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Chapter 1  

A general introduction to controlled radical 

reactivity and supramolecular cages 

In modern society transition metal catalysis takes an important role in a wide variety of 

chemical transformations. In the context of sustainable chemistry it is desirable to move 

to base metal catalysts, as encountered in natural metallo-enzymes. These complexes 

mainly react through one-electron pathways involving (coordinated) radicals. Although 

it is difficult to tune the reactivity of free radicals, highly selective reactions can be 

performed in close proximity of a transition metal. Especially cobalt porphyrin 

complexes have been studied in detail to develop a broad range of radical-type 

transformations with exceptional selectivity and activity. Controlled and catalytic 

formation of ‘substrate radicals’ is a key feature of these metallo-radical catalysts. The 

second coordination sphere of a complex can be used to tune the activity and selectivity 

even further. Supramolecular cages have been used to enhance activity, stabilize 

intermediates, induce substrate and product selectivity, and perform tandem reactivity 

with incompatible catalysts. In this chapter illustrative examples are discussed in which 

these concepts are highlighted. 
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1.1 Chemistry and Catalysis in society 

Chemistry is all around us. Many of the products we use on a day to day basis have 

been prepared using chemical processes in at least one of the production steps. Plastics, 

fuels, medicines and other bioactive compounds, paints, food additives and batteries are 

just a few examples of the many products that are prepared using chemical reactions. 

For many of these products catalysts are involved in the preparation to run reactions at 

lower temperatures or pressures and to avoid unwanted side-products. A particularly 

interesting feature of (homogeneous) catalysis is selectivity enhancement. Combined 

with overall lower reaction barriers, this can lead to significant enhancements in the 

cost-effectiveness of production processes. This is schematically illustrated by the 

different reaction barriers of a catalyzed and a non-catalyzed reaction in Figure 1.  

 

Figure 1: Schematic representation of the function of a catalyst. 

In the absence of a catalyst the reaction proceeds to form product A for which the 

barrier is lower and therefore easier to cross. However in the presence of a catalyst a 

“shortcut” can be taken which lowers the required energy for the reaction to form 

product B. By use of an appropriate catalyst both the required energy and the product 

distribution can therefore be influenced. Tuning of the selectivity is typically the area of 

homogeneous catalysis as a homogeneous catalyst is, with some exceptions, easier to 

tune for a specific reaction than a heterogeneous or biocatalyst. Studying the underlying 

mechanisms using spectroscopic techniques is usually also more straightforward. For 

homogeneous catalysts based on precious metals (palladium, platinum, iridium, 
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rhodium etc.) the mechanism of operation is often well understood. Oxidative addition 

and reductive elimination are elementary steps in many of the reported catalytic cycles 

and compose of 2-electron reductions and oxidations.
1
 By understanding the 

mechanism, many generations of various catalysts have been developed to further 

improve synthetic reactions in terms of selectivity, productivity or application under 

various conditions. Precious metals are unfortunately scarce, which results in high costs 

and uncertainty regarding future availability. Base metals (iron, manganese, cobalt etc.) 

are much more abundant and often considered less toxic
2
 which makes them desirable 

for application in catalysis. However, commonly encountered features of base metals 

are their poorly understood mechanisms and a tendency to react through one-electron 

pathways creating unpaired electrons, or radicals, during the catalytic reactions.  

1.2 Controlled radical reactivity 

Radical reactions are commonly considered to show poor selectivity due to the intrinsic 

high reactivity of the radical intermediates.
3,4

 Indeed, free radicals tend to react with any 

organic molecules it encounters, including solvents. Several approaches have been 

developed to avoid radicals in base metal catalysis (Figure 2).
5
 Some base metals, i.e. 

Fe(0), Co(I), Ni(II), still allow oxidative addition reactions to occur via two-electron 

oxidation (Figure 2A). In order to perform the reaction the metal often adopts an 

unusual oxidation state to facilitate the 2-electron process at the cost of its stability, 

resulting in faster deactivation of the catalyst.
6
 To circumvent this problem, redox-

active ligands can be used that act as an electron reservoir (Figure 2B). The ligand is 

oxidized or reduced rather than the metal center, which remains in a favorable oxidation 

state throughout the reaction. Examples have even been reported in which oxidative 

addition occurs even on metals lacking d-electrons, with both electrons required for 

bond activation stemming from the redox-active ligand(s).
7,8 
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Figure 2: Metal and ligand reactivity in base metal catalysis 

Instead of circumventing the formation of radicals during catalysis, their high reactivity 

can also be used as an advantage to enable a wide variety of challenging reactions.
9
 Free 

radicals can be unstable and lead to rapid unselective reactions. However, when the 

organic radical is stabilized by a transition metal it is possible to control the reactivity 

and selectivity to a much greater extend. Examples are known where a ligand-centered 

radical actively participates in bond activation processes (Figure 2C), as well as 

examples where discrete reactive substrate radicals participate in bond breaking/bond 

formation processes in a catalytic reaction (Figure 2D). In nature several 

transformations occur with radical intermediates that are still extremely selective. 

