradient-elution LC respectively. 

 
 

Figure 6. Comprehensive gradient-elution LC×SEC chromatograms of (a) poly(EA) (entry 1, Table 1); (b) 
poly(EA-ran-BnA) (entry 1, Table 2); and (c) poly({EA}b-{BnA-ran-EA}b) (entry 4, Table 2); (d) poly(BnA) 
(Mw = 370 kDa, PDI = 2.4).  
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In a comprehensive two-dimensional combination of gradient-elution LC and SEC 
(LC×SEC) every fraction eluting from the first dimension (LC) column is cross-
fractionated on a second (SEC) column.28 The result is a two-dimensional 
chromatogram as illustrated in Figure 6. The gradient-elution LC×SEC 
chromatogram reveals that in the high-molecular-weight-region poly({EA}b-{BnA-
ran-EA}b) (Figure 6c) is largely enriched in BnA monomer. A small amount of 
homo-poly(EA) material is also present. This is in line with the results of 1H NMR 
spectroscopy. Homo-poly(BnA) material is not found. 

7.3.2.2 Py-GC-MS 

Poly(EA), poly(BnA), poly(EA-ran-BnA) and poly({EA}b-{BnA-ran-EA}b) were 
also characterized with pyrolysis-gas chromatography-mass spectrometry (Py-GC-
MS) (Figure 7), which provided more insight in the sequence distribution of these 
different polymers. During pyrolysis, polymers are decomposed into smaller 
fragments, which are separated and detected with GC-MS. 
 For poly(EA) only a single peak is observed, which corresponds to the EA-dimer 
(Figure 7a). The pyrolysis of poly(BnA) results in four peaks: the first three are 
smaller fragments of the polymer, while the last one corresponds to the BnA-dimer 
(Figure 7b). 
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Figure 7. Py-GC-MS chromatograms of (a) poly(EA) (Table 1, entry 1); (b) poly(BnA) (Mw = 370 kDa, PDI 
= 2.4); (c) poly(EA-ran-BnA) (entry 1, Table 2); and (d) poly({EA}b-{BnA-ran-EA}b) (entry 4, Table 2). 

In the pyrogram of the copolymers an additional peak was observed (Figure 7c and 
d). From the MS spectrum this peak was tentatively identified as EA-BnA-dimer, 
which is characteristic for the random-copolymeric material. The presence of 
homopolymeric EA blocks and random BnA-EA blocks which are strongly enriched 
in the BnA component, within the poly({EA}b-{BnA-ran-EA}b) block copolymer, 
as already observed in 1H NMR spectroscopy and in gradient-elution LC×SEC, is 
supported by the observation of quite intense peaks of the EA-dimer and BnA-dimer 
fragments and the substantially reduced intensity of the mixed EA-BnA dimer 

4          5          6           7         8          9          10       11        12        13 
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fragments (compared to the signals in the chromatogram of poly(EA-ran-BnA) of 
roughly the same average composition, as shown in Figure 7c). These data, in 
combination with the information obtained from the 2D LC×SEC and NMR 
measurements, clearly illustrate the differences between the poly({EA}b-{BnA-ran-
EA}b) block copolymer and the random poly(EA-ran-BnA) copolymer. 

7.3.3 Thermal analysis 

In 2006, we suggested the possible thermotropic liquid crystallinity of poly(EA).10 
We observed birefringence for this polymer (see Chapter 2) and we tentatively 
assigned the transition observed in the differential scanning calorimetry thermogram 
upon heating as a transition from the crystalline to a liquid crystalline phase. Here, 
we report new insights in these phase transitions for the homopolymers poly(EA) 
and poly(BnA). 

7.3.3.1 Polarizing optical microscopy 

Carbon chain polymers, which are sp3-based, such as polyolefins or polycarbenes, 
are typically thought of as highly flexible polymers which display either amorphous 
or semi-crystalline morphologies. Although seldomly observed in all sp3-based 
backbone polymers, the possibility of liquid crystalline (LC) phases in both 
poly(EA) and poly(BnA) should be considered. The high degree of substitution 
would impede the free rotation around the flexible C–C backbone linkages, 
hindered by the dipolar interactions of the ester moieties in close proximity, thus 
resulting in a stiff helical rod-type molecule. To date, very few examples have been 
reported where LC properties where observed in polyolefin-alike carbon-chain 
polymers. Ungar29 reported the presence of a hexagonal mesophase in polyethylene 
at 280–307°C and 8 kbar external pressures, whereas de Jeu et al.30,31 reported on 
the shear-induced smectic ordering in isotactic polypropylene. In both cases liquid 
crystallinity could only be observed under rather extreme conditions, at high 
temperatures and high pressures, or upon applying large shear forces. More recently 
Naga et al. demonstrated liquid crystalline behavior in poly(methylene-1,3-
cyclopentane), a polyolefin synthesized from rigid 1,3-cyclopentane units.32 This 
polymer showed a nematic mesophase at ambient conditions (25°C, 1 bar).  
 The phase behavior of poly(EA) and poly(BnA), both in solution and in the melt, 
was investigated using polarizing optical microscopy. Since both polymers are 
soluble in CH2Cl2 we prepared 20 wt% solutions and found that both polymers form 
nematic lyotropic phases at room temperature. In this LC phase the polymer rods 
display long-range order but lack positional order. The nematic phases could be 
oriented using shear and upon slow evaporation of the solvent the nematic textures 
were preserved. The melt behavior of both polymers was investigated using an 
optical microscope equipped with a hot-stage. Samples were heated under ambient 
conditions using a heating rate of 10°C/min and we found that both polymers form 
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highly viscous nematic melts. Due to the high molecular weight of the polymers the 
nematic melts were difficult to align using shear. Both polymers show excellent 
thermal stabilities and broad nematic ranges, i.e. the nematic-to-isotropic coincides 
with the onset of thermal decomposition, which becomes apparent above 300°C. 
Both polymers show a remarkably stable nematic window of ~190°C for poly(EA) 
and ~140°C for poly(BnA). The thermotropic textures of poly(EA) are shown in 
Figure 8. Poly(BnA) shows similar textures. 

   
Figure 8. Thermotropic nematic melt of poly(EA) at 230°C; crossed polarizers, magnification 20×. 

