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Chapter 3 

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

Carbene Polymerization Reactions  
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3.1 Introduction 

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

 

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

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

Freshly prepared [(L-pro)RhI(Me2cod)] (obtained by reacting racemic 
[{(Me2cod)RhI( -Cl)}]2 with deprotonated enantiomerically pure L-proline in methanol 
at room temperature; see Scheme 2) is poorly active as a polymerization catalyst, and 
produces mainly fumarate and maleate carbene dimers. The effect of air on this system 
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is complicated, and can be interpreted in multiple ways. The non-oxidized catalyst 
reveals the presence of two diastereoisomers in a ratio of ca. 5:3.1  

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

 
Scheme 2. Synthesis of catalyst precursor 1

 

 

 

0  +1.1 kcal mol-1 

 

 
 

+ 
 

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

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

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

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

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

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

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

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

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

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

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

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

 

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

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

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

Rh–N 2.128 2.109 
Rh–O 2.082 2.042 

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

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

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

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

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

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

199220-bw-Walters.indd   74 14-11-13   10:59



 Diastereomers of [(prolinate)RhI(diene)] 

 75 

 
[(2-L-Me-pro)RhI(R-Me2cod)]   [(2-L-Me-pro)RhI(S-Me2cod)] 

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

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

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

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

Rh–N 2.111 2.112 
Rh–O 2.072 2.072 

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

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

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

N–Rh–O 78.33 78.89 

 

 

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

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

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

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

Rh–N 2.111 2.109 
Rh–O 2.083 2.042 

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

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

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

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

3.2.2. Polymerization of ethyl diazoacetate  

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

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

Entry Catalyst Ratiob

a / b 
Polymer 

yield (%)c 
Oligomer 
yield (%) 

Dimer 
yield (%)

Mw  
(kDa)d

Mw/Mn IEe 

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

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

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

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

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

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

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

3.2.4. Exposing precatalyst 4 to air 

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

3.2.5 Exposing precatalyst 6 to air 

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

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

Entry Catalyst 
(diastereomers)  

weeks Polymer yield 
(%)b 

Oligomer 
yield (%) 

Dimer yield 
(%) 

Mw (kDa)c Mw/Mn IEd 

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

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

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

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

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

199220-bw-Walters.indd   80 14-11-13   10:59



 Diastereomers of [(prolinate)RhI(diene)] 

 81 

3.4 Experimental 
General procedures 

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

and NCH2), 3.65-3.55 (2a, m, 1H, NCH2), 3.5 (2b, m, 1H, NHCH2), 3.35-3.19 (2b, m, 4H, 2 x
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CH2cod),  2.95-2.91 (dd, 1H, CHOH), 2.64-2.496 (m, 4H, 2 x CH2cod), 2.41-2.1 (overlapping, 
6H, 2a and 2b OH and 2b, 2 x CH2cod), 2.10-1.60 (overlapping, 12H, 4 x CH2cod and 2 x 
NCHCH2), 1.58 (s, 3H, CH3), 1.49 (overlapping, s, 6H, CH3), 1.45 (s, 3H, CH3) ppm.13C NMR 
(125 MHz, CDCl3, 298 K):  73.3 (CH-OH), 71.8 (3 (CH-OH), 70.8 (CHCMe), 70.0 (CHCMe), 
63.4 (COOCH), 61.8 (COOCH),  58.84 (NHCH2), 57.3 (NHCH2), 39.9  37.1 (CH2CH), 36.3 
(CH2NH), 30.6 (CH3), 30.4 (CH2cod), 28.8 (CH2cod), 28.1 (CH3) ppm. 
 
Synthesis of [(picolinacid)RhI(Me2cod)] (3). A solution of picolinacid (369.3 mg, 3 mmol) and 
sodium hydroxide (120 mg, 3 mmol) in methanol (15 mL) was stirred for 45 min. The mixture 
was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 (823.5 mg, 1.5 mmol) in methanol 
(10 mL). The obtained clear yellow solution was stirred for 1 h at RT. The solvent was removed 
in vacuo, and the product was extracted with dichloromethane. The mixture was filtered over 
Celite, and subsequently the solvent was evaporated. The product was crsytaillized with 
MeOH:Ether, 1:5. Yellow crystals were obtained (155 mg, 14%). 1H NMR (400 MHz, CDCl3, 
298 K):  8.27 (d, 1H, NCH), 8.14 (d, 1H, NCCH), 7.91 (t, 1H, NCCHCH), 7.47 (t, 1H, 
NCHCH), 4.25 (m, 1H, CHcod), 3.44 (m, 1H, CHcod), 2.52 (overlapping m, 2H 2x CH2cod), 
2.23 (overlapping m, 2H 2x CH2cod), 1.89 (overlapping m, 2H 2x CH2cod), 1.82 (overlapping m, 
2H 2x CH2cod), 1.59 (s, 3H, Mecod), 1.43 (s, 3H, Mecod) ppm. 13C NMR (125 MHz, CDCl3, 298 
K):  171.62 (COO), 154.38 (NC), 146.99 (NCH), 138.96 (NCCHCH), 126.45 (NCCH), 126.28 
(NCHCH), 101.91 (CCH3), 90.53 (CCH3), 80.07 (d, CHcod), 72.25 (d, CHcod), 39.67 (CH2cod), 
37.40 (CH2cod), 29.37 (CH2cod), 28.00 (CH3cod), 27.88 (CH2cod), 27.78 (CH3cod) ppm.
 