Galactose oxidase, a copper metalloenzyme, is capable of oxidizing alcohols to the 

corresponding aldehydes.
10

 In the active site the copper metal center is oxidized or 

reduced by a single electron as well as a nearby tyrosine derivative.
11,12

 The proposed 

mechanism therefore involves formation of a reactive ligand radical and one-electron 

oxidation of the metal center from Cu(I) to Cu(II) (Figure 3).
13

 The Tyrosine272 has a 

radical on the oxygen in the active complex 1 which is antiferomagnetically coupled to 

the unpaired electron spin on the copper ion. The related copper-free apoprotein is 

readily oxidized to form a stable free radical, which is detectable by electron 

paramagnetic resonance spectroscopy (EPR).  
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Figure 3: Proposed mechanism of galactose oxidase 

The enzyme uses the concept shown in Figure 2C for activation of the alcohol substrate. 

Initial coordination of the alcohol substrate is followed by proton transfer from the 

alcohol to the tyrosine 495 of the enzyme to form complex 3. The radical on the 

tyrosine 272 is then used in a proton coupled electron transfer (PCET) to yield a 

substrate radical (complex 4, Figure 3). One-electron transfer from the substrate radical 

to the copper metal center results in formation of complex 5 with a product bound to 

copper(I). The active catalyst 1 is subsequently regenerated by reduction of dioxygen to 

hydrogen peroxide. 

 

Another important class of enzymes capable of performing radical reactivity is the 

Cytochrome P450 family of enzymes, all containing a heme-type porphyrin ligand in 

their active site. Cytochrome P450 enzymes are responsible for the oxidation of a large 

variety of substrates in living cells. The active site consists of an iron porphyrin 

complex, which is attached to the protein through a cysteine linker (Figure 4, left). 
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Figure 4: Active site of the Cytochrome P450 enzyme (left)14  

and porphyrin nomenclature (right) 

In order to mimic this important class of proteins many synthetic porphyrin complexes 

have been prepared. The porphyrin scaffold can easily be tuned by changing the 

substituents on the porphyrin ring at the β (Figure 4, right, positions 

2,3,7,8,12,13,17,18) and meso position (Figure 4, right, positions 5,10,15,20). The 

reactivity can further be influenced by the choice of the metal and incorporation of an 

additional ligand at the axial position. Particular interest has been devoted to manganese 

and iron complexes due to their resemblance to the active site of P450 enzymes, both in 

structure and reactivity. Several mechanisms have been proposed for the oxidation of 

substrates by cytochrome P450 enzymes.
15

 C–H hydroxylation reactions are generally 

proposed to proceed through a radical rebound mechanism, as derived from 

experimental kinetic isotope labeling studies and stereochemical scrambling (Figure 5). 

As such, the C–H activation mechanism of P450 enzymes resembles the approach 

shown in Figure 2D for substrate activation. The active complex is proposed to be the 

high valent iron-oxo complex 7 (Figure 5), although an alternative ferric-hydroperoxide 

complex has been proposed as the active species in some reactions. Radical clock 

experiments confirmed the presence of radical intermediates in these reactions.
16

 Recent 

contradictory experimental evidence, however, indicates that for specific substrates the 

rebound times are so fast that no clear intermediate radical species is detectable and as 

such the process can perhaps also be described as a concerted reaction.
17
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Figure 5: Radical rebound mechanism proposed for C–H hydroxylation by P450 enzymes. 

Direct concerted oxo insertion into the C–H bond cannot be excluded and may well 

depend on the specific substrate and catalyst used.
18

 In epoxidation reactions by 

synthetic iron porphyrin complexes, experimental evidence mainly favors a concerted 

mechanism, however, for terminal alkene epoxidation some observed side-products can 

only be explained by a radical mechanism (Figure 6).
19,20

 Again, the mechanism 

resembles the approach shown in Figure 2D. 

 

Figure 6: Proposed radical mechanism for cytochrome P450 enzymes in alkene epoxidation. 
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Initial activation of dioxygen results in formation of the active hydroxylation complex 

7. Complex 7 can react with an olefin either through a concerted mechanism or a step-

wise radical mechanism.
21

 In epoxidation of terminal olefins several side products are 

observed, which strongly suggest that the radical 2-step pathway is operational. In this 

radical mechanism the alkene reacts with the active oxidant 7 to form the γ-radical 

complex 8. Subsequent C–O bond formation results in the epoxide adduct 9, which 

releases the product. In complex 8 there is a competition between the desired C–O bond 

formation, C–N bond formation and 1,2-hydrogen atom shift. Upon reaction with one of 

the porphyrin nitrogens the N-alkylated porphyrin 10 is formed. Formation of the C–N 

bond is accompanied by homolytic cleavage of the Fe-N bond to reduce the metal center 

to iron(III). The second side product observed in the epoxidation of terminal olefins are 

terminal aldehydes. A possible explanation is that 1,2-hydrogen atom shift from γ-

radical complex 8 to yield the β-radical complex 11. Subsequent C–O bond formation 

then yields the aldehyde coordinated to the metal (complex 12), which upon release of 

the side product regenerates the catalyst.  

Despite their radical-type mechanisms, the previously discussed examples as well as 

many other natural metallo-enzymes show remarkable high selectivities, much higher 

than observed for typical free radical reactions. Not only chemo-, regio- and 

diastereoselective reactions, but these radical-type reactions also allow enantioselective 

C–H functionalization and olefin epoxidation. Furthermore, they allow the challenging 

activation of triplet oxygen. Besides the examples in nature, some recently developed 

synthetic catalysts also operate by radical mechanisms utilizing the high reactivity of 

intermediate radicals. In these cases, radicals are generated in low concentrations in 

close proximity to the transition metal which are directly involved in the catalytic cycle. 