The ability to access highly aligned fibers and films from sp3-based (i.e. poly-
carbene or poly-olefin based) LC materials will enable a whole new class of 
structural and functional applications previously not accessible. Therefore, the 
rheological behavior and XRD patterns of the LCs, both in solution and in the melt, 
need to be explored. 

7.3.3.2 Dynamic Mechanical Thermal Analysis (DMTA) 

The thermo-mechanical properties, i.e. the storage modulus (E’) and loss modulus 

(E”), were measured for poly(EA) and poly(BnA) between −100°C and 175°C and 
the results are given in Figure 9. For reasons of clarity only the data at 1 Hz are 
displayed in the Figure, which is representative for the rest of the data, as the 
general trend of the polymers did not change much with frequency. Both polymers 
showed relatively high storage moduli up to the glass-transition temperature Tg (for 
both polymers above room temperature); ~3.5 GPa. The recorded Tg values at 1 Hz 
are in good agreement with the values found in the DSC measurements (Table 3). 
Here Tg’s of 31°C and 57°C, as determined at maximum E”, are found for poly(EA) 
and poly(BnA) respectively. 
 The high plateau modulus above the Tg (~0.5 - 1.0 GPa) indicates that both 
polymers exhibit some degree of crystallinity. This semi-crystalline morphology is 
useful since it expands the practical end-use temperature of both polymers far 
beyond the Tg. The materials retain quite decent storage moduli in a broad elevated 
temperature range between Tg and Tm. At the end of the rubber plateau the 
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temperature approaches the melting point (Tm) and the material starts to flow under 
the applied load in the nematic melt, indicated by another drop of the storage 
modulus and an increase in tan δ. The temperature at which this occurs differs 
substantially for both materials: a flow point of 112°C was found for poly(EA), 
whereas 158°C for poly(BnA).  

 

 
Figure 9. a) Storage (E’) and loss modulus (E”) between −100 and 175°C for poly(EA) and b) poly(BnA) at 1 
Hz. Experiments were performed under nitrogen at a heating rate of 2.5°C/min. 

7.3.3.3 Differential Scanning Calorimetry 

Results of differential scanning calorimetric (DSC) measurements of all homo- and 
copolymers are shown in Table 3. The homo- and poly({M1}b-{M2-ran-M1}b) 
block copolymers are semi-crystalline (showing both Tg and Tc and Tm), while the 
random copolymers are completely amorphous (showing only Tg). These data 
provide additional evidence for the different structure of the random and 
copolymers. The observed transitions for the copolymers with benzyl and ethyl ester 
groups were found at temperatures between the transitions of poly(EA) and 
poly(BnA). A mixture of poly(EA) and poly(BnA) showed transitions at similar 
temperatures as the homo-polymers (entry 3). However, for this mixture, only one 
glass transition was found. 

a 

b 
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Table 3. Thermal properties of (co)polymers determined by differential scanning calorimetry.a 

entry polymer Mw (kDa) PDI Tg (°C) Tc (°C) Tm (°C) ΔHm 
(J/g) 

1 poly(EA) 150 3.6 22b 80 105 20 
2 poly(BnA) 370 2.4 52 154 181 20 
3  poly(EA)+ poly(BnA) 150; 370 3.6; 2.4 50c 84; 161 117; 161 2; 10 
4 poly({EA}b-{BnA-ran-EA}b) 350 2.4 46 91 120 1 
5 poly({EA}b-{EA-ran-tBuA}b) 380 4.1 - 89 113 3 
6 poly({BnA}b-{BnA-ran-tBuA}b) 70 3.8 49 163d 165d 1.5 
7 poly(EA-ran-BnA) 430 4.4 44 - - - 
8 poly(EA-ran-tBuA) 330 3.8 51 - - - 
9 poly(BnA-ran-tBuA) 100 3.7 62 - - - 

a General: DSC: heating rate: 1°C/min. Tm and Tc were determined from the heat flow curves, while Tg was 
derived from the reversing heat flow curves (1°C/min). b Determined from a cooling scan with 2°C/min 
modulated. c Only one Tg was observed. d Found after partial decomposition of the polymer due to heating to 
210°C. 

 
Samples of copolymers containing tBuA-groups were heated to 180°C in the first 
cycle(s) to prevent decomposition by iso-butene loss (vide infra). However, for 
poly({EA}b-{BnA-ran-tBuA}b) no crystallization or melting transitions were found. 
After heating to 210°C, Tc and Tm transitions were observed (entry 6), but 
presumably the polymer partially decomposed at these elevated temperatures. 

7.3.3.4 Thermogravimetric analysis 

All (co)polymers were subjected to thermogravimetric analysis. The thermal 
properties of poly(EA) have been reported previously,10 but will be included here 
for comparison. Polymers containing ethyl and/or benzyl ester moieties decompose 
above 300°C. For these copolymers no stabilizing or destabilizing effects were 
observed; the degradation curves of the copolymers lie between those of the 
corresponding homopolymers (Figure 10a). The atactic analogue of poly(EA), 
prepared from EDA with Pd-based catalysts by Ihara et al., showed a much lower 
decomposition temperature: at 183°C, 10% of the atactic polymer is decomposed.33 
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Figure 10. Weight loss curves of a) homo- and copolymers of carbenes from ethyl and benzyl diazoacetate 
and b) copolymers of carbenes from t-butyl diazoacetate. 
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The decomposition of poly(tBuA) differs from the decomposition of poly(di-t-butyl 
fumarate) reported in the literature.34 Poly(di-t-butyl fumarate) starts to decompose 
around 200°C and forms poly(fumaric acid) in one step. However, poly(tBuA) 
arrives to the approximately 50% weight decrease (corresponding to quantitative 
loss of isobutene) in two steps (Figure 10b). It is not clear whether this behavior is 
caused by higher tacticity of poly(tBuA) compared to poly(di-t-butyl fumarate). The 
subsequent smoother step to 43% of the weight could be due to anhydride formation 
(vide infra). 
 The degradation curve of poly({EA}b-{EA-ran-tBuA}b) (entry 12, Table 2) also 
clearly shows stepwise degradation, starting at 240°C (Figure 10b). The weight loss 
in the first step corresponds with loss of i-butene from the t-butyl groups, which 
was expected to result in formation of carboxylic acid groups. Since this is 
potentially interesting for the formation of amphiphilic polymers, the thermolysis 
was carried out on a preparative scale (vide infra). 

