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The road ahead is long and has no ending, 
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Abstract 

Due to their high performance in both activity and selectivity, dirhodium catalysts have been 

widely employed in syntheses of important bioactive substances or pharmaceuticals, and have 

been recognized as one of the indispensable organometallic catalysts. However, rhodium is a 

kind of rare and precious metal element on earth, and thus catalysts based on this element are 

very expensive. Furthermore, metal contamination of pharmaceuticals in homogeneous 

reactions is feasible owing to the unsatisfactory homogeneous catalyst recovery and recycling. 

Accordingly, the development of heterogeneous dirhodium catalysts, which can be easily 

separated from a reaction mixture and used multiple times, is considered to be an effective 

way to overcome these intrinsic problems of homogeneous catalysts. This thesis presents two 

different approaches to prepare heterogeneous chiral dirhodium catalysts. One approach is the 

immobilization of dirhodium catalysts based on self-assembled coordination polymers via 

ligand exchange. The second approach is to immobilize dirhodium catalysts on mesoporous 

silica material SBA-15 via Cu(I)-catalyzed azide-alkyne click reaction. 

1. A facile approach is reported for the preparation of dirhodium coordination polymers via 

ligand exchange between dirhodium trifluoroacetate Rh2(TFA)4 and differently sized chiral 

dicarboxylic acids derived from L-phenylalanine or L-tert-leucine. Multiple techniques 

including FT-IR, XPS, and solid-state NMR spectroscopy reveal the formation of the 

coordination polymers via ligand exchange. Although the quantitative 
19

F CP MAS NMR 

spectra demonstrate incomplete ligand exchange in the resulting coordination polymers, these 

dirhodium polymers show excellent catalytic activity in the asymmetric cyclopropanation 

reaction of diazooxindole and aryl alkenes. SEM images indicate that the dirhodium polymers 

possess a lamellar structure. XPS data demonstrate that the state of rhodium in the dirhodium 

nodes is maintained during the synthesis of the polymers. In particular, the enantioselectivity 

of the dirhodium coordination polymers, which were synthesized from aromatic dicarboxylic 

acids derived from L-tert-leucine, showed significant improvement compared to the 

dirhodium polymers carrying dicarboxylic acids derived from L-phenylalanine. Importantly, 

the dirhodium polymers can be easily recycled and reused five times without significant 

decrease in their catalytic performance. 

2. In the second approach a novel heterogeneous chiral dirhodium catalyst, namely Rh2(S-

PTTL)3(S-PTTL-linker)~SBA-15, has been prepared via click reaction of azide-functionalized 

SBA-15 with the dirhodium complex Rh2(S-PTTL)3(S-PTTL-alkyne) containing an alkyne 

moiety. During the preparation of this catalyst, an analogous chiral ligand system containing 

an alkyne moiety (S-PTTL-alkyne) is employed to exchange one chiral ligand of the parent 

Rh2(S-PTTL)4 catalyst, which could largely preserve the intrinsic catalytic performance of the 

catalyst. The resulting heterogeneous dirhodium catalyst is characterized by FT-IR and 
13

C 

solid-state NMR to validate the successful immobilization. The catalytic performance of the 

heterogeneous catalyst Rh2(S-PTTL)3(S-PTTL-linker)~SBA-15 is explored in the asymmetric 

cyclopropanation of 3-diazooxindole with different aryl alkenes that form spiro-

cyclopropyloxindoles which serve as precursors for pharmaceuticals. The novel catalyst 
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shows excellent catalytic activity with high levels of enantioselectivity. Meanwhile, it can be 

readily recovered and reused at least four times without significant loss of its catalytic 

performance.  
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Zusammenfassung 

Aufgrund der hohen Leistungsfähigkeit sowohl in Bezug auf Aktivität als auch Selektivität 

sind Dirhodium-Katalysatoren in der Synthese wichtiger bioaktiver Substanzen oder 

Pharmazeutika weit verbreitet und als unverzichtbare metallorganische Katalysatoren 

anerkannt. Rhodium ist jedoch ein seltenes Edelmetallelement. Aus diesem Grund sind 

Dirhodiumkatalysatoren häufig sehr teuer. Andererseits stellt Rhodium als 

Metallverunreinigung bei der Herstellung von Pharmazeutika in homogenen Reaktionen ein 

großes Problem dar. Darüber hinaus ist die Aufreinigung und Rückgewinnung des 

homogenen Katalysators für die mögliche Wiederverwendung häufig sehr aufwendig. 

Dementsprechend wird die Entwicklung von heterogenen Dirhodiumkatalysatoren, die leicht 

aus einem Reaktionsgemisch abgetrennt und mehrfach verwendet werden können, als 

effektiver Weg angesehen, diese Nachteile homogener Katalysatoren zu überwinden.  

Die vorliegende Arbeit präsentiert zwei Ansätze zur Herstellung heterogener chiraler 

Dirhodiumkatalysatoren. Ein Ansatz ist die Immobilisierung von Dirhodiumkatalysatoren in 

selbstorganisierenden Koordinationspolymeren durch Ligandenaustausch. Ein zweiter Ansatz 

ist die Immobilisierung des Dirhodiumkatalysators auf Azid-funktionalisiertem mesoporösem 

SBA-15 über eine Cu(I)-katalysierte Azid-Alkin-Klickreaktion. 

1. Ein einfacher Ansatz zur Herstellung von Dirhodium-Koordinationspolymeren durch 

Ligandenaustausch zwischen Dirhodiumtrifluoracetat Rh2(TFA)4 und chiralen 

Dicarbonsäuren unterschiedlicher Größe, abgeleitet von L-Phenylalanin oder L-tert-Leucin, 

wird beschrieben. Mehrere Techniken einschließlich FT-IR, XPS und Festkörper-NMR-

Spektroskopie zeigen die Bildung der Koordinationspolymere durch Ligandenaustausch. 

Obwohl die quantitativen 
19

F CP MAS NMR Spektren einen unvollständigen 

Ligandenaustausch in den resultierenden Koordinationspolymeren zeigen, besitzen diese 

Dirhodiumkoordinationspolymere eine ausgezeichnete katalytische Aktivität in der 

asymmetrischen Cyclopropanierung von Diazooxindol und Arylalkenen. SEM-Aufnahmen 

zeigen, dass die Dirhodiumpolymere eine lamellare Struktur besitzen. XPS-Daten zeigen, dass 

die Dirhodiumknoten während der Synthese der Polymere erhalten bleibt. Dirhodium-

Koordinationspolymere, die aus L-tert-Leucin abgeleiteten aromatischen Dicarbonsäuren 

hergestellt wurden, zeigten eine signifikante Verbesserung der Enantioselektivität im 

Vergleich zu den Dirhodium-Polymeren, die von L-Phenylalanin abgeleiteten Dicarbonsäuren 

synthetisiert wurden. Die Dirhodiumpolymere lassen sich einfach recyceln und können 

mindestens fünfmal wiederverwendet werden, ohne dass ihre Performance signifikant 

beeinträchtigt wird. 