As such controlled radical reactivity can be achieved, and unwanted radical 

recombination pathways can be prevented to a large extend.  
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1.3  Metallo-radical reactivity of cobalt porphyrins 

Cobalt porphyrin complexes have recently gained much attention in controlled radical 

chemistry due to their versatile reactivity in the activation of C–C and C–H bonds. The 

major intermediates are carbene or nitrene radicals, which are stabilized by the cobalt 

porphyrin. Cobalt carbenes (or nitrenes) are best described as carbene (or nitrene) 

radicals formed by transfer of an electron from the metallo-radical cobalt(II) center to 

the substrate, thus forming a discrete carbon (or nitrogen) centered radical (see also 

Figure 2D).
22

 The interaction between the carbene and the cobalt metal center increases 

the energy level of the dz
2
 orbital. The energy of the antibonding combination between 

the cobalt dπ orbital and the carbon (or nitrogen) py orbital is therefore lower in energy, 

thus resulting in metal-to-ligand electron transfer (Figure 7). 

 

Figure 7: Binding scheme for metal-to-ligand electron transfer  

upon carbene ligand coordination.  

The formed carbene (Section 1.3.1) or nitrene (section 1.3.2) radicals can subsequently 

be used for a broad range of chemical transformations. Examples include 

cyclopropanation,
23-30

 2H-chromene synthesis,
31

 1H-indene synthesis,
32

 furan 

synthesis,
33

 cyclopropenation,
34

 C–H activation,
35 

ketene formation,
36

 C–H amidation,
37

 

aziridination,
38

 C–H amination,
39-45

 dihydrobenzoxazine synthesis 
46

 and azabenzene 

synthesis.
46

  A general overview of the various reported reactions is shown in Figure 8. 
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Figure 8: General overview of cobalt porphyrin catalyzed  

carbene and nitrene radical reactivity. 

 

1.3.1  Carbene radical reactivity 

 

In order to avoid radical recombination and other deactivation pathways it is desirable 

to generate the required carbene radical in a low concentration. A convenient approach 

to access the carbene radical intermediates is through dinitrogen loss from the 

corresponding diazo precursor. A general scheme for the cobalt-catalyzed reactivity of 

carbene radicals is depicted in Figure 9. Initial coordination of the diazo precursor to the 

cobalt(II) metal center is followed by dinitrogen loss to obtain the carbon centered 

radical complex 15. Experimental evidence supports the formation of the cobalt(III) 

carbene radical intermediates.
47
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Figure 9: Proposed general mechanism for cobalt(II) porphyrin  

catalyzed carbene radical reactivity. 

When ethylstyryldiazoacetate was used as the carbene precursor both the α-radical and 

γ-radical resonance structures contribute to the electronic structure of the reactive 

intermediate (Figure 12, complex 18 and 19 respectively). The stronger contribution of 

the γ-radical results in rapid and clean dimerization (90% isolated yield) in absence of a 

suitable hydrogen atom donor to form the bridged homodimer 20. The γ-radical could 

also be trapped efficiently using TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl) to 

obtain the heterodimer 21 (Figure 10). 

 

Figure 10: Experimental evidence for formation of carbene radical intermediates. 
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In C–H bond activation reactions a hydrogen atom abstraction occurs followed by fast 

radical rebound to release the product and regenerate the active catalyst (Figure 9, 13, 

middle pathway). For cyclopropanation and cyclopropenation the intermediate carbon 

centered radical (Figure 9, 15) undergoes radical addition to the alkene or alkyne 

multiple bond to yield the corresponding γ-radical (Figure 9, 17, left pathway). Finally a 

ring closing reaction forms the cyclopropane or cyclopropene product and regenerates 

the catalyst 13.
23

  

 

The main limitation of this type of reactivity is the accessibility of the diazo substrates. 

Due to their reactive nature only a small range of substituents R and R1 are safe to be 

handled and stored. Recent efforts, however, enabled the safe in situ preparation and use 

of highly explosive or toxic compounds such as diazomethane, formed from N-

nitrososulfonamide without the need to isolate the diazo compounds.
48

 Alternatively, 

tosylhydrazones
49

 and a mixture of sodium nitrate and ammonium salts
50

 can be used to 

generate the corresponding diazo compounds in situ when applied in presence of a base. 

These methods substantially expand the scope of cobalt porphyrin catalyzed radical-

type reactions. Furthermore, the development of a modular synthesis protocol for chiral 

porphyrins enabled the investigation of enantioselective radical reactivity.
51

 As a result, 

cobalt porphyrins have recently been applied in enantioselective 

cyclopropanation
25,26,29,52-55

 and C–H bond activation reactions.
35

 Hydrogen bonding 

interactions between the amide bond and the carbonyl from the diazo substrate are 

proposed to be responsible for the obtained high enantioselectivities (Figure 11).
24

 

 

Figure 11: Enantioselective cyclopropanation with cobalt porphyrin catalysts. 
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1.3.2 Nitrene radical reactivity 

For the activation of azides, a similar general mechanism as reported for carbene radical 

reactivity (Figure 9) has been proposed, involving the corresponding nitrene radicals 23 

as key intermediates in these radical-type transformations (Figure 12). The highly 

reactive nitrene radical can subsequently undergo radical addition to form aziridines
56

 

(Figure 12, left pathway) or hydrogen atom abstraction in C–H bond activation 

reactions (Figure 12, middle pathway).
 37,57

 High enantioselecitivities (up to 99% ee) 

have been observed for a variety of azides to yield the corresponding aziridines in high 

yields.
58-61

 To the best of our knowledge, enantioselective C–H amination with cobalt 

porphyrin complexes is thus far unreported. Furthermore, the use of aliphatic azides in 

nitrene transfer in general is unreported for cobalt porphyrin catalysts. 