7.3.4 Thermolysis of tBu-ester containing copolymers 

The white solid polymeric materials were subjected to thermal degradation under 
continuous evacuation at 180°C for several hours. After heating, the polymer does 
not dissolve in either polar or apolar solvents, whereas all discussed (co)polymers 
with intact ester groups are soluble in e.g. chloroform or dichloromethane. 
Therefore, the product was analyzed by solid state NMR spectroscopy (Figure 11). 

 
Figure 11. 13C CPMAS NMR spectra of poly({EA}b-{EA-ran-tBuA}b) before (a) and after heating (b) at 
180°C under vacuum for 6 hours. Assignments are indicated in the figure, spinning sidebands are marked with 
an asterisk.  

Before heating, all the expected signals of the copolymers are visible. After heating, 
the signal for the t-butyl CH3-groups has decreased in intensity and the quaternary 
carbon signals has almost disappeared. If carboxylic acid groups are formed, the 
corresponding carbonyl signal should be observed more downfield around 180 
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ppm.35 The spectra do not reveal such signals. Formation of anhydrides seems the 
most likely explanation (Scheme 4). This was confirmed by IR spectroscopy (vide 

infra). Formation of a small amount of anhydrides was also observed when solid 
poly(di-t-butyl fumarate) was thermally degraded.17 

 
Scheme 4. Formation of intra and intermolecular anhydrides from poly(tBuA). 

The thermal decomposition of solid poly(EA-ran-tBuA) and poly({EA}b-{EA-ran-
tBuA}b) was monitored in time by IR spectroscopy (Figure 12). 
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Figure 12. IR spectra of thermolysis of tBu-ester containing copolymers: a) poly(EA-ran-tBuA) (entry 2 in 
Table 2) and b) poly({EA}b-{EA-ran-tBuA}b) (entry 5 in Table 2). 

a 

b 
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For both materials the appearance of two additional signals is observed at ~1780 
and ~1855 cm-1, corresponding to the formation of anhydrides.36 For poly(EA-ran-
tBuA) (Figure 12a) the anhydride signals are stronger, which can be explained by 
the higher t-butyl ester content. 
 The low solubility of the thermally degraded tBuA-containing polymers most 
likely indicates the formation of anhydride cross-links between polymer chains. In 
this way simple heating of the polymers containing t-butyl ester groups induces the 
formation of new, highly functionalized cross-linked polymers. This could be 
interesting from the perspective of applications as thermo-hardening polymers in 
e.g. glues or paints. Furthermore, the presence of a reactive anhydride moiety opens 
up the possibility for post-modification of the material by for example re-
esterification by reaction with alcohols.36 

7.4 Conclusions 

In conclusion, polymerization of carbenes from diazoesters by RhI pre-catalysts 
provides a method to obtain high molecular weight and stereoregular (co)polymers 
with a polar side group at every backbone carbon atom. The homopolymers from 
ethyl and benzyl diazoacetate were analyzed by polarizing optical microscopy and 
revealed thermotropic and lyotropic liquid crystallinity (nematic phases), which is 
remarkable for sp3-based carbon chain polymers. Furthermore, these homopolymers 
have relatively high storage moduli up to Tg and above. 
 The formation of random and poly({M1}b-{M2-ran-M1}b) block copolymers of 
carbenes from different diazoesters was confirmed by NMR spectroscopy, 
differential scanning calorimetry and size-exclusion chromatography. Both with 2D-
solubility-gradient chromatography-SEC and Py-GC-MS, a clear difference was 
observed between random poly(EA-ran-BnA) and block-type poly({EA}b-{BnA-
ran-EA}b) copolymers prepared from ethyl diazoacetate and benzyl diazoacetate, 
with the random block of the homo-random block polymer being strongly enriched 
in the BnA component. Especially Py-GC-MS showed that the polymerization of 
carbenes from diazoesters is a suitable method to synthesize poly({EA}b-{BnA-ran-
EA}b) block copolymers. Copolymers containing t-butyl ester groups could be 
converted into cross-linked polymers by simple heating. 
 The semi-crystalline behavior of the homopolymers and the poly({M1}b-{M2-
ran-M1}b) block copolymers and amorphous behavior of the random copolymers 
was revealed by thermal analysis. The implications of these studies for the 
mechanism of the reaction, the optimization of the reaction conditions and the 
applications of these new materials need to be investigated. 
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7.5 Experimental section 

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 under nitrogen were used for metal 
complex synthesis. The syntheses and catalytic activities of [(L-prolinate)RhI(1,5-
cyclooctadiene)] (1) and [(L-prolinate)RhI(1,5-dimethyl-1,5-cyclooctadiene)] (2) have been 
reported previously.10,11,13 Complex 2 was stored in air prior to the polymerization 
reactions.13 Benzyl diazoacetate16 (BnDA) was synthesized from glycine benzyl ester 
hydrochloride15 according to literature procedures. All other chemicals were purchased from 
commercial suppliers and used without further purification. Solution state NMR 
spectroscopy experiments were carried out on a Varian Inova 500 spectrometer (500 MHz 
and 125 MHz for 1H and 13C, respectively), a Bruker ARX 400 spectrometer (400 and 100 
MHz for 1H and 13C, respectively) or a Varian Mercury 300 spectrometer (300 MHz and 75 
MHz for 1H and 13C, respectively). Solvent shift reference for 1H NMR spectroscopy: 
CDCl3: δH = 7.26 ppm. For 13C NMR spectroscopy: CDCl3: δC = 77.0 ppm. Solid State NMR 
13C CP MAS NMR spectra were measured on a Chemagnetics 300 MHz spectrometer with a 
Bruker 2.5 mm MAS probe tuned to a resonance frequency for 13C of 75.480 MHz and 
300.149 MHz for 1H. Magic angle spinning was between 5.3 and 6.4 kHz while the number 
of acquisitions ranged from 3750 to 8192. Protons were decoupled during 30 ms of 
acquisition with an rf-field strength of 120 kHz and a CM decoupling sequence which was 

optimized on glycine (8.4 μs pulses and 3° modulation amplitude). Cross-polarization was 

performed with a 1 ms contact time with an rf field of 71 kHz and a 2% ramp for 1H and 66 
kHz for 13C. Chemical shifts were referenced externally using the CH2 resonance of solid 