Synthesis of [(2-(L)-methylprolinate)RhI(Me2cod)] (4). A solution of 2-L-methylproline (129 
mg, 1 mmol) and sodium hydroxide (40 mg, 1 mmol) in methanol (10 mL) was stirred for 10 min. 
The mixture was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 (275 mg, 0.5 mmol) in 
methanol (10 mL) and stirred for 1h at rt. The solvent was removed in vacuo, and the product was 
extracted with dichloromethane. The mixture was filtered over Celite, and subsequently the 
solvent was evaporated till 2 ml was left. Ether (40 ml) was added slowly to crystallize the 
product in 85% yield (0.85 mmol).1H NMR (400 MHz, CDCl3, 298 K); mixture of two 
diastereoisomers, 5a,b, ratio 1:1,  4.15 (m, 2H, CHCMe), 3.52 (m, 2H, NCH2) 3.4 (m, 1H, 
CHCMe), 3.3 (overlapping m, 2H, NCH2, CHCMe), 3.05 (m, 2H, NCH2), 2.61 (m, 4H, CH2cod) 
2.36 (overlapping m, 4H, CH2cod), 2.22 (overlapping m, 2H, CH2cod), 2.03 (overlapping m, 2H, 
CH2cod), 1.97 (s, 3H, NCCH3), 1.87 (overlapping m, 6H, CH2cod and NCH2), 1.74 (overlapping 
m, 6H, CH2cod, NCH2CH2), 1.63 (s, 3H, NCCH3), 1.61 (s, 3H, CHCCH3), 1.50 (s, 3H, NCCH3), 
1.40 (s, 3H, CHCCH3), 1.38 (s,3H, CHCCH3) ppm. 13C NMR (125 MHz, CDCl3, 298 K): 184.3 
(5b, COO), 181.9 (5a, COO), 100.4 (5b, CMe), 100.3 (5a, CMe), 85.0 (5b, CMe), 83.9 (5a, CMe), 
80.2 (5b, CHCMe), 80.0 (5a, CHCMe), 73.2 (5b, CHCMe) 71.0 (5a, CHCMe), 72.9 (5b, NCMe), 
71.0 (5a, NCMe), 51.2 (5a, NCH2), 49.4 (5b, NCH2), 38.8, 37.2, 36.8, 36.3 (CH2cod), 30.7, 29.6, 
29.0, 27.7 (CH2cod), 30.3, 29.5, 27.8, 27.4 (CCH3), 26.0, 25.3 (NCCH3) ppm. 
 