 

Figure 12: Proposed general mechanism for cobalt(II) porphyrin  

catalyzed nitrene radical reactivity. 

Spectroscopic evidence (EPR, XAS, IR, UV-Vis, mass) has been obtained for the 

formation of both mono-nitrene radicals and bis-nitrene radicals, depending on the 

nitrene source.
62

 Reaction of cobalt(II) porphyrin complexes with organic azides was 

shown to result in the formation of mono-nitrene radicals, whereas more oxidizing 

iminoiodane precursors generated bis-nitrene radicals (Figure 13). EPR spectroscopy 
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further indicated a one-electron oxidation of the porphyrin ligand in the bis-nitrene 

radical species 26.  

 

Figure 13: Formation of bis-nitrene radicals upon reaction of cobalt(II) porphyrins with 

iminoiodanes as nitrene precursor, in contrast to formation of mono-nitrenes when using 

organic azides as substrates. 

The decomposition rates of the bis-nitrene radicals are much faster than those of the 

mono-nitrene analogs, leading to rapid unwanted side reactions for bis-nitrene species 

26. The less sensitive mono-nitrenes 27 are therefore more likely intermediates under 

catalytic conditions. This observation is in agreement with experimental observations in 

catalytic reactions where the use of azides gives better results than iminoiodanes. 

1.4  Second coordination sphere effects in catalysis. 

In addition to the effect of ligands directly coordinating to the metal center and the 

metal itself, also the protein surrounding in the second coordination sphere plays a 

significant role in controlling the selectivity of radical-type reactions catalyzed by 

metallo-enzymes.
63

 Due to the steric confinement of the hydrophobic cavity around the 

active site, metallo-enzymes convert only substrates of a specific size or shape that are 

typically able to reach the metal center and therefore react.
64

 The protein environment 

further isolates and shields the metal center from its environment to avoid radical-

radical coupling and radical disproportionation reactions, which are commonly 

encountered deactivation pathways in radical chemistry. Over the past decades 

researchers have become increasingly interested in mimicking the functions of the 

protein environment. Therefore, molecular organic frameworks (MOFs),
65

 zeolites
66

 and 

molecular cages
67

 have all been reported as suitable hosts to tune the reactivity of a 

metal complex through second coordination sphere effects. The close proximity of 
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functional groups or steric bulk allows only specific transition states and substrates to 

react in the confined space of the host molecule. Encapsulation of a catalyst in a host 

also enables tandem reactivity between incompatible catalysts.
68

 Furthermore, building 

a protective cage around a catalyst prevents binuclear catalyst deactivation processes, 

which are particularly relevant for the metallo-radical reactivity of cobalt complexes 

discussed in section 1.3. 

  

In this section the effect of several supramolecular cages on the catalyst embedded in 

these cages is discussed. This section is not intended as an exhaustive review, but rather 

to highlight the potential of catalysis in supramolecular cages on the basis of selected 

examples. The preparation of host-guest structures (1.4.1) and the effects of local 

catalyst concentration (1.4.2), substrate pre-organization (1.4.3), size- and shape 

selectivity (1.4.4), product selectivity (1.4.5) and tandem reactivity (1.4.6) in catalysis 

are discussed in the following sections. 

1.4.1  Preparation of host-guest structures 

To obtain encapsulated complexes, an appropriate host structure is required. Early 

examples of host-guest complexes focused on the incorporation of a guest in 

macrocycles such as cyclodextrins,
69

 calixarene,
70

 and more recently pillarenes
71

 and 

cucurbiturils
72

 (Figure 14).  

 

Figure 14: Macrocycles used for preparation of host-guest complexes. 

Unfortunately, these macrocycles offer a limited structural diversity of the host, which 

can be difficult to modify. The more recently introduced supramolecular approaches, 

where the host is formed by self-assembly of functional building blocks has 

substantially simplified and accelerated the preparation of host-guest assemblies. By 
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selecting the appropriate conditions and building blocks, capsules varying in size, shape 

and function can be obtained in high yields as the thermodynamic or trapped kinetic 

products.
73

 The obtained supramolecular cages are formed through bonds that can be 

reversibly made and broken, such as imine bonds, metal-ligand coordination or 

hydrogen bonding interactions.
74

 Upon changing the metal, or one of the other building 

blocks a large variety of supramolecular complexes can be obtained (Figure 15).
75,76 

 

Figure 15: Various supramolecular cages obtained from different metal complexes.75 