adamantane (δ=38.48 ppm). IR solid state measurements were performed on a Shimadzu 
FTIR 8400S spectrometer equipped with a Specac MKII Golden Gate Single Reflection ATR 
system. Molecular weight distributions were measured using size-exclusion chromatography 
(SEC) on a Shimadzu LC-20AD system with two PLgel 5μm MIXED-C (300 mm 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 and T = 35°C. Polystyrene 
standards in the range of 760-1,880,000 g/mol (Aldrich) were used for calibration. Thermo-
gravimetric experiments were executed with a Perkin Elmer TGA7 with a heating rate of 
10°C/min under a nitrogen atmosphere. Differential scanning calorimetry was performed 
using a DSC Q1000 (TA-Instruments) in the modulated mode. The heating rate was 1°C/min, 
the amplitude of temperature modulation was 0.5°C and the period of modulation 60 s. 
Melting temperatures Tm and crystallization temperatures Tc were determined from the heat 
flow curves, while glass transition temperatures Tg were derived from the reversing heat 
flow curves. For the determination of Tg of poly(EA) a cooling rate of 2°C/min modulated 
was used. All Py-GC-MS analyses were performed on a Shimadzu GCMS-QP2010plus 
instrument equipped with an Optic 3 PTV injector from ATAS GL. GC analysis was carried 
out on a 15 m x 0.25 mm i.d. TC 5MS (5% phenyl-methylpolysiloxane) column with a film 

thickness of 0.25 μm (GL Sciences) using helium as a carrier gas at a flow rate of 1.6 
mL/min. All samples were dissolved in chloroform at approximately the same concentration 

(30 μg/mL). 1 μL of the solution was injected into the PTV injector. The PTV was 
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programmed from 40°C to 100°C at 5°C/s and after elimination of the solvent at 30°C/s up 
to 550°C (temperature was optimized for all analyzed polymers). The GC temperature 
program started once the PTV-injector had reached the final pyrolysis temperature. The GC 
temperature program run from 45°C to 320°C at 20°C/min. The initial and final holding 
periods were 3 min each. The mass spectrometer was used in the full-scan mode. Electron 
ionization mass spectra at 70-eV electron energy were obtained across the range of 50–500 
Da.  

  
 Polymerization of Carbenes from Diazoesters. The different polymerization reactions 
were carried out as described below. The work-up procedure is the same for each reaction. 
Homopolymerization. Alkyl diazoacetate (2 mmol) was added to a yellow solution of catalyst 
(0.04 mmol) in chloroform (5 mL). 
Random Copolymerization. A mixture of two alkyl diazoacetates (2 x 1 mmol) was added to 
a yellow solution of catalyst (0.04 mmol) in chloroform (5 mL). 
Block Copolymerization. The first alkyl diazoacetate (1.2 mmol) was added to a yellow 
solution of catalyst (0.04 mmol) in chloroform (5 mL). The mixture was stirred for 30 
minutes at room temperature, before the second alkyl diazoacetate (2 mmol) was added. (The 
conversion of EDA and the Mw of the formed poly(EA) after 30 minutes was determined 
with 1H NMR and SEC, respectively.)  
Polymerization Work-up. 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. 

  
 Thermolysis of tBu-ester Containing Copolymers. A sample of the copolymer was 
heated to 180°C under continuous vacuum for several hours. The color of the solid changed 
from white to slightly brown during the first hour and remained the same during the 
experiment. The progress of the thermolysis was monitored with solid state IR spectroscopy. 

  
 Polarizing Optical Microscopy (POM). Mesophases were identified with a Leica DMLD 
polarizing optical microscope equipped with a Linkam hot-stage. The thermotropic behavior 
of poly(EA) and poly(BnA) was studied between untreated glass slides using heating and 
cooling rates of 10°C/min. The lyotropic behavior of the polymers was investigated using 20 
wt% polymer solutions in CH2Cl2 at 25°C. 
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 Polymer NMR Spectroscopy. All polymers were dissolved in deuterated chloroform. 
Poly(tBuA) could not be dissolved. The spectra were measured at 298 K. 

Table 4. Tabulated 1H NMR chemical shift range (δ in ppm, (peak top)) of (co)polymers of EDA, BnDA and 
tBuDA with numbering scheme below. 

proton 
polymer 

freq. 
(MHz) I II III IV V VI 

poly(EA)10  500 
3.1 - 3.3 

(3.2) 
4.0 - 4.2 

(4.1) 
1.1 - 1.3 

(1.2) 
- - - 

poly(BnA)13  500 
3.5 - 3.7 

(3.6) 
- - 

4.5 - 5.0 
(4.7) 

7.0 - 7.3 
(7.1) 

- 

poly(EA-ran-BnA) 500 
3.2 - 3.7 

(3.4) 
3.7 - 4.2 

(3.9) 
0.8 - 1.4 

(1.1) 
4.6 - 5.2 

(4.9) 
7.0 - 7.6 

(7.2) 
- 

poly(EA-ran-tBuA) 400 
3.0 - 3.3 

(3.2) 
3.9 - 4.2 

(4.1) 
1.1 - 1.3 

(1.2) 
- - 

1.3 - 1.6 
(1.4) 

poly(BnA-ran-tBuA) 400 
3.3 - 3.8 

(3.6) 
- - 

4.5 - 5.2 
(4.8) 

6.9 - 7.5 
(7.1) 

1.0 - 1.5 
(1.2) 

poly({EA}b-{BnA-ran-EA}b)a 500 

3.1 - 3.2 
(3.2), 

 3.2 - 3.7 
(3.5) 

3.6 - 4.0 
(3.8), 

4.0 - 4.1 
(4.1) 

0.8 - 1.1 
(0.9), 

1.1 - 1.3 
(1.2) 

4.6 - 5.1 
(4.8) 

6.9 - 7.4 
(7.1) 

- 

poly({EA}b-{EA-ran-tBuA}b) 500 
3.1 - 3.2 

(3.2) 
3.9 - 4.2 

(4.1) 
1.1 - 1.3 

(1.2) 
- - 

1.3 - 1.6 
(1.4) 

poly({BnA}b-{BnA-ran-tBuA}b) 400 
3.5 - 3.7 

(3.6) 
- - 

4.5 - 5.0 
(4.7) 

6.9 - 7.5 
(7.1) 

1.0 - 1.6 
(1.2, 1.3) 

a Mixture of poly(EA) and poly({EA}b-{BnA-ran-EA}b). 

