
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Rhodium mediated stereoselective polymerization of carbenes

Jellema, E.

Publication date
2010

Link to publication

Citation for published version (APA):
Jellema, E. (2010). Rhodium mediated stereoselective polymerization of carbenes. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:23 May 2023

https://dare.uva.nl/personal/pure/en/publications/rhodium-mediated-stereoselective-polymerization-of-carbenes(6ad6d783-c8d3-442d-bddb-e0e63bffca79).html


Chapter 4 

 

 

Rh-mediated polymerization of carbenes: 
mechanism and stereoregulation* 

 

 

 

 

 

 

 

 

 

 

 

 

* Part of this work has been published: Reproduced in part with permission [Jellema, E.; 
Budzelaar, P. H. M.; Reek, J. N. H.; de Bruin, B. J. Am. Chem. Soc. 2007, 129, 11631.] 
Copyright [2007] American Chemical Society.  



Chapter 4 

 84

 

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. 

H

ROOC P
M

H

COOR
H

COORP
M

H

COOR

Re face attack by chain
carbon in S configuration
leading to syndio coupling

Si face attack by chain
 carbon in R configuration
leading to syndio coupling  

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-



Mechanism and stereoregulation 

 99

(+)-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. 

 
  



Chapter 4 

 100

[(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: 
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'3'2

23

k
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which can be calculated from the kinetic equations below: 
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Steady-state assumption on [2] and [2’] (d[2]/dt = 0 and d[2’]/dt = 0) gives: 
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]1[
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kkk −+
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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
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)(

]'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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