By changing the host structure, through variation of the separate building blocks, 

efficient encapsulation of a wide variety of guests can be achieved.
77-81

 Host-quest 

complexes have a large potential in creating a specific local environment around the 

guest, different from the bulk solution, which can be influenced further using external 

stimuli.
82,83

 Therefore the use of these types of supramolecular complexes is attractive 

for catalysis research, as control over the second coordination sphere can have a 

tremendous impact on the outcome of a catalytic reaction.
84-86

 An additional advantage 

of supramolecular assemblies is their solubility in common reaction media, which 

enables the analysis of the complexes through analysis methods such as mass analysis, 

NMR, EPR, IR and UV-Vis spectroscopy.
87

 This is in sharp contrast to metal-organic 
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frameworks (MOFs), which also offer discrete cavities to host and stabilize catalysts, 

but are by definition insoluble and hence much more difficult to study with 

spectroscopic techniques. Diffusion ordered NMR spectroscopy (DOSY) is another 

important technique to study soluble supramolecular cage-catalyst assemblies, and 

allows discrimination between different species in solution based on their respective 

size. DOSY is therefore frequently used to verify whether guests or catalysts are 

efficiently encapsulated and to estimate the size of supramolecular assemblies.  

Catalysts can be encapsulated in a host molecule through covalent anchoring of the 

ligand to a supramolecular host.
88

 Alternatively the catalyst can be introduced through 

supramolecular interactions such as metal-ligand coordination.
89,90

 The interaction 

between pyridine functionalized ligands and zinc porphyrin
91,92

 or salphen
93

 complexes 

is extensively used in this context. The relatively strong binding of pyridines to metal 

porphyrins results in tight encapsulation of the catalyst.
94

 The binding is, however, 

sufficiently weak to allow the supramolecular assembly to adopt its most favorable 

geometry in thermodynamically controlled synthesis. Other supramolecular interactions 

can also be used to bind the catalyst inside a supramolecular cage, such as hydrophobic 

or electrostatic interactions, although these are typically weaker interactions, hence 

leading to reversibly encapsulated catalysts that easily dissociate from and re-enter the 

cage.
95

 This is not always a favorable feature in catalysis research, as it is often 

necessary to keep the catalyst embedded in the host throughout the entire catalytic 

reaction to see second coordination sphere or cage-effects on the outcome of a catalytic 

reaction. Stronger interactions may thus be preferred to keep the catalyst in place. In the 

following sections (1.4.2 to 1.4.6) the different influences supramolecular cages can 

impose on a catalyst are discussed. 

1.4.2  Catalyst isolation and local concentration 

The second coordination sphere of a supramolecular cage can have several effects on 

the properties and reactivity of an encapsulated catalyst. Hupp and co-workers showed 

the advantage of isolating a single manganese porphyrin complex in a supramolecular 

capsule through four pyridine-zinc coordinations (Figure 16).
96

 Because only one 

complex can fit inside the supramolecular capsule, bimolecular deactivation pathways 

are suppressed.  
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Figure 16: Encapsulation of a manganese catalyst through metal-ligand coordination. 

In manganese epoxidation reactions the catalyst generally deactivates quickly through 

binuclear deactivation pathways, which typically results in decomposition of the free 

catalyst in approximately 10 minutes. After encapsulation the catalyst lifetime was 

increased to 3 hours. The catalyst rate was, however, also somewhat slower due to 

hindered substrate transport towards the encapsulated active site. The longer catalyst 

lifetimes led to an overall increase in the turnover number (TON) for the epoxidation of 

styrene from 65 for the free catalyst to 1500 for the encapsulated catalyst.   

Besides catalyst isolation, TONs and yields of catalytic reactions can also be enhanced 

by cages having a high local concentration of the catalyst, therefore imposing a higher 

activity (turnover frequency, TOF). Reek and co-workers showed that cages hosting a 

large number of gold catalysts, hence leading to a high local catalyst concentrations (up 

to 1.1 M) have a quite remarkable reactivity in gold catalyzed hydroalkoxylation 

reactions.
97

 To obtain such extreme local catalyst concentrations, the spherical M12L24 

host structure developed by the group of Fujita was used (Figure 17).
98

  Upon binding 

the guests covalently to the host building blocks up to 24 molecules of various sizes can 

be introduced inside the supramolecular cage. Alkyl
99

 and glycol chains,
100

 peptides,
101

 

azobenzenes
102

 and even coronenes
103

 can be introduced by this method.
104
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Figure 17: Preparation of an internally functionalized supramolecular host. 

Because the guests are covalently attached to the host precursor it is possible to vary the 

amount of functionalization by combining multiple precursors. As such the local 

catalyst concentration can be varied by mixing functionalized precursors with non-

functionalized precursors, thus influencing the amount of catalyst in the cage after self-

assembly (Figure 18).  

 

Figure 18: Increased activity of a gold complex upon increasing the local concentration. 
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This local concentration effect (0.05‒1.1 M) leads to quite unusual reactivity in gold 

catalyzed hydroalkoxylation reactions (Figure 19). Product formation was only 

observed when the local gold concentration was at least 0.27 M. Most remarkably, this 

catalyst is therefore only active when multiple gold complexes are in close proximity. 

The overall catalyst concentration was kept constant in all experiments but the turnover 

frequency (TOF) increases with an increase in local catalyst concentration. The most 

active catalyst was obtained when only the gold-functionalized building block was used 

to obtain the desired product in 90% yield (TON = 1.9, TOF  = 1.34 h
-1

). The activity 

could be improved by optimization of the reaction conditions (TON = 67 and initial 

TOF = 55 h
-1

). 