 

Table 5. Tabulated 13C NMR chemical shift values (δ in ppm) of (co)polymers of EDA, BnDA and tBuDA 
with numbering scheme below. 

proton 
polymer 

freq. 
(MHz) a b c d e f g h 

poly(EA)10  125 45 171 61 14 - - - - 
poly(BnA)13  125 45 171 - - 67 135, 128, 127 - - 

poly(EA-ran-BnA) 125 45 171 61 14 67 136, 128, 127 - - 
poly(EA-ran-tBuA) 100 45 171 60 14 - - 81 28 

poly(BnA-ran-tBuA) 100 * 171 - - 67 136, 128, 127 * 28 
poly({EA}b-{BnA-ran-EA}b)a 125 45 171 61 14 67 136, 128, 127 - - 
poly({EA}b-{EA-ran-tBuA}b) 125 45 171 61 14 - - 81 28 

poly({BnA}b-{BnA-ran-tBuA}b) 100 * 171 - - - 136, 128, 127 * 28 
* Resonance not observed. a Mixture of poly(EA) and poly({EA}b-{BnA-ran-EA}b). 
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 Dynamic Mechanical Thermal Analysis (DMTA). Poly(EA) and poly(BnA) were tested 
on a PerkinElmer Diamond DMTA, using thin films with typical geometries: 15 x 5 x 0.05 
mm. The films were cast from a CH2Cl2 solution using a doctor-blade on a Teflon substrate. 
The films were allowed to dry in air for 24 hours. The poly(BnA) films were prepared by 
allowing the solvent to slowly evaporate. Fast evaporation resulted in highly crystalline 

films, which were brittle and difficult to handle. Subsequently both films were dried at 40°C 
in an oven overnight under vacuum to remove any residual solvent and/or water. In the 
DMTA, the films were deformed in a cyclic sinusoidal mode with an amplitude of 2 μm and 
a static pre-load of 200 mN at four different frequencies, i.e. 0.1, 1, 10 and 100 Hz. All 

samples were heated from −100 to 175°C using a heating rate of 2°C/min under a nitrogen 

atmosphere. 
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Figure 13. IR spectra of: a) poly(EA), b) poly(BnA) and c) poly(tBuA). 
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13C CP MAS spectra 
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Figure 14. 13C CPMAS NMR spectra of a selection of homo- and co-polymers from diazoesters, with: a) 
thermolyzed poly(EA-tBuA), b) poly(EA-tBuA), c) poly(EA-BnA), d) poly(BnA), and e) poly(EA). 
Assignments are indicated in the figure, spinning sidebands are marked with an asterisk. 
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Summary 

Polymerization of C=C bond containing substrates is currently the most important 
method to prepare polymeric materials, exemplified by the many large-scale 
industrial plants producing polyethylene, polypropylene, polystyrene, poly(vinyl 
chloride), poly(methyl methacrylate) and a variety of other polymers from vinylic 
substrates (C2 polymerization, see Scheme 1). 

 
Scheme 1. Polymerization of C2 and C1 monomers. 

A major challenge in transition metal mediated (migratory) olefin insertion 
polymerization is the catalytic synthesis of stereoregular polymers from polar 
functionalized monomers. To our best knowledge, there are currently no 
polymerization catalysts that allow the formation of stereoregular carbon-chain 
polymers that are functionalized at every carbon atom (from 1,2-disubstituted vinyl 
monomers). C1 polymerization methodologies offer interesting possibilities to 
prepare such stereoregular polymers with a densely functionalized main-chain 
structure. 
 In the introductory Chapter 1, C1 polymerization methodologies reported in the 
literature are reviewed. These include Lewis acid and transition metal mediated 
polymerization of carbenes from for example diazo compounds or sulfur ylides. 
Although C1 polymerization is a very promising research area, the mechanistic 
understanding and the developments and applications of most of the reported C1 
polymerization methodologies showed to be still far from mature. For many of the 
reported C1 polymerization catalysts it proved difficult to obtain high molecular 
weight polymers, and control over the polymer tacticity was often poor.  
 This thesis describes the development of Rh-mediated carbene polymerization 
methodologies for the preparation of unprecedented stereoregular and highly 
functionalized polymers. In Chapter 2 the reaction of simple rhodium complexes 
with ethyl diazoacetate (EDA) is described, leading to highly stereoregular and 
high molecular weight polymers with an ester group on every carbon of the carbon-
chain (Scheme 2). The stereocontrol in the formation of poly(ethyl 2-ylideneacetate) 
(PEA) most likely involves propagation under chain-end control.  
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Scheme 2. Stereoregular polymerization of ethyl diazoacetate. 

On the basis of a comparison of the 13C NMR spectroscopy data with those obtained 
for isotactic enriched polyfumarates, the polymers obtained with Rh and EDA were 
found to be syndiotactic. This assignment was supported by solid state NMR 
spectroscopy experiments and molecular mechanics calculations. Diazoacetates 
containing other ester functionalities could also be polymerized, affording polymers 
containing polar functional side groups at each carbon of the carbon-chain 
backbone. 
 In the third Chapter the attempted use of supramolecular ligands to steer and 
control the carbene polymerization reaction is described. Supramolecular 
assemblies of [(cod)(NHC)Rh] complexes with ZnII-templates were reacted with 
EDA. Higher molecular weight polymers were obtained with these catalysts, but the 
effect of the ZnII-templates is general; without the formation of the assemblies the 
same results were observed. The ‘true’ active species are probably based on 
[Rh(cod)]+ (or its derivatives) formed when the NHC ligand has dissociated from 
the metal, which is more clear from the results described in Chapter 4 and 6. 
 A study into the reaction mechanism is discussed in Chapter 4. Ligand variation 
in combination with the results described in Chapters 2 and 3 led to the conclusion 
that the active species for the polymerization is stabilized by the diene ligand. 
Kinetic experiments show a low initiation efficiency for the Rh(diene)-catalyst 
systems described in this Chapter (1-5% of the added pre-catalyst becomes active in 
the polymerization). DFT calculations suggested a chain-growth pathway involving 
consecutive migratory insertion steps of carbene fragments, formed from the 

carbon-bound diazo substrate by rate-limiting dinitrogen loss, into the Rh−C bond 

of the growing chain (Scheme 3). The computational results readily explain the 
formation of syndiotactic polymers via a chain-end control mechanism. 