Synthesis of [(3-(D)-allyl-prolinate)RhI(Me2cod)] (5). A solution of 2-(2-propene)proline 
hydrochloride (192 mg, 1 mmol) and sodium hydroxide (80 mg, 2 mmol) in methanol (10 mL) 
after stirring for 20 min, the mixture was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 
(275 mg, 0.5 mmol) in methanol (10 mL). The obtained clear yellow solution was stirred for 1.5 
hr at RT. The solvent was removed in vacuo, and the product was extracted with dichloromethane. 
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The mixture was filtered over Celite, and subsequently the solvent was evaporated. The product 
was obtained as a yellow powder (244 mg, 62%). 1H NMR (400 MHz, CDCl3, 298 K); mixture of 
two diastereoisomers 5a and 5b, ratio 1:0.7  5.95 (m, 1H, CH2CH), 5.91 (m, 1H,CH2CH ), 5.54 
(dd, 1H, CHCH2), 5.24 (dd, 1H, CHCH2), 4.17 (m, 2H, CHcod), 3.45 (m, 1H, NCH2), 3.28 (m, 
2H,NCH2CH2), 3.21 (m, 2H, NCH2CH2) 3.04 (m 1H, NCH2), 2.91 (m, 2H, NCH2CH2), 2.80 (dd, 
1H, CH2CHCH2), 2.60 (m, 2H, CH2CqCOO), 2.51 (m, 2H, CH2CHCH2), 2.37 (4H, CH2CqCOO), 
2.2 (overlapping m, 3H, CH2CHCH2, NCH2CH2), 2.0 (m, 4H, CH2cod), 1.9 (m, 4H, CH2cod), 
1.71 (overlapping m, 8H,NCH2CH2, CH2cod), 1.60 (overlapping s, 3H, CH3), 1.53 (6b, s, 2H 
CH3), 1.37 (6a and 6b, s, 5H, CH3) ppm. 13C NMR (125 MHz, CDCl3, 298 K):  183.8 (6b, 
COO), 181.6 (6a, COO), 132.9 (6b, CH2CHCH2), 132.1 (6a, CH2CHCH2), 120.9 (6b, CCH2CH), 
120.1 (6a, CCH2CH), 100.0 (6a, CMe), 99.8 (6b, CMe), 85.0 (6b, CMe) 83.8 (6a, CMe), 80.2 (6b, 
CHCMe), 79.7 (6a, CHCMe), 74.6 (6b, NC), 72.5 (6a, NC), 73.2 (7b, CHCMe), 72.0 (6a, 
CHCMe), 51.3 (6a, NCH2), 49.4 (6b, NCH2),  42.7 (6a, CHCH2), 41.6 (6b, CHCH2), 38.7, 37.2, 
36.6, 36.0 (CH2cod), 35.3, 33.1, 30.8, 29.4 (CH2cod), 29.2 (CH2), 27.6 (CH2), 25.7, 24.4 
(NHCH2CH2), 30.4, 29.3, 27.9, 27.5 (CH3) ppm. 
 
Synthesis of [((L/D)-prolinate)RhI(Me2cod)] (6). A solution of racemic (L/D)-proline (0.72 gr, 
6.3 mmol) and sodium hydroxide (0.25 g, 6.3 mmol) in methanol (10 mL) was stirred for 45 
min.The mixture was added to a yellow suspension of [{RhI(Me2cod)( -Cl)}]2 (0.86 gr, 1.57 
mmol) in methanol (10 mL). The obtained clear yellow solution was stirred for 2.5 hr at RT. The 
solvent was removed in vacuo, and the product was extracted with dichloromethane. The mixture 
was filtered over Celite, and subsequently the solvent was evaporated. The product was 
crsytaillized with MeOH:Ether, 1:20. Yellow crystals were obtained (798 mg, 72%). 1H NMR 
(400 MHz, CDCl3, 298 K):  4.14 (m, 1H, CH=CMe), 3.77 (q, 1H, CHCOO), 3.32 (m, 1H, 
NHCH2), 3.21 (overlapping, m, 2H, CH=CMe and NHCH2), 2.33 (overlapping, m, 4H, CH2cod 
and NHCH2CH2), 2.20 (m, 2H, CH2cod), 2.04 (m, 1H, CHCH2), 1.92 (m, 2H, CH2cod), 1.78 
(overlapping, m, 3H, CH2cod and CHCH2), 1.60 (s, 3H, CH3), 1.43 (s, 3H, CH3) ppm. 13C NMR 
(125 MHz, CDCl3, 298 K):  182.31 (s, COO), 100.24 (d, 1JRh C = 13 Hz, CH=CMe), 85.49 (d, 
1JRh C = 14 Hz, CH=CMe), 79.62 (d, 1JRh C = 12 Hz, CH=CMe), 73.20 (d, 1JRh C = 14 Hz, 
CH=CMe), 65.13 (s, COO CH enatiomer) 65.16 (s, COO CH), 50.86 (s, NH CH2), 48.94 (s, 
NH CH2 of enantiomer), 38.83, 37.40, 37.11, 36.35 (s, CH2 of Me2cod), 29.76 (s, CH2), 28.99 (s, 
CH3), 29.25, 26.96, 25.29 (s, CH2), 25.31 (s, CH3) ppm.  
 
Polymerization of carbene from diazoesters. Ethyl diazoacetate (2 mmol) was added to a 
yellow solution of catalyst (0.04 mmol) in chloroform (5 mL). The mixture was stirred for 14 
hours at room temperature. Subsequently, the solvent was removed in vacuo and methanol was 
added to the oily residue. The precipitate was centrifuged and washed with methanol until the 
washings were colorless. The resulting white powder was dried in vacuo. The methanol washings 
were collected and the solvent and dimers were evaporated to collect the oligomer fraction. The 
dimer yield was calculated (100% – Oligomer yield (%) – polymer yield (%) = dimer yield (%)). 
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