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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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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. 
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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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