 
Scheme 3. Proposed mechanism of propagation steps of the Rh-mediated polymerization of polar 
functionalized carbenes (P = growing polymer chain, E = COOMe). 
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Chapter 5 describes an approach to decrease side product formation. The use of 
Me2cod-based Rh precursors led to very high molecular weight polymers (Scheme 
4). Remarkably, excellent polymer yields were obtained upon ‘aging’ the catalysts 
for prolonged times in air. 

 
Scheme 4. Formation of stereoregular and high molecular weight polymers from ethyl or benzyl diazoacetate 
in high yield. 

The results described in Chapter 6 provide valuable information about catalysts 
activation, initiation, termination and chain-transfer processes occurring during Rh-
mediated carbene polymerization reactions. The use of well defined (diene)RhI-
alkyl/aryl complexes did not lead to better initiation efficiencies, and hence catalyst 
activation under the applied reaction condition seems to be an important factor for 
the formation of high molecular-weight and stereoregular polycarbenes. Several 
species turned out to be active in Rh-mediated carbene transformations, explaining 
the formation of dimers, oligomers and polymers in the beginning of the reaction. 
This adds to the complexity of these reactions. 

 It seems that the chains start to grow from (diene)Rh−Y species (Y = anionic 

nucleophile or nucleophilic ligand), which undergo rapid β-hydrogen elimination in 
their non-modified forms, thus effectively leading to dimerization activity (Scheme 

5). Modification of these (diene)Rh−Y and (diene)Rh−H species under the applied 

reaction conditions leads to species for which β-hydrogen elimination is absent or 
suppressed, thus leading to the formation of atactic oligomers. Further catalyst 
modification then allows for the formation of stereoregular polymers. 

 
Scheme 5. Proposed product formation in reaction of the Rh-catalyst precursor with EDA (Y = nucleophilic 
donor ligand, anionic donor or H). 
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MALDI-ToF mass spectrometry analysis of the oligomers revealed the presence of 

saturated H−(CHCOOEt)n−H and Y−(CHCOOEt)n−H chains, suggesting that 
termination involves protonolysis in all cases. Chain-transfer takes place under the 
influence of alcohols (when added in high concentrations). Under such chain-

transfer conditions, RO−(CHCOOEt)n−H chains (R = Me, Et, Bu) are formed 

exclusively. The presence of the DEF and DEM dimeric side products negatively 
influences the polymerization reaction, and leads to lower polymer yields when they 
are added deliberately. 
 In the last Chapter the synthesis and characterization of syndiotactic copolymers 
of different diazoesters is described. The homopolymers from ethyl and benzyl 
diazoacetate were analyzed by polarizing optical microscopy and revealed 
thermotropic and lyotropic liquid crystallinity (nematic phases), which is 
remarkable for sp3-based carbon chain polymers. Furthermore, these homopolymers 
have relatively high storage moduli up to temperatures well above their Tg.  
 The formation of random and block copolymers from the different diazoesters 
(Figure 1) was confirmed by different techniques; NMR spectroscopy, size-
exclusion chromatography, thermal analysis and 2D liquid chromatography. The 
thermal and mechanical material properties of the homo- and copolymers, 
investigated by several techniques (thermo gravimetric analysis, differential 
scanning calorimetry, polarizing optical microscopy, dynamic mechanical thermal 
analysis), are also included in this Chapter. 

 

N2

O

O

N2

O

O

N2

O

O

EDA BnDA tBuDA  
Figure 1. Schematic representation of random and poly({M1}b-{M2-ran-M1}b) block copolymers prepared 
from ethyl, benzyl and t-butyl diazoacetate. 

In conclusion, polymerization of carbenes from diazoesters by RhI pre-catalysts 
provides a valuable new method to obtain high molecular weight and stereoregular 
(co)polymers with a polar side group at every backbone carbon atom. The polymers 
reveal interesting material properties, can be obtained in high yields and the scope 
of this method can easily be extended by using different diazo compounds.  
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Perspective 

It should be noted here that carbene polymerization can never compete 
commercially with traditional olefin polymerization methods. Diazoester monomers 
(C1-monomers) are intrinsically more expensive than olefins (C2-monomers). Any 
future applications of the new carbene polymerization techniques developed in this 
thesis should therefore be sought in the Performance Polymers / Engineering 
Plastics market, taking advantage of their special properties (e.g. using their densely 
packed polar functionalities for energy transfer purposes, LC behavior, retained 
modulus at elevates temperatures, or high thermal stability). Future investigations 
should therefore focus on unraveling even more special material properties of these 
new and unusual polymers, hopefully leading to commercial applications in a 
specialty-polymer market.  
 There are also some remaining synthetic challenges associated with the carbene 
polymerization methodologies described in this thesis. The initiation efficiencies are 
generally rather low, and in absence of chain transfer this requires the use of rather 
high Rh catalyst loadings (2 mol%) to obtain decent polymer yields. The high Rh 
price therefore contributes considerably to the production costs of these new 
polymers. Future research should therefore focus on raising the initiation 
efficiencies and achieving chain transfer in a controlled fashion (i.e. without 
producing too short polymers). These are likely solvable problems. Evidence for 
chain transfer pathways and improved initiation efficiencies in the presence of 
alcohols (as described in Chapter 6) are promising leads for future investigations in 
this direction, and should eventually make these reactions more efficient and truly 
‘catalytic’. The intriguing structures of the new highly stereoregular ester 
functionalized sp3-carbon chain (co)polymers (with high Mw) and their unusual 
material properties make such future investigations more than worthwhile, both 
from a commercial and an academic point of view. 
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Samenvatting 

Polymerisatie van C=C binding bevattende substraten is momenteel de meest 
belangrijke methode om polymeren te maken. Dit is duidelijk als we kijken naar de 
bulk chemische industrie die grote hoeveelheden polyethyleen, polypropyleen, 
polystyreen, poly(vinyl chloride), poly(methyl methacrylaat) en een variatie aan 
andere polymeren uit vinyl substraten produceert (C2 polymerisatie, zie Schema 1). 

 
Schema 1. Polymerisatie van C2 en C1 monomeren. 