 

Figure 19: Gold catalyzed hydroalkoxylation reaction. 

The examples discussed in this section show that supramolecular cages can be used to 

isolate a catalyst to avoid decomposition pathways or to enhance the activity by 

imposing a high local concentration of the catalyst. 

1.4.3  Substrate pre-organization 

In metallo-enzymes both the metal complex and the substrate are pre-organized in the 

active site leading to highly selective and active catalysts.
105

 To mimic such pre-

organization effects the catalyst and substrate should be brought in close proximity in a 

supramolecular cage. The catalyst should also bind stronger than the substrate to 

prevent catalyst displacement by the substrate under catalytic conditions with a large 

excess of substrate present. Furthermore the product should be bound sufficiently weak 

to be released allowing catalytic turnover. Reek and co-workers exploited the difference 

in binding strength of sulfonates and carboxylates to guanidinium functionalities to 

achieve substrate and catalyst pre-organization in a supramolecular cage. The 

previously discussed M12L24 capsule (Figure 17) was functionalized with 24 

guanidinium functionalities that strongly bind the sulfonated ligand of the gold complex 

through cooperative binding (Figure 20).
106
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Figure 20: Supramolecular substrate and catalyst pre-organization. 

In the presence of a base the carboxylic acid substrate 28 was subsequently 

deprotonated to coordinate to the remaining guanidinium functionalities in close 

proximity to the sulfonated catalyst (Figure 20). The product 29 lacks the free 

carboxylic acid to coordinate to the guanidinium functionalities, which facilitates the 

release of the product enabling and accelerating catalytic turnover. The initial turnover 

frequency was increased 10-fold in the presence of the host resulting in full conversion 

of the substrate 28. Control experiments confirmed the requirement to coordinate both 

the catalyst and the substrate in the catalyst to achieve the highest activity. 

 

Another intriguing example of the influence of supramolecular cages on catalysis has 

recently been reported in which the enantioselectivity of a catalyst can be increased 

upon encapsulation.
107

  By encapsulation of a BINOL-rhodium complex 30 in a 

supramolecular cage (Figure 21) the chiral information from the ligand is transferred to 

the reaction much more efficiently. Without the cage only poor enantioselectivities (up 

to 16%) are achieved in styrene hydroformylation with catalyst 30. In the presence of 

the supramolecular cage this increases to 74% due to the limited accessible substrate 

coordination modes inside the cage.  
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Figure 21: Encapsulation of a BINOL-rhodium complex in a supramolecular cage. 

The examples in this section clearly indicate how a supramolecular cage can influence 

both the activity and the (enantio)selectivity of a specific reaction through substrate pre-

organization.  

1.4.4  Substrate size and shape selectivity 

Besides the advantageous cage effects described in the previous sections (1.4.2 and 

1.4.3), where the reactivity of only one substrate is considered, supramolecular cages 

can also be employed to selectively convert a single substrate from a complex mixture 

of various substrates. Due to the limited size of the cage windows, elegant examples 

have been reported in which electronically similar substrates can be converted 

selectively based on their respective shape and size. Raymond and co-workers 

developed a gallium cage with an overall charge of -12.
108

 Small rhodium complexes 

could be encapsulated inside the cavity with relatively high binding constants (up to 5.7 

x 10
2
 M

-1
). The free rhodium catalyst is very active and showed full conversion for the 

isomerization of both linear and branched alcohols (95% yield). However, the 

encapsulated complex converts only linear allylic alcohols (Figure 22).
109

 Due to their 

size and shape, branched substrates are unable to enter the cage cavity to react at the 

rhodium catalyst.   
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Figure 22: Substrate selective isomerization with an encapsulated rhodium complex. 

Hupp and co-workers used their previously discussed porphyrin capsule (Section 1.4.2, 

Figure 16) to differentiate between stilbene 31 and tetra-tert-butylstilbene 32 (Figure 23, 

left).
96

 The encapsulated manganese porphyrin showed a modest size-selectivity for the 

epoxidation of the smaller stilbene 31 to form epoxide 33. To further exploit the size 

selectivity with supramolecular assemblies, the cavity size was modified by pyridine 

functionalized additives (Figure 23). 
 

 

Figure 23: Modified interior cavity in a supramolecular assembly  

for substrate selective epoxidation. 
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Due to coordination of the pyridines to two of the planes in the capsule the selectivity 

could be increased to yield the small epoxide 33 and sterically more demanding product 

34 in a 7:1 ratio. The same principle of cavity modification was also exploited in larger 

supramolecular assemblies.
110,111  

The examples described in this section elegantly illustrate that supramolecular 

assemblies can be used to selectively convert substrates based on their size or shape. 

The selectivity can be induced using the size of the cage cavity (which can even be 

modified) as a substrate selecting factor or through diffusion limitations of substrates 

entering the supramolecular cage.  

1.4.5  Product selectivity 

The product distribution can be influenced by variations in the interactions of different 

substrates with the supramolecular capsule (see section 1.4.4). Alternatively, the product 

distribution can also be influenced by creating a local environment in which a specific 

catalytic pathway is inaccessible. As a result the product distribution can change 

drastically upon encapsulation of a catalyst.
112

 This was demonstrated by Reek and co-

workers using a gold catalyst encapsulated by a hexameric capsule. The capsule is built 

from six calix[4]resorcinarenes equipped with hydrogen bond acceptor functionalities 

and eight water molecules, which self-assembles into a spherical molecular capsule 

through hydrogen bonding interactions.
113

 The obtained capsule can be used to 

encapsulate a gold carbene complex, which is an active catalyst for the hydration of 

alkynes (Figure 24).  