2. Als zweiter Ansatz zur Immobilisierung eines chiralen Dirhodiumkatalysators wurde ein 

neuartiger immobilisierter chiraler Dirhodiumkatalysator, Rh2(S-PTTL)3(S-PTTL-

linker)~SBA-15, über eine Kupferkatalysierte Klickreaktion hergestellt. Dabei reagieren die 

Azidgruppen des funktionalisierten SBA-15 mit dem Dirhodiumkomplex Rh2(S-PTTL)3(S-

PTTL-Alkin), welcher eine Alkineinheit besitzt. Während der Synthese von Rh2(S-PTTL)3(S-

PTTL-Alkin) wird ein chiraler Ligand des Rh2(S-PTTL)4 Katalysators gegen ein analoges 

chirales Ligandensystem mit einer Alkineinheit ausgetauscht, wodurch die Performance des 



 

x 

Katalysators weitgehend erhalten bleibt. Der heterogene Dirhodiumkatalysator wird durch 

FT-IR und 
13

C-Festkörper-NMR charakterisiert, um die erfolgreiche Immobilisierung zu 

validieren. Die katalytische Leistung des heterogenen Katalysators Rh2(S-PTTL)3(S-PTTL-

Linker)~SBA-15 wird in der asymmetrischen Cyclopropanierung von 3-Diazooxindol mit 

verschiedenen Arylalkenen untersucht, welche Spiro-Cyclopropyloxindole bilden, die als 

Vorstufen für Pharmazeutika dienen. Der neuartige Katalysator zeigt eine ausgezeichnete 

katalytische Aktivität bei hoher Enantioselektivität. Der Katalysator kann leicht 

zurückgewonnen und mindestens viermal wiederverwendet werden, ohne dass seine 

katalytische Aktivität und Enantioselektivität signifikant abnimmt. 
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1 Introduction and goals 

The word ―catalysis‖, derived from the Greek word ―καταλεινν‖ (=loose down, dissolve), was 

first introduced by Berzelius in 1836.
1-2

 The definition: ―a catalyst is a substance that changes 

the rate of a chemical reaction without itself appearing in the products‖ was given by Ostwald 

in 1895. And according to IUPAC, ―a catalyst is a substance that, being present in small 

proportions, increases the rate of attainment of chemical equilibrium without itself undergoing 

chemical change‖.
1, 3

 In the past decades, various types of catalysts, such as metals, 

organometal compounds, metal oxides and enzymes, have played a significant role in 

manufacturing of chemicals, fuels and pharmaceuticals.
1, 4-20

 Nowadays, more than 90% of all 

industrial chemical productions are produced with the help of catalysts. Importantly, a 

chemical reaction can be driven by catalysts, either homogeneous or heterogeneous ones, in a 

selected direction to desired products that our societies need.
7
 In a homogeneous catalytic 

process, the catalyst is in the same phase with the reactants, and the catalyst is well dispersed 

in the reaction medium. On the other hand, heterogeneous catalysts are typically solids, where 

the catalyst is in a different phase from the reactants during the catalytic process.
3, 21-22

 

Homogeneous catalysts usually show superior catalytic performances compared to their 

heterogeneous counterparts.
11, 23

 This observation is most probably related to the high degree 

of interaction of homogeneous catalysts with reactant molecules since they disperse well in 

the reaction mixture. In contrary only active sites located at the surface of heterogeneous 

catalysts participate in heterogeneous catalytic reactions. In addition, the multistep 

preparation of heterogeneous catalysts probably changes the chemical environment of active 

sites, and the solid carrier materials may limit the mass transfer during the catalytic reaction.
11, 

24-25
 However, heterogeneous catalysts are easily separable from reaction mixtures by 

filtration or centrifugation and reusable multiple times in a new reaction.  

Homogeneous organometallic catalysts are widely used in industrial scale production of fine 

chemicals, pharmaceuticals and organic materials, owing to their high performance in both 

activity and selectively.
25-27

 In particular, dirhodium complexes are prominent examples of 

organometallic catalysts. They display excellent catalytic performance in a diverse array of 

organic reactions in which C-C, C-N and C-O bonds are formed.
4, 28-29

 However, the difficult 

recovery and recycling, and high cost of homogeneous dirhodium catalysts are the major 

limiting factors for their application in industrial processes.
8, 11, 29-31

 Especially, according to 

the viewpoints of reducing pollution and environmental protection based on ―Green 

Chemistry‖, extensive efforts toward the development of heterogeneous dirhodium catalysts, 

which are easily separable from a reaction mixture, are required.
11, 32-33

 

Remarkable achievements have been made to heterogenize dirhodium catalysts,
28, 30-31, 34-35

 

however, there still remains a need for the development of novel strategies to design 

immobilized chiral dirhodium catalysts for synthesis of important fine chemicals, bioactive 

substances and pharmaceuticals.
8
 The main goal of this thesis is therefore to further develop a 

facile and efficient approach for the fabrication of heterogeneous chiral dirhodium catalysts 

with high catalytic performance for asymmetric cyclopropanation of 3-diazooxindole with 

aryl alkenes that form spiro-cyclopropyloxindoles, which are an important group of 
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heterocycles with potential application in medical research, such as potent HIV inhibitors
36-37

 

and antitumor agents.
11, 38-39

  

This thesis describes two routes for the immobilization of chiral dirhodium catalysts. One 

route is based on the binding of dirhodium catalysts in self-assembly coordination polymers 

via ligand exchange. Recently, coordination polymers have become a focus for the 

immobilization of achiral dirhodium catalysts since the resulting dirhodium coordination 

polymers possess a high density and uniform distribution of active sites.
40-41

 More importantly, 

the employed synthetic route to obtain these coordination polymers does not require 

additional solid materials. Thus, we further developed this approach for the immobilization of 

chiral dirhodium catalysts as coordination polymers. In the first step, various types of chiral 

ligands with different sizes derived from L-phenylalanine or L-tert-leucine are synthesized. 

Next, these ligands are employed to prepare chiral dirhodium coordination polymers via 

ligand exchange between the chiral ligand and Rh2(TFA)4. The aim of these studies is to 

inspect the effect of ligand size and ligand systems carrying different groups in dirhodium 

coordination polymers on their catalytic activity and selectivity. Furthermore, the ligand 

exchange process between chiral ligands and Rh2(TFA)4 is monitored by multiple 

spectroscopic techniques, including FT-IR, XPS and solid-state NMR spectroscopy. Finally, 

their catalytic activity and selectivity is studied in the synthesis of spiro-cyclopropyloxindoles 

from diazooxindole and aryl alkenes.  