Een grote uitdaging in overgangsmetaal gekatalyseerde olefine insertie 
polymerisatie is de katalytische synthese van stereoregulaire polymeren uit polair 
gefunctionaliseerde monomeren. Voor zover bij ons bekend, zijn er op dit moment 
geen polymerisatie katalysatoren die de vorming van stereoregulaire koolstofketen 
polymeren, die gefunctionaliseerd zijn op elk koolstof atoom (uit 1,2-
digesubstitueerde vinyl monomeren), kunnen bewerkstelligen. C1 polymerisatie 
methoden bieden interessante mogelijkheden om zulke stereoregulaire polymeren, 
met een dicht op elkaar gefunctionaliseerde hoofdketen structuur, te maken. 
 In het inleidende Hoofdstuk 1 worden C1 polymerisatie methoden uit de 
literatuur beschreven. Dit omvat Lewis zuur en overgangsmetaal gekatalyseerde 
polymerisatie van carbenen vanuit bijvoorbeeld diazo verbindingen of zwavel 
ylides. Hoewel C1 polymerisatie een veelbelovend onderzoeksgebied betreft, zijn 
het begrip van het mechanisme en de ontwikkeling en toepassing van de beschreven 
C1 polymerisatie methoden verre van volwassen. Voor veel van de beschreven C1 
polymerisatie katalysatoren blijkt het lastig om polymeren met een hoog molecuul 
gewicht te verkrijgen. Bovendien is er vaak weinig controle over de tacticiteit. 
 Dit proefschrift beschrijft de ontwikkeling van carbeen polymerisatie methoden 
met behulp van rhodium voor het maken van nieuwe stereoregulaire en hoog 
gefunctionaliseerde polymeren. In Hoofdstuk 2 wordt de reactie van simpele 
rhodium complexen met ethyl diazoacetaat (EDA) beschreven. Deze reactie 
resulteert in hoog stereoregulaire polymeren met een hoog molecuul gewicht en 
met een estergroep op elk koolstof atoom van de hoofdketen (Schema 2). 
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Schema 2. Stereoregulaire polymerisatie van ethyl diazoacetaat. 

Hoogstwaarschijnlijk wordt de stereochemie van het poly(ethyl 2-ylideenacetaat) 
(PEA) tijdens de reactie bepaald door het einde van de keten. Op basis van een 
vergelijking met 13C NMR spectroscopie data die verkregen zijn voor isotactisch 
verrijkte polyfumaraten, kunnen we de polymeren die zijn gemaakt met rhodium en 
EDA toekennen als syndiotactische polymeren. Deze toekenning wordt ondersteund 
door vaste stof NMR spectroscopie experimenten en moleculaire mechanica 
berekeningen. 

 Diazoacetaat moleculen met andere estergroepen kunnen ook gepolymeriseerd 
worden en dit resulteert in polymeren met een polaire functionele zijgroep aan elk 
koolstofatoom van de hoofdketen. 
 In het derde Hoofdstuk wordt een poging beschreven om de carbeen 
polymerisatie reactie te sturen en te controleren met supramoleculaire liganden. 
Supramoleculaire assemblages van [(cod)(NHC)Rh] complexen met ZnII-templaten 
werden toegevoegd aan ethyl diazoacetaat. Polymeren met hogere molecuul 
gewichten werden verkregen met deze katalysatoren, maar het effect van de ZnII-
templaten is generiek; dezelfde resultaten werden verkregen zonder de vorming van 
de assemblages. Het ‘echte’ actieve deeltje is waarschijnlijk gebaseerd op 
[Rh(cod)]+ (of een afgeleide hiervan) dat wordt gevormd als het NHC ligand van het 
metaal is gedissocieerd. De resultaten die beschreven zijn in Hoofdstuk 4 en 6 
maken dit duidelijker. 
 Het reactiemechanisme is bestudeerd in Hoofdstuk 4. Ligand variatie in 
combinatie met de resultaten die zijn beschreven in Hoofdstuk 2 en 3 leidden tot de 
conclusie dat het actieve deeltje voor de polymerisatie wordt gestabiliseerd door het 
dieen ligand. Kinetische experimenten laten een lage initiatie efficiëntie zien (1-5% 
van de toegevoegde prekatalysator wordt actief in de polymerisatie) voor de 
Rh(dieen)-katalysator systemen beschreven in dit Hoofdstuk. DFT berekeningen 
suggereren een ketengroei mechanisme met opeenvolgende insertiestappen van 

carbeenfragmenten in de Rh−C binding van de groeiende keten (Schema 3). Deze 
carbeenfragmenten zijn gevormd uit het koolstofgebonden diazo substraat door 
snelheidsbepalend stikstof verlies. De resultaten van deze berekeningen verklaren 
de vorming van syndiotactische polymeren via een zogenoemd ‘chain-end control’ 
mechanisme. 
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Schema 3. Voorgesteld mechanisme van de propagatiestappen van de polymerisatie van polair 
gefunctionaliseerde carbenen met behulp van rhodium (P = groeiende polymeerketen, E = COOMe). 

Hoofdstuk 5 beschrijft een mogelijke manier om bijproduct vorming te verkleinen. 
Het gebruik van op Me2cod-gebaseerde Rh uitgangsstoffen leidde tot polymeren 
met zeer hoge molecuul gewichten (Schema 4). Opmerkelijk hoge polymeer 
opbrengsten werden verkregen na ‘veroudering’ van de katalysatoren voor langere 
tijd aan de lucht. 

 
Schema 4. Vorming van stereoregulaire polymeren met hoge molecuul gewichten in hoge opbrengst. 

De resultaten beschreven in Hoofdstuk 6 leveren waardevolle informatie over 
katalysator activering, keten initiatie, terminatie en ketenoverdracht processen die 
optreden tijdens de rhodium gekatalyseerde carbeen polymerisatie reacties. Het 
gebruik van goed gedefinieerde (dieen)RhI-alkyl/aryl complexen leidde niet tot 
betere initiatie efficiënties en daarom lijkt katalysator activering onder de gebruikte 
reactieomstandigheden een belangrijke factor voor de vorming van stereoregulaire 
polycarbenen met een hoog molecuul gewicht. Verscheidene deeltjes bleken actief 
in de Rh-gekatalyseerde carbeen transformaties en daarmee kan de vorming van 
dimeren, oligomeren en polymeren in het begin van de reactie worden verklaard. 
Dit maakt deze reactie zeer complex. 