In absence of the supramolecular capsule the expected ketone product 36 was mainly 

observed with some traces of the corresponding aldehyde 37. However, when the 

encapsulated catalyst was used the product distribution changed significantly and 

formation of 1,2-dihydronaphthalene 38 was observed under otherwise identical 

conditions.
112

 The 1,2-dihyrdronaphthalene product 38 is commonly only encountered 

under anhydrous conditions. The observed reactivity is attributed either to pre-

organisation of the substrate inside the host to favor intramolecular reactivity or by 

providing a barrier for the entrance of water inside the capsule.  
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Figure 24: Encapsulation of a gold catalyst in a hexameric capsule  

to achieve product selectivity. 

The reported high affinity of the hexameric capsule for cationic gold complexes was 

subsequently exploited for the development of a switchable catalytic system. The 

dimeric hydroxyl bridged complex 39 is capable of dual gold activation through 

formation of both σ- and π-activated alkyne complexes. Because the dimeric catalyst is 

too large to fit inside the cavity of the resorcinarene capsule the dimer is split up in its 

monomeric components and only the cationic complex is encapsulated in the hexameric 

capsule (Figure 25).
114

 

 

Figure 25: Hydroxyl bridged dimeric complex can be split in its  

mononuclear gold complexes upon encapsulation. 
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As a result, upon addition of the capsule only σ-activation of the alkyne substrate is 

possible. In the hydrophenoxylation of diphenylacetylene both σ- and π-activation are 

required to obtain the desired product. The reaction can therefore be “turned off” upon 

addition of the resorcinarene capsule. The reactivity could be restored by subsequent 

addition of a competing guest, which liberates the cationic gold complex, which leads to 

re-assembly of the active binuclear catalyst. 

 

The discussed examples in this section clearly illustrate how catalysts can adopt 

remarkably different reactivities upon encapsulation in supramolecular cages. Due to 

the local environment some reaction pathways become inaccessible whereas new 

pathways become available under the applied reaction conditions. As a result, the 

product distribution can change drastically after encapsulation of a catalyst. 

1.4.6  Tandem catalysis with incompatible catalysts 

In the previous sections (section 1.4.2 to 1.4.5) encapsulation was shown to improve the 

reaction of a specific substrate to the desired product in a single catalytic step. 

Alternatively multi-catalytic reaction steps can be performed in a single reaction 

mixture to reduce waste and avoid separation costs. The main challenge in realizing 

multi-catalytic reactions is finding solutions for incompatibility problems. These 

problems are associated with the necessity of different catalysts to be compatible with 

both each other and the reaction conditions required for each reaction step. 

Supramolecular cages can be used to physically separate incompatible catalysts to 

achieve new reactivity, thus providing a solution to at least one of these challenges. An 

elegant example has been shown by Raymond and Toste in which an enzyme and a gold 

catalyst were combined in a single reaction mixture (Figure 26).
115

 

 

Figure 26: Catalyst encapsulation to avoid deactivation in a tandem reaction. 
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Esterase catalyzed hydrolysis of acetate substrate 40 was followed by a gold catalyzed 

cyclization to yield the substituted tetrahydrofuran 42. Neither the enzyme nor the gold 

catalyst is able to catalyze both reaction steps. Simply mixing the enzyme and the 

unprotected gold catalyst is sub-optimal for achieving the overall reaction of 40 to 42 in 

one-pot. The free gold catalyst partly inhibits the enzyme, thus reducing the yield of the 

ester hydrolysis reaction (65% conversion). When the encapsulated gold catalyst is used 

instead, the activity of the enzyme (97% conversion) is comparable to the activity in 

absence of the gold catalyst (98% conversion). Furthermore, the encapsulated catalyst is 

more efficient than the free catalyst in the gold-catalyzed cyclization step (67% and 

96% conversion of 41 respectively). The supramolecular cage thus effectively separates 

the gold catalyst from the enzyme so the activity of both steps is retained. 

1.5  Aim and outline of the thesis 

To sustain our demand for the various products obtained through catalysis, it is 

desirable to move from precious metals (such as palladium, platinum, iridium, etc.) to 

base metals (cobalt, iron, manganese, etc.). The efficient use of base-metals is, however, 

associated with new challenges due to their preferred one-electron reactivity. Metallo-

enzymes are well known for performing effective radical reactions, which has inspired 

several scientists to also develop efficient and selective synthetic catalysts that operate 

via radical-type mechanisms. Cobalt porphyrin catalysts, for example, have been used to 

achieve a wide variety of selective radical transformations including challenging C–H 

and C=C bond activations.  

In addition to the ligands directly connected to the metal center, the second coordination 

sphere plays a significant role in tuning the reactivity of metallo-enzymes. In order to 

functionally mimic this second coordination sphere supramolecular cages have been 

developed. Examples have been shown in which bimolecular decomposition pathways, 

frequently encountered in metallo-radical catalysis, are already suppressed by partial 

encapsulation. In this Thesis full encapsulation of catalysts in a cubic supramolecular 

cage is investigated to completely avoid bimetallic decomposition pathway.  