Over the past decades, mesoporous silica materials such as SBA-15 have become one of the 

prominent carrier materials for the immobilization of catalysts owing to their unique physico-

chemical properties including their relatively high surface area and pore volume, adjustable 

pore dimensions, and hydrothermal stability.
23, 42-43

 These porous materials possess potential 

applications as adsorbents for chemicals, as chemical sensors, in environmental technologies 

and drug delivery.
23, 42-43

 In addition, the immobilization of homogeneous chiral and achiral 

organometallic catalysts in mesoporous silica materials is of particular interest in the area of 

catalysis.
5, 10, 23, 33, 42, 44-47

 Therefore, in the second approach, we employed SBA-15 as solid 

carrier material for the immobilization of the chiral dirhodium catalyst Rh2(S-PTTL)4, which 

is one of the most efficient dirhodium catalysts with high enantioselectivity in a wide range of 

asymmetric transformations of diazocarbonyl compounds.
48-54

 During the first step of the 

synthesis, one chiral ligand of the parent Rh2(S-PTTL)4 catalyst is substituted with an 

analogous chiral ligand system, which contains an alkyne moiety. This synthetic route to a 

large extent maintains the intrinsic catalytic performance of the catalyst. Next, the resulting 

Rh2(S-PTTL)3(S-PTTL-alkyne) containing an alkyne group is reacted in a Cu(I)-catalyzed 

azide-alkyne click reaction with an azide-functionalized SBA-15 material yielding a triazole 

linked heterogeneous dirhodium catalyst. This immobilization procedure is monitored by FT-

IR and solid-state NMR techniques. The catalytic performance of the obtained heterogeneous 

dirhodium catalyst is evaluated in the formation of spiro-cyclopropyloxindoles from 3-

diazooxindole and aryl alkenes. Finally, its recyclability and stability are examined exemplary 

in recycling and leaching experiments.  

The outline of this thesis is described in the following. After this short introduction, Chapter 2 

summarizes the basic background on dirhodium catalysts, including previous approaches for 
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the immobilization of dirhodium catalysts and the basic techniques to characterize 

heterogeneous dirhodium catalysts. Chapter 3 and Chapter 4 include the accepted manuscripts 

on immobilization of chiral dirhodium catalysts in a self-assembly process as coordination 

polymers. Chapter 5 includes the accepted manuscript on immobilization of Rh2(S-PTTL)4 on 

SBA-15 via click reaction. This chapter is followed by the summary and a section that 

includes the references.  
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2 Theoretical background 

2.1 General aspects on dirhodium catalysts 

Among the catalysts, dirhodium complexes as prominent examples of transition-metal 

catalysts have drawn much attention due to their high efficiency for various organic 

reactions.
4, 28, 55-56

 Dirhodium complexes are bimetallic compounds with one Rh-Rh bond, 

four bridging ligands and two axial sites displayed in a unique lanternlike or paddle-wheel 

structure.
11, 50, 57-62

 The presence of a Rh-Rh bond affects the catalytic performance of 

dirhodium catalysts which significantly differs from single metal complexes in organic 

synthesis reactions.
63-64

 Since 1960, where the first binuclear dirhodium compound containing 

four bridging carboxylate groups, namely Rh2(OAc)4 (Figure 2.1), was synthesized by heating 

rhodium(III) chloride under reflux in neat formic acid, a number of achiral and chiral 

dirhodium catalysts, such as Rh2(TPA)4,  Rh2(R-TPCP)4 as well as Rh2(S-NTTL)4 (Figure 

2.1), have been prepared by introducing different bridging ligands.
65-74

  

 

Figure 2.1 The structures of Rh2(OAc)4, Rh2(TPA)4,  Rh2(R-TPCP)4, and  Rh2(S-NTTL)4. 

Over the years intensive research of dirhodium complexes has proven that they are highly 

efficient catalysts for a diverse array of organic transformations, including C-H, Si-H 

insertions, C-H amination, olefin aziridination, cyclopropanation, cyclopropenation and ylide 

formation (Figure 2.2).
8, 69, 75-92

 Dirhodium complexes have thus attracted considerable 

attention in the syntheses of important organic compounds as active pharmaceutical 

ingredients such as Adderall, milnacipran, HIV inhibitors and antitumor agents.
36-38, 82, 93-95

 

However, the element rhodium is one of the rarest on earth and the annual production of 

rhodium is only 1% of gold. Therefore, the price of rhodium is extremely high and thus also 

the preparation of dirhodium catalysts based on this element.
29, 96

 Despite the universal 
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applicability, high level of catalytic activity and selectivity of homogeneous chiral dirhodium 

catalysts, the challenging catalyst recovery and recycling are the primary restricting factors 

for their practical application in industrial chemistry. Furthermore, according to metal 

contamination of active pharmaceutical ingredients, the residual metal compounds have to be 

removed completely from ingredients by efficient processes and technologies.
56, 97-101

 

Accordingly, it is highly desired to develop simple and efficient methodologies for the 

immobilization of dirhodium catalysts, which are easily separable from a reaction media via 

filtration or centrifugation, to address these intrinsic problems of homogeneous catalysts.
11, 29, 

31, 33, 40, 102-103
 

 

Figure 2.2 Typical dirhodium-catalyzed organic reactions according to ref. 88.  

Until now, various research groups have focused on the development of heterogeneous achiral 

and chiral dirhodium catalysts, and various strategies were proposed for handling the 

dirhodium catalyst recovery problem.
30, 35, 41, 73, 96, 103-107

 These strategies mainly concentrated 

on the immobilization of dirhodium catalysts and can be divided into two classes, (i) axial 

binding at axial rhodium sites, and (ii) exchange of bridging ligands at equatorial positions 

including the  binding of dirhodium catalysts in self-assembly coordination polymers.   
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2.2 Immobilization of dirhodium catalysts  

2.2.1 Axial binding 

Davies and co-workers
108-111

 firstly reported an efficient and universal strategy to immobilize 

dirhodium catalysts via axial binding. In their studies, a pyridinyl group functionalized 

ArgoPore resin was selected as carrier material since it is a highly cross-linked macroporous 

polystyrene and readily useable together with organic solvents. A large variety of dirhodium 

catalysts have been successfully immobilized on ArgoPore resin via axial binding, such as 

Rh2(TPA)4, Rh2(Oct)4, Rh2(S-MEPY)4, Rh2(R-BNP)4,  Rh2(S-DOSP)4, Rh2(S-PTTL)4 and so 

on (Figure 2.3).  

Their obtained heterogeneous dirhodium catalysts displayed excellent catalytic performance 

in organic reactions, such as intermolecular C-H activation and cyclopropanation.
108-111

 

Importantly, some of the resulting heterogeneous dirhodium catalysts could be recycled and 

reused over 15 times without a significant decrease in catalytic performance.
110

 This approach 

for the immobilization of dirhodium catalysts offers advantages including simple operation 

and easy monitoring of the successful immobilization of dirhodium catalysts on the carrier 

material via pyridine. As visual effect of the coordination, the color of the dirhodium 

complexes changes from green to purple. 