 Het lijkt erop dat de keten begint te groeien op (dieen)Rh−Y deeltjes (Y = 

anionische nucleofiel of nucleofiel ligand), die snelle β-waterstof eliminatie 

ondergaan in hun niet-gemodificeerde vorm. Dit leidt dus effectief tot dimerisatie 

activiteit (Schema 5). Modificatie van deze (dieen)Rh−Y en (dieen)Rh−H deeltjes 

onder de gebruikte reactie omstandigheden leidt tot deeltjes waarvoor β-waterstof 

eliminatie afwezig of onderdrukt is, wat resulteert in de vorming van atactische 
oligomeren. Verdere katalysator modificatie leidt tot de vorming van stereoregulaire 
polymeren. 
 Met MALDI-ToF massa spectrometrie analyse van de oligomeren werd de 

aanwezigheid van verzadigde H−(CHCOOEt)n−H en Y−(CHCOOEt)n−H ketens 
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aangetoond. Dit betekent dat de terminatie in alle gevallen via protonolyse verloopt. 
Ketenoverdracht vindt plaats onder de invloed van alcoholen (als deze in hoge 
concentraties worden toegevoegd). Onder zulke ketenoverdracht condities worden 

uitsluitend RO−(CHCOOEt)n−H ketens (R = Me, Et, Bu) gevormd. De 
aanwezigheid van de dimeren, DEF and DEM, beïnvloedt de polymerisatie reactie 
op een negatieve manier en leidt tot lagere opbrengsten als ze met opzet worden 
toegevoegd. 

 
Schema 5. Voorgestelde product vorming in de reactie van de Rh-prekatalysator met EDA (Y = nucleofiel 
donor ligand, anionische donor of H). 

In het laatste Hoofdstuk worden de synthese en karakterisering van syndiotactische 
copolymeren van verschillende diazoesters beschreven. De homopolymeren van 
ethyl en benzyl diazoacetaat werden geanalyseerd met polarisatie microscopie en 
lieten thermotrope en lyotrope vloeibare kristalliniteit zien (nematische fasen), wat 
opmerkelijk is voor sp3-gebaseerde koolstofketen polymeren. Ook hebben deze 
homopolymeren relatief hoge zogenoemde ‘storage moduli’ bij temperaturen ruim 
boven hun Tg.  
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Figuur 1. Schematische weergave van random en poly({M1}b-{M2-ran-M1}b) blok copolymeren gemaakt 
van ethyl, benzyl en t-butyl diazoacetaat. 

De vorming van random en blok copolymeren van de verschillende diazoesters 
(Figuur 1) werd bevestigd met behulp van verschillende technieken; NMR 
spectroscopie, GPC, thermische analyse en 2D vloeistof chromatografie. De 
thermische en mechanische materiaal eigenschappen van de homo- en copolymeren 

homo M1 blok random M2 > M1 blok (verrijkt in M2) 

random 
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werden onderzocht met behulp van meerdere technieken (thermografiemetrische 
analyse, DSC, polarisatiemicroscopie, dynamisch mechanische thermische analyse) 
en zijn in dit Hoofdstuk beschreven. 
 Concluderend, polymerisatie van carbenen van diazoesters door RhI pre-
katalysatoren biedt een waardevolle nieuwe methode voor het maken van 
stereoregulaire (co)polymeren met een hoog molecuul gewicht en een polaire 
zijgroep aan elk koolstofatoom in de hoofdketen. De polymeren hebben interessante 
materiaaleigenschappen, kunnen worden gemaakt in hoge opbrengsten en de 
methode kan gemakkelijk worden uitgebreid door het gebruik van andere diazo 
verbindingen. 
 

Perspectief 

Belangrijk om op te merken is dat polymerisatie van carbenen op commercieel vlak 
nooit kan concurreren met traditionele olefine polymerisatie methoden. Diazoester 
monomeren (C1 monomeren) zijn namelijk intrinsiek duurder dan olefines (C2 
monomeren). Elke toekomstige toepassing van de nieuwe carbeen polymerisatie 
methode ontwikkeld in dit proefschrift moet daarom worden gezocht in the markt 
voor zogenoemde ‘Performance Polymers/Engineering Plastics’, waar gebruik 
gemaakt wordt van hun speciale eigenschappen (bijvoorbeeld door de dichte 
pakking van de polaire functionele groepen te gebruiken voor energieoverdracht 
doeleinden, vloeibaar kristallijn gedrag, hoge thermische stabiliteit). Het onderzoek 
zou zich in de toekomst moeten richten op nog meer speciale 
materiaaleigenschappen van deze nieuwe en ongebruikelijke polymeren, die 
hopelijk leiden tot commerciële toepassingen in een markt voor ‘specialty-
polymers’.  
 Er zijn nog enkele synthetische uitdagingen te overwinnen t.a.v. de carbeen 
polymerisatie methode beschreven in dit proefschrift. De initiatie efficiënties zijn 
over het algemeen vrij laag en in afwezigheid van ketenoverdracht is de Rh 
katalysator in vrij hoge concentraties nodig (2 mol %) om redelijke polymeer 
opbrengsten te verkrijgen. De hoge rhodium prijs draagt dan ook in belangrijke 
mate bij aan de productiekosten van deze nieuwe polymeren. Toekomstig onderzoek 
zal zich dan ook moeten richten op het verhogen van de initiatie efficiëntie en het 
bereiken van gecontroleerde ketenoverdracht (zonder het maken van te korte 
polymeren). Het lijkt erop dat dit een oplosbaar probleem is. Aanwijzingen voor 
ketenoverdracht processen en hogere initiatie efficiënties in de aanwezigheid van 
alcoholen (zie Hoofdstuk 6) zijn veelbelovend voor dergelijk toekomstig onderzoek 
en zouden deze reactie uiteindelijk efficiënter en echt ‘katalytisch’ moeten maken. 
De nieuwe, hoog stereoregulaire ester gefunctionaliseerde sp3-koolstof keten 
(co)polymeren (met hoge MW), en hun ongebruikelijke materiaal eigenschappen 
maken deze toekomstige experimenten zeker de moeite waard, vanuit zowel 
commercieel als academisch oogpunt. 
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die andere aio-plek heeft aangeboden (en dat ik eindelijk eens kon zien wie er op 
‘mijn’ publicatie stond ☺!) Je hebt me altijd veel geholpen met eigenlijk alles. 
Zonder jou waren dit niet van die fantastische jaren geweest! 
 
Erica 
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