Furthermore, supramolecular cages enable pre-organization of the substrate and induce 

selectivity for specific substrates and products in competitive reactions. In addition, the 

development of a protocol for cobalt catalyzed formation of N-heterocycles from 

aliphatic azides, and a detailed mechanistic study regarding this reaction, are also 

described in this thesis.  
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To improve the activity of cobalt porphyrin catalysts, a new supramolecular cage was 

developed to efficiently encapsulate a cobalt-porphyrin catalyst. The encapsulated 

catalyst has been studied with a variety of analysis techniques (NMR, DOSY, MS) and 

applied in two radical reactions showing increased activities and catalyst lifetimes 

compared to the free catalyst. The results of these investigations are described in 

chapter 2.  

In chapter 3, the synthesis of an analogous cage is described which, in contrast to 

chapter 2, is soluble in aqueous solutions. The encapsulated cobalt porphyrin catalyst 

was employed in the cyclopropanation of alkenes with diazoacetates. After investigation 

of the substrate scope the encapsulated cobalt catalyst was used in direct competition 

experiments with styrene derivatives of various sizes to investigate the size-selectivity 

of the cyclopropanation reactions.  

In chapter 4 the encapsulation of a manganese-porphyrin in the supramolecular cage is 

described. As for the cobalt porphyrin catalyzed radical reactions, manganese catalyzed 

epoxidation catalysts also commonly suffer from bimetallic deactivation pathways, and 

as such a beneficial effect of protecting the catalyst in our new cage was expected also 

in these reactions. The encapsulated cage indeed has an increased lifetime when 

compared to the free catalyst. Furthermore, size-selective epoxidation reactions could be 

demonstrated in direct competition experiments.  

 

In chapter 5, the development of a new, efficient intramolecular catalytic C–H bond 

amination protocol is described. These reactions were not performed in a cage because 

for these intramolecular ring-closing reactions involving more stable nitrene-radical 

intermediates, bimolecular catalyst deactivation is considered to be less of an issue. The 

catalyst outperforms all reported catalysts for the formation of N-heterocycles from 

organic azides, both in terms of activity and stability. Extensive experimental and 

computational studies for the reaction are described in Chapter 6 to reveal a radical 

mechanism. Mechanistic information gathered was used to improve the yield and TON. 

Furthermore, the first example of an enantioselective, intramolecular C–H bond 

amination reaction from aliphatic azides was demonstrated. 
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Abstract: The synthesis of a new, cubic M8L6 cage is described. The new 

supramolecular assembly was characterized by NMR spectroscopy, DOSY, Cryo-UHR-

ESI-ToF mass spectrometry and molecular modelling techniques. The increased cavity 

size of this new supramolecular assembly compared to the previously described cubic 

cage compound allows the selective encapsulation of tetrakis(4-pyridyl)porphyrins 

([M(TPyP)], M=H2, Zn, Co). The substrate accessibility of this system was 

demonstrated through radical-trapping experiments and its catalytic activity was 

studied in two different radical-type transformations. The reactivity of the encapsulated 

[Co
II
(TPyP)] complex is significantly increased compared to free [Co

II
(TPyP)] and 

related cobalt-porphyrin complexes. The reactions catalyzed by this system are the first 

examples of cobalt-porphyrin catalyzed radical-type transformations involving diazo 

compounds that occur inside a supramolecular cage. 

2.1 Introduction 

The creation of complex, well-defined three dimensional structures through self-

assembly is an important and fast growing field of modern chemistry. The obtained 

supramolecular architectures exhibit unprecedented new functionalities (see  

Chapter 1).
1
 Elegant examples are reported in which such supramolecular assemblies act 

as hosts for small ions
2-4

 or molecules,
5-7

 large organic compounds
8
 or transition metal 

complexes.
9
 In particular, the ability to encapsulate guests in so-called ‘molecular 

flasks’ leading to unusual reactivities and selectivities is interesting,
10-16

 as it offers new 

opportunities to steer and control catalytic reactions. In this perspective, catalyst 

encapsulation is a fascinating method to achieve site-isolation in homogeneous 

catalysis. In addition to control over selectivity, the catalyst is also protected from the 

bulk, potentially suppressing (self)deactivation. For example, unwanted radical-radical 

coupling is an important catalyst deactivation pathway
17

 in metallo-radical catalysis
18-22

 

that can possibly be prevented by encapsulation of the metallo-radical catalyst in a 

supramolecular cage. Such a site-isolation methodology mimics in a way the protective 

protein matrix surrounding the active sites of metallo-enzymes (which frequently follow 

related metallo-radical pathways). Self-deactivation is particularly important in metallo-

porphyrin catalyzed processes, and hence the development of new hosts that are capable 

of encapsulating metallo-porphyrins is an important goal to advance porphyrin-based 

(radical-type) catalysis. Only a few examples have so far been reported that address this 

problem of self-deactivation in metallo-porphyrin catalyzed processes using 

supramolecular approaches.
23-25
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Due to their symmetry and versatility porphyrins are widely used for the design of 

supramolecular host-complexes.
26-31

 They are easily accessible and adjustable in terms 

of substituents and metals, and hence offer various synthetic handles to steer the 

electronic and structural parameters of new (supramolecular) catalysts. While the 

encapsulation of porphyrins in so-called