 

Figure 2.3 Anchoring chiral dirhodium catalysts such as Rh2(TPA)4, Rh2(Oct)4, Rh2(S-

MEPY)4, Rh2(R-BNP)4,  Rh2(S-DOSP)4 and Rh2(S-PTTL)4) on ArgoPore resin via axial 

binding according to refs. 108-111. 



 

7 

Wang and co-workers
112

 further developed this strategy to immobilize Rh2(esp)2 with a 

Merrifield resin functionalized with a pyridine group for the allylic oxidation of steroids. 

However, the bond between pyridine and rhodium may be broken in EtOAc mixed with HCl 

solution as illustrated in Figure 2.4. These results illustrate that they are both operationally 

simple for anchoring dirhodium complexes via pyridinyl groups, however the probability of 

degradation is high when performing catalytic reactions in specific reaction media. 

 

Figure 2.4 Process of Rh2(esp)2 grafting and releasing on Merrifield-pyridine according to ref. 

112. 

Besides of polystyrene functionalized with a pyridine group for immobilizing dirhodium 

catalysts, Petrukhina et al
33

 developed an approach to graft dirhodium complexes inside 

nanoporous silica via amine groups that serve as anchor sites (Figure 2.5). The resulting 

heterogeneous catalysts showed good yields and selectivity in intermolecular 

cyclopropanation reactions comparable with the corresponding homogeneous ones.  

 

Figure 2.5 Schematic representation of the nanoporous catalyst based on SBA-15. The 

channel is covered with dirhodium catalysts bound via amine functions. (illustration 

according to ref. 33.) 
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Subsequently, some of us reported an efficient route for the immobilization of dirhodium 

catalysts such as Rh2(TFA)4 and Rh2(OAc)4 on the surface of SBA-15 via amine or amine and 

carboxyl groups.
30, 105

 The binding between rhodium, amine and carboxyl groups was verified 

by means of multinuclear solid-state NMR techniques (
13

C, 
15

N and 
19

F NMR). Three 

different binding geometries were obtained as presented in Figure 2.6. Recently, the 

mechanism behind this immobilization strategy was investigated from the thermodynamic 

point of view suggesting different reaction pathways to obtain the identified binding sites.
113

 

 

Figure 2.6 Three reasonable combinations of binding sites between rhodium and amine or 

carboxyl groups according to ref. 30. 

2.2.2 Binding at equatorial positions  

Dirhodium complexes have four bridging ligands at equatorial positions. Thus, another 

possible approach for the immobilization of dirhodium catalysts is via the exchange of these 

bridging ligands. Among the dirhodium (II) catalysts, Rh2(S-PTTL)4, which incorporates four 

N-phthaloyl-L-tert-leucinate (S-PTTL) as bridging ligands, is one of the most important chiral 

dirhodium catalysts that was firstly reported at the beginning of the 90s by Hashimoto and co-

workers.
114-116

 This catalyst has been manifested to reach high levels of enantioselectivity for 

a large number of asymmetric transformations of diazocarbonyl compounds, including dipolar 

cycloaddition,
51, 117

  intermolecular C-H insertions,
48, 118

 cyclopropanation,
49-50

 as well as 

[2,3]-sigmatropic rearrangements.
54

 This broad variety of organic reactions gives rise to use 

Rh2(S-PTTL)4 as an efficient transition metal catalyst in syntheses of important fine chemicals, 

bioactive substances and pharmaceuticals.
29, 36, 38-39

 For example, the spiro-

cyclopropyloxindoles can be synthesized by cyclopropanation of diazooxindoles with olefins 

employing Rh2(S-PTTL)4 with potential application as potent HIV inhibitor and antitumor 

agents.
8, 11, 119

 Substituted indanone, which is a key intermediate in the synthesis of the non-

competitive NMDA receptor antagonist FR115427, can be prepared by intramolecular C-H 

insertion of α-diazo-β-ketoester employing Rh2(S-PTTL)4 as catalyst.
120-122

 

The heterogenization of Rh2(S-PTTL)4 via covalent bridging at equatorial position was 

proposed by Hashimoto and co-workers.
121

 They described an approach where only one chiral 

ligand of Rh2(S-PTTL)4 was exchanged by an analogous functional ligand for the 

heterogenization of Rh2(S-PTTL)4. The resulting vinyl-functionalized Rh2(S-PTTL)4 was 

employed in a copolymerization reaction to heterogenize the dirhodium catalyst (Figure 2.7). 

The catalytic performance of the obtained heterogeneous catalyst was then inspected for the 
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asymmetric C-H insertion of α-diazo ester, the C-H insertion of aryl-diazoacetate and the C-H 

insertion of α-diazo-β-ketoester showing almost similar yields and enantioselectivities 

compared to Rh2(S-PTTL)4.
121

 This illustrates that their obtained heterogeneous catalyst is an 

efficient chiral dirhodium catalyst with high enantioselectivity. Importantly, it can be recycled 

and reused at least 100 times without significant decrease in yield and enantioselectivity and 

with low leaching level.
121

 This also demonstrates that covalent binding at equatorial 

positions is an efficient method for immobilizing dirhodium catalysts.  

 

Figure 2.7 Reaction scheme for the preparation of a polymer-supported chiral rhodium(II) 

complex according to ref. 121. 

Subsequently, they reported the immobilization of dirhodium catalysts including Rh2(S-

TCPTTL)4 and Rh2(S-TFPTTL)4 via a similar route based on polymers.
102-103

 First, the 

corresponding vinyl-functionalized dirhodium monomers were synthesized via ligand 

exchange, as shown in Figure 2.8. Then, the monomers were employed to prepare the 

polymer-supported chiral dirhodium catalysts according to the same approachused for the 

immobilization of Rh2(S-PTTL)4. The resulting heterogeneous dirhodium catalysts was 

employed in the asymmetric amination of silyl enol ethers and in carbonyl ylide cycloaddition 

reactions, respectively, showing excellent catalytic activity with high levels of asymmetric 

induction. Finally, their heterogeneous catalysts could be recycled up to 20 times without 

significant loss in catalytic performance.
103

 This further illustrates that supporting chiral 

dirhodium catalysts via ligand exchange on polymers is an efficient and universal method for 

the immobilization of dirhodium catalysts. 
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Figure 2.8 Preparation of dirhodium(II)-complexes containing a vinyl group according to refs. 

102-103. 

 

Figure 2.9 Schematic illustration of the preparation of CNC-Rh2 according to ref. 31. 

In another approach, some of us have described a heterogeneous dirhodium catalyst based on 

environmentally benign and biocompatible cellulose nanocrystals as support material (Figure 

2.9).
31

 This heterogeneous dirhodium catalyst was synthesized via ligand exchange between 

Rh2(OOCCF3)4 at equatorial position and carboxyl groups on CNC surface. The success of 

ligand exchange between Rh2(OOCCF3)4 and carboxyl groups on the CNC surface was 

confirmed by solid-state NMR spectroscopy. The obtained heterogeneous catalyst performed 

well in the cyclopropanation reaction of styrene with diazoacetate, where the yields almost 

stayed constant after three runs with low Rh leaching. 
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Davies and co-workers
107

 further developed an approach to exchange one of the ligands for 

the immobilization of Rh2(S-DOSP)4, which is the most effective chiral dirhodium catalyst for 

transformations including donor/acceptor carbenoid intermediates. Their strategy was based 

on the design of a similar functionalized chiral ligand as the parent ligands of the dirhodium 

catalyst. This is important since it minimize changes of the chiral microenvironment around 

the immobilized catalyst. Their approach started from a Suzuki coupling reaction of (S)-1-((4-

bromophenyl)sulfonyl)pyrrolidine-2-carboxylic acid with 4-vinylphenylboronic acid to 

provide N-(arylsulfonyl)prolinate. Then, the N-(arylsulfonyl)prolinate was subjected to 

exchange one of the chiral ligands in Rh2(S-DOSP)4 to obtain Rh2(S-DOSP)3(S-SP) (Figure 

2.10). Finally, the obtained Rh2(S-DOSP)3(S-SP) complex was grafted to functionalized silica 

through AIBN-initiated radical coupling resulting in a heterogeneous chiral dirhodium 

catalyst. The Rh2 loading was determined to be 0.06 mmol/g.  

 

Figure 2.10 Synthesis of a Rh2(S-DOSP)4 derivative and its immobilization on functionalized 

silica according to ref. 107. 

The catalytic performance of the resulting heterogeneous catalyst was then investigated in 

various reactions including cyclopropenation, cyclopropanation, ylide formation and C-H 

functionalization.
107

 The products of these transformations under catalytic conditions were 

received in high yields with excellent levels of enantioselectivity almost equal to the 

homogeneous Rh2(S-DOSP)4 catalyst. Furthermore, such heterogeneous dirhodium catalyst 

could be recycled and reused at least five times without significant loss in both catalytic 

activity and enantioselectivity in each consecutive reaction.
107

 This study further described the 

efficiency to only exchange one ligand for immobilization of a dirhodium catalyst on a silica 

support. Next to this work, they reported that this heterogeneous dirhodium catalyst could be 

incorporated into a hollow fiber and used in flow reactors for heterogeneously catalyzed 

reactions in organic synthesis.
123

  

Very recently, Jones and co-workers
35

 described two pathways to immobilize the Rh2(S-p-

Br/Ph-TPCP)4 on silica (Figure 2.11). Via pathway 1, the mixed ligand dirhodium silane was 

synthesized via Cu(I)-catalyzed azide-alkyne click reaction between Rh2(S-p-Br/Ph-
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TPCP)3(S-p-AkyneTPCP) and 3-azidopropyltrimethoxysilane. Then, the obtained dirhodium-

silane complex was anchored on the silica support via post-grafting method. Via pathway 2, 

the azide-silane (N3 silane) was grafted on the silica in the first step. Next, the dirhodium 

catalyst, Rh2(S-p-Br/Ph-TPCP)3(S-p-AkyneTPCP), was immobilized on the surface of azide-

functionalized silica via Cu(I)-catalyzed azide-alkyne click reaction yielding a triazole linked 

heterogeneous dirhodium catalyst. 

 

Figure 2.11 Immobilization of Rh2(S-p-Br/Ph-TPCP)3(S-p-AkyneTPCP) catalyst on silica 

embedded hollow fiber via two pathways according to ref. 35. 

The heterogeneous catalysts that were prepared by pathway 1 and pathway 2 both showed 

excellent catalytic performance (yield and ee) in C-H functionalization reaction.
35

 While the 

heterogeneous catalyst prepared by pathway 1 displayed a similar yield but a slightly lower ee 

compared to the corresponding homogeneous dirhodium catalyst, the heterogeneous catalyst 

that was prepared by pathway 2 exhibited an almost similar yield and ee in C-H 

functionalization compared to the homogeneous one. The authors inferred that the prepared 
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heterogeneous catalysts showed a slightly different catalytic activity probably due to the 

structure of the dirhodium catalyst which seems to be affected during the immobilization 

procedure in pathway 1.
35

 Some ligands of the dirhodium catalyst that was prepared by 

pathway 1 might be relocated or leached out at 90 
o
C. However, this is only a speculation 

since the authors did not provide structural evidence for this hypothesis. Finally, the catalytic 

performance of their heterogeneous catalysts stayed intact over multiple reaction cycles. They 

also mentioned that the process may have potential to be scaled up by stacking multiple fibers 

in a reactor module.
35

 

 

Figure 2.12 Rh2(S-o-ClTPCP)4 derivative catalysts immobilized via A, B, and C positions on 

a silica support according to ref. 104. 

Subsequently, they noticed that the modification of the identity and location of functional 

groups on the aryl rings may have an effect on the symmetry and selectivity of the 

Rh2(TPCP)4 catalyst.
104

 Therefore, they chose Rh2(S-o-ClTPCP)4 as model catalyst and 

analyzed the effect of the location of linker for the catalyst immobilization. In their work, they 

synthesized three different derivatives of Rh2(S-o-ClTPCP)4 with an ethynyl substituent on 

one of the aryl rings. They abbreviated the aryl rings with A, B and C, respectively. The 

appropriate Rh2(S-o-ClTPCP)4 derivatives were then grafted on silica via click chemistry, as 

illustrated in Figure 2.12.
104

 Comparison of the catalytic performance of the three 

heterogeneous dirhodium catalysts showed that those linked via aryl  B or C resulted in the 

higher yield, regioselectivity and enantiomeric excess compared to the one linked via aryl 

A.
104

 The active site of the catalyst that was grafted on ring A would open toward the silica 

support as illustrated in Figure 2.12 (I), therefore, the active site of this catalyst might interact 

with the surface of silica support or the surface hinders the substrate toward the active sites. 

These results illustrate that the location of the linker does significantly affect the catalytic 

performance.
104
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2.2.3 Coordination polymers 

A special case of ligand exchange is based on the binding of dirhodium catalysts in self-

assembly coordination polymers or metal organic materials. In this procedure, the four 

bridging ligands of parent dirhodium complexes are replaced during the formation of the 

coordination polymers.
40

 Compared to other heterogeneous catalysts, the formation of 

coordination polymers is a feasible strategy to heterogenize dirhodium catalysts since it offers 

further advantages including high density, uniform distribution, and good accessibility of their 

active sites. Furthermore this synthetic approach is relatively simple since it does not require 

multiple steps and additional solid materials.
11

  

 

Figure 2.13 Schematic drawing of the synthesis of DUT-82 and DUT-83 via a solvothermal 

route according to ref. 124. Note: Red circles refer to oxygen atoms and black circles refer to 

carbon atoms. 

Kaskel and co-workers
124

 reported two new coordination polymers, namely DUT-82 and 

DUT-83, which they synthesized via self-assembly of Rh2(OAc)4 and trimesic acid or 

4,4’,4’’-benzene-1,3,5-triyltris(benzoic acid), respectively (Figure 2.13). The catalytic activity 

of the obtained dirhodium polymers were tested using the hydrogenation of styrene. The 

DUT-82 could be readily reused at least ten times showing the dirhodium coordination 

polymers possessed good stability.
124

   

Subsequently, Su and co-workers
28, 96, 106

 described a series of lantern-type dirhodium 

coordination materials (metal-organic materials (MOMs)) that were synthesized via self-

assembly of Rh2(OAc)4 and the rigid diacids H2pbeddb, 4,4’,4’’-[1,3,5-benzenetriyltris 

(carbonylimino)]tristribenzoic acid (H3btctb), or tetrakis(4-carboxyphenyl)porphyrin (TCPP) 

(Figure 2.14), respectively. Their results demonstrated that the formation of dirhodium 

coordination polymers is an efficient route for the immobilization of dirhodium catalysts. 
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Figure 2.14 Synthesis routes to obtain metal-organic materials of dirhodium catalysts 

according to refs. 28, 96, 106. 
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Figure 2.15 Representation of the dirhodium-bdc framework including defect sites according 

to ref. 41. Note: Red circles refer to oxygen atoms. 

Recently, some of us described the synthesis of dirhodium coordination polymers from 

benzene-1,4-dicarboxylic acid and Rh2(TFA)4 or Rh2(OAc)4 via ligand exchange (Figure 

2.15).
41

 In this work, 
13

C CP MAS NMR was employed to confirm the successful ligand 

exchange between benzene-1,4-dicarboxylic acid (bdc) and Rh2(TFA)4 or Rh2(OAc)4. The 

dirhodium unit did not undergo changes during the ligand exchange process as demonstrated 

by DR-UV-vis and XPS. In the case of the dirhodium coordination polymer that was 

synthesized from bdc and Rh2(TFA)4, the TFA groups of Rh2(TFA)4 were not completely 

exchanged by bdc. This resulted in different defect sites as verified by 
19

F CP MAS NMR. 

The as-obtained dirhodium coordination polymers displayed high catalytic activity with 

negligible Rh leaching, and could be reused several times without significant decrease in 

activity in the cyclopropanation of styrene and ethyl diazoacetate.
41

  

Next to this work, some of us continued research on dirhodium coordination polymers that 

were synthesized from a series of bitopic ligands containing either ether side chains or ester 

side chains, namely H2Ln (n=1-7) (Figure 2.16).
40

 This study clearly illustrated the role of 

side chains in the obtained dirhodium coordination polymers. The catalytic performance of 

these dirhodium coordination polymers could be improved by reducing interactions between 

the dirhodium units and oxygens of the ether side chains or ester side chains. These results 

clearly demonstrated that the ligand system has a significant influence on the catalytic 

performance of coordination polymers.
40
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Figure 2.16 Ditopic ligand systems employed for the synthesis of novel dirhodium 

coordination polymers according to ref. 40. 

2.3 Basic techniques for catalyst characterization 

2.3.1 Thermogravimetric (TG) and elemental analysis 

Thermogravimetric (TG) analysis is an efficient technique for exploring the thermal stability 

of solid materials. The measurement is carried out under either oxygen (or air) atmosphere or 

an inert atmosphere. A high sensitive microbalance is employed to precisely monitor the mass 

change of the sample in a controlled thermal environment as a function of temperature or 

time.
125-126

 For the obtained dirhodium coordination polymers, the decomposition of organic 

species between 300 to 450℃ under air atmosphere leads to weight loss. From this loss, the 

Rh loadings for coordination polymers can be calculated by the amount of residue of the 

sample in TG analysis according to the method reported by Kaskel et al.
124

 The residue of 

rhodium species is metallic rhodium below around 500℃ or Rh2O3 between 650 and 700℃.  

2.3.2 Infrared spectroscopy (IR) 

Fourier-transform infrared spectroscopy (FTIR) is an analysis technique that deals with the 

infrared region of the electromagnetic spectrum. This technique plays an important role in 

investigating the functional groups or chemical substances in solid or liquid materials. IR 

spectroscopy exploits a sensitive radiation, which leads to vibrational transitions upon 

interaction with matter. This encodes characteristics of structure moieties and thus the 

molecular structure.
127

 Functional groups possess specific vibrational frequencies in the 

infrared range between 400 and 4000 cm
-1

. Accordingly, by examining the different 

vibrations, information on the molecular structure of the sample is provided.
126

  

2.3.3 Scanning electron microscopy (SEM) 

Electron microscopy is one of the most versatile technique to explore the morphology, 

particle size and distribution of samples.
128-129

 By scanning with a primary electrons beam, 

specimen interactions result in images of the sample of interest. Secondary electrons (SE), 
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back-scattered electrons (BSE), characteristic X-rays and other electrons such as Auger 

electrons or photon emission are generated when primary electrons interact with the 

sample.
126

 Among these electrons, secondary electrons (SE), which are caused by the 

ionization of specimen atoms, contain important structural information. Because SE are of 

low energy, they can escape only from a region within a few nanometers of the sample 

surface. Thus, the SE can precisely label the position of the beam and provide high-resolution 

images of the sample surface.
129

 In this thesis, the SEM was employed to investigate the 

morphologies of the obtained dirhodium coordination polymers.  

2.3.4 X-ray powder diffraction (XRD) 

X-ray powder diffraction (XRD) is a powerful tool for the characterization of crystalline 

materials and phase identification.
126

 In such experiments typically monochromatic Cu Ka 

radiation is utilized.
130

 The angle between the incident X-ray beam and the lattice planes is 

called θ. In an X-ray diffraction pattern, the intensity of diffraction is recorded as a function 

of the resulting diffraction angle 2θ while the detector moves in a circle around the sample 

(Figure 2.17).
126, 131

 XRD was employed in this thesis to study the crystallinity of the 

dirhodium coordination polymers. 

 

Figure 2.17 Schematic illustration of X-ray diffraction according to ref. 131. 

2.3.5 Solid-state NMR 

Solid-state (ssNMR) spectroscopy is a local technique to explore the chemical structure and 

dynamics of molecules and solid materials.
132

 Compared to solution-state NMR, solid-state 

NMR is more complex since orientation-dependent interactions cannot be average out due to 

restricted motions. These interactions include valuable information on the chemical 

environment of nuclear spins in the solid material (chemical shift interaction), on distances 

between nuclear spins (dipolar interaction) or on the local symmetry around nuclear spins 

(quadrupolar interaction). Various techniques have been developed to promote the resolution 

and sensitivity of ssNMR.
133

  

Anisotropic interactions can be averaged out by Magic Angle Spinning (MAS) where the 

sample is oriented with respect to the external field at an angle  =54.74°, the so-called magic 

angle, and spun at frequencies of several thousand Hertz. This technique allows an averaging 



 

19 

of all interactions which have an angular dependence including the term           which 

becomes zero for  =54.74°. This is for example the case for the dipolar interaction, chemical 

shift anisotropy and the first order quadrupolar interaction.
126, 134

 Employing this technique it 

is feasible to increase the resolution of the spectra by separating isotropic from anisotropic 

contributions. 

Since the sensitivity of solid-state NMR is typically small, due to the thermal polarization of 

nuclear spins, special pulse sequences can be used to enlarge polarization. The most 

prominent technique is the Cross Polarization (CP). This technique is applied to improve the 

sensitivity of nuclei with low sensitivity such as 
13

C or 
15

N. In the CP experiment, the 

polarization is transferred from a spin system with high polarization such as 
1
H or 

19
F to the 

lower one. For an efficient polarization transfer the so-called Hartmann Hahn condition 

(γ1H · B1H = γ13C · B13C) has to be fulfilled.
126, 135

 The optimal condition is practically achieved 

by forcing the proton and carbon magnetizations to nutate at the same rotation speed (ω1H = 

ω13C). Application of this technique results in a significant signal enhancement, and shorter 

repetition delays are required.
126

 In this thesis 
13

C CP MAS NMR is utilized to reveal the 

formation of dirhodium coordination polymers and to validate the immobilization of a 

dirhodium catalyst on SBA-15 via azide-alkyne click reaction. Furthermore, 
19

F MAS NMR 

is utilized to quantify the degree of ligand exchange of the obtained dirhodium coordination 

polymers.   

2.3.6 Diffuse reflection ultraviolet-visible spectra (DR-UV-vis) 

The diffuse reflection ultraviolet-visible spectroscopy (DR-UV-vis) is a useful technique to 

characterize the electronic structure of molecules, as well as the coordination environment of 

metal ions.
136-137

 The electrons are transferred from a lower energy level to a higher one when 

the material is irradiated with light in the range of 200-800 nm. d-d transitions and ligand-to-

metal or metal-to-ligand charge transfer transitions may take place in transition metal 

complexes, while n→π* and π→π* transitions typically occur in organic molecules. To 

analyze the charge transfer transitions between rhodium atoms and ligands, the obtained 

dirhodium polymers were inspected by DR-UV-vis in this thesis.  

2.3.7 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analysis (ESCA), is regarded as a key technique for investigating the chemical composition 

of surfaces as well as the chemical states of atoms.
138-139

 With XPS, the kinetic energy of 

photoelectrons is detected by irradiating a sample with X-rays. The X-rays have a constant 

energy hv. When an atom absorbs sufficient energy of an X-ray photon (hv) a photoelectron 

with a kinetic energy Ek is ejected.
126

 The balance between hv and the kinetic energy of the 

photoelectron Ek is given as Ek =hv - EB -Φ.
138

 Here, Φ is the spectrometer work function. EB 

is the binding energy of the electron to the nucleus relative to the Fermi level. The binding 

energy is the energy difference between the initial and final states after the photoelectron has 

left the atom. Thus, the value EB can be employed to identify an element and estimate its 

chemical state in the specimen. Since the dirhodium units as the catalytic site are vital to the 

catalytic properties, the electronic states of rhodium in the obtained dirhodium coordination 
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polymers were investigated by XPS. 

2.3.8 N2 adsorption-desorption 

N2 adsorption-desorption is a widely accepted approach to explore the pore diameter, the 

specific surface area, the pore volume and pore shape of solid materials. The adsorption 

behavior of materials is affected by the pore size. According to the IUPAC, porous solids are 

divided into micropores (d≤2 nm), mesopores (d = 2-50 nm) and macropores (d≥50 nm) . In 

addition, the shape of the adsorption-desorption isotherms provides information about the 

porosity of the materials and can be classified into six types according to IUPAC (Figure 2.18 

(A)).
126, 140

 Type I is typical for micropores, types II, III, and VI for non-porous and 

microporous materials. Types IV and V which include a hysteresis loop are typical for 

mesoporous materials.  Information about the pore system can be derived from this hysteresis 

loop. Four types of hysteresis loops are suggested by IUPAC (Figure 2.18 (B) ).
140

 Type H1 

represents a uniform size distribution of well-defined cylindrical pores, while type H2 

represents a certain size distribution of cylindrical pores. Types H3 and H4 are representative 

for loose aggregated plate-like particles and narrow slit-like pores, respectively. 

 

Figure 2.18 The adsorption-desorption isotherm types (A), and hysteresis loop types in 

isotherm IV (B) according to ref. 140. 

The specific surface area of a material can be determined by the Brunauer Emmett Teller 

(BET) method, based on the adsorption isotherm. The BET equation is  
 

        
 

     

   
 

 

  
 

 

   
 . In this equation, p/po is the relative pressure, C is the BET constant, Va is the 

adsorbed volume at p/po, while Vm is the adsorbed volume of a monolayer. The BET surface 

area can be calculated according to the equation:      
       

       
.
126, 140-141

 Here, m is the 

weight of sample. NA represents Avogadro’s constant and s represents the ideal cross-

sectional area of one adsorbed molecule.  
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The pore size distribution can be obtained by analyzing the adsorption-desorption isotherms 

in the p/p0 range between 0.01 and 0.95 using Barrett-Joyner-Halenda (BJH) calculations 

combined with non-local density functional theory (NLDFT) results.  

In this thesis, adsorption-desorption measurements were performed to monitor changes of the 

surface area, pore diameter and volume between azide~SBA-15 and after the dirhodium 

catalyst was immobilized on azide~SBA-15. These results helped to analyze the distribution 

of dirhodium catalyst on the SBA-15 material. 
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3. Dirhodium Coordination Polymers for Asymmetric Cyclopropanation of 

Diazooxindoles with Olefins: Synthesis and Spectroscopic Analysis  
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Zhenzhong Li, Lorenz Rösler, Kevin Herr, Martin Brodrecht, Hergen Breitzke, Kathrin 

Hofmann, Hans-Heinrich Limbach, Torsten Gutmann, and Gerd Buntkowsky. 

Dirhodium Coordination Polymers for Asymmetric Cyclopropanation of Diazooxindoles 

with Olefins: Synthesis and Spectroscopic Analysis. ChemPlusChem 2020, 85, 1737–

1746 

DOI: 10.1002/cplu.202000421  

"Reprinted with permission of John Wiley & Sons, Inc.,". 
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4. Design and Characterization of Novel Dirhodium Coordination Polymers 

-The Impact of Ligand Size on Selectivity in Asymmetric Cyclopropanation 
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characterization of novel dirhodium coordination polymers – the impact of ligand size on 
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5. Immobilization of a Chiral Dirhodium Catalyst on SBA-15 via Click-

Chemistry: Application in the Asymmetric Cyclopropanation of 3-

Diazooxindole with Aryl Alkenes 
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6. Summary and outlook 

In this thesis, two approaches for the immobilization of dirhodium catalysts were described. 

The resulting heterogeneous dirhodium catalysts were characterized by multiple spectroscopic 

techniques and their catalytic performances were evaluated in the asymmetric 

cyclopropanation of diazooxindole and aryl alkenes. 

In the first approach, self-assembly dirhodium coordination polymers were synthesized via 

ligand exchange between the precursor Rh2(TFA)4 and chiral dicarboxylic acids. These 

resulting dirhodium polymers were characterized by FT-IR, XPS, 
13

C and 
19

F CP MAS NMR, 

revealing successful ligand exchange, however, incomplete ligand exchange was obtained. 

The ligand size of the dicarboxylic acids and the steric requirements of the substituent at the 

α-carbon (tert-butyl or benzyl) were found to strongly influence the degree of the ligand 

exchange. Short size ligands limited the replacement of TFA groups and the coordination with 

dirhodium units. The SEM images and XRD patterns indicated that the resulting coordination 

polymers had a lamellar structure, which is randomly stacked. The dirhodium unit maintained 

intact during the synthesis of the coordination polymers as demonstrated by DR-UV-vis and 

XPS data. 

In the second approach, the silica supported Rh2(S-PTTL)3(S-PTTL~linker)~SBA-15 catalyst 

was successfully synthesized by click-reaction of an azide-functionalized SBA-15 material 

and the alkyne modified chiral dirhodium catalyst Rh2(S-PTTL)3(S-PTTL-alkyne). Azide-

functionalized SBA-15 was prepared via a known co-condensation approach. An analogous 

ligand which contains an alkyne group was employed to exchange one of the chiral ligands of 

Rh2(S-PTTL)4 to obtain the alkyne-functionalized dirhodium catalyst. The synthesis of the 

heterogenized Rh2(S-PTTL)3(S-PTTL-linker)~SBA-15 catalyst was monitored by FT-IR and 

solid-state NMR techniques. The FT-IR spectra demonstrated that the dirhodium complex 

was successfully immobilized on SBA-15. 
13

C CP MAS NMR data revealed that the obtained 

heterogeneous catalyst was synthesized by azide-alkyne click reaction. The elemental analysis 

and ICP-OES measurements illustrated that almost 60% of the azide groups in azide~SBA-15 

have reacted with Rh2(S-PTTL)3(S-PTTL-alkyne) and about 40% of unreacted azide groups 

have remained in the Rh2(S-PTTL)3(S-PTTL-linker)~SBA-15 catalyst material. 

The asymmetric cyclopropanation reaction between diazooxindole and aryl alkenes was 

employed to evaluate the catalytic activity and selectivity of all obtained heterogeneous 

dirhodium catalysts. Among the dirhodium coordination polymers, the polymer Rh2-L3, 

which was prepared by Rh2(TFA)4 and (2S,2′S)-2,2′-(((pentane-1,5-

diylbis(oxy))bis(carbonyl))bis(1,3-dioxoisoindoline-5,2-diyl))bis(3,3-dimethylbutanoic acid), 

showed the highest enantioselectivity in the model cyclopropanation reaction. It was found 

that the enantioselectivity of dirhodium polymers is strongly influenced by the steric bulk at 

the α-carbon of the ligands. Higher enantioselectivity of dirhodium coordination polymers 

was achieved in the formation of spiro-cyclopropyloxindoles when the ligand system carried a 

tert-butyl group instead of a phenyl group. The heterogeneous Rh2(S-PTTL)3(S-PTTL-
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linker)~SBA-15 catalyst showed even a little higher enantioselectivity in cyclopropanation 

compared to catalyst Rh2-L3 and exhibited almost similar enantioselectivity compared with 

the homogeneous Rh2(S-PTTL)4 catalyst. This clearly showed that to a large extent the chiral 

microenvironment of the Rhodium is preserved in the immobilized catalyst.  Importantly, both 

Rh2-L3 and Rh2(S-PTTL)3(S-PTTL-linker)~SBA-15 could be easily recycled by filtration and 

reused at least four times in a test run without significant loss of catalytic activity and 

enantioselectivity. 

Comparing the two approaches for the immobilization of chiral dirhodium catalysts, the self-

assembly synthesis of dirhodium coordination polymers is quite simple since it requires only 

a small number of preparation steps, and does not require additional solid carrier materials for 

heterogenization. In addition, the advantages including uniform distribution, high density, and 

good accessibility of their active sites set them apart from other heterogeneous catalysts. 

However, one weakness of these chiral dirhodium coordination polymers is that the TFA 

groups of Rh2(TFA)4 were not completely replaced by chiral ligands during the process of 

ligand exchange. The remaining TFA groups in the obtained dirhodium polymers most 

probably affect the chiral microenvironment of rhodium and may significantly influence the 

selectivity of such catalysts. The immobilization of a dirhodium complex on SBA-15 to a 

great extent maintains the intrinsic catalytic performance of the homogeneous catalyst since 

there is only one chiral ligand of the parent dirhodium catalyst exchanged with an analogous 

chiral ligand in the synthesis. Although this approach requires multiple preparation steps, the 

higher enantioselectivity in the formation of spiro-cyclopropyloxindoles compared to the 

synthesis of dirhodium polymers compensate this small drawback.  

 

Figure 6.1 (A) the potential route for the preparation of new chiral ligand and (B) the structure 

of Rh2(S-NTTL)4. 
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In the future, further developments for the fabrication of heterogeneous transition metal 

catalysts with high catalytic performance are still needed, especially to immobilize catalysts 

for highly specific reactions. For example, Rh2(S-NTTL)4 (Figure 6.1B), which is derived 

from N-1,8-naphthaloyl-(S)-tert-leucine, is another efficient dirhodium catalyst which shows 

even higher enantioselectivity in the formation of spiro-cyclopropyloxindoles compared to 

Rh2(S-PTTL)4. To the best of our knowledge, this catalyst has not been immobilized so far. 

Thus, in the future, it may be immobilized by the potential approach of the self-assembly 

synthesis of dirhodium coordination.  In the first step, as illustrated in Figure 6.1A, the 

desired new chiral ligand, which carries N-1,8-naphthaloyl-(S)-tert-leucine, may be prepared 

by two steps from N-4-Bromo-1,8-naphtaloyl-(S)-tert-leucine and N-hydroxysuccinimide as 

starting compounds. Next, the obtained dicarboxylic acid ligand will be employed to replace 

the TFA groups of Rh2(TFA)4 and coordinate with dirhodium units resulting in a new potential 

chiral dirhodium coordination polymer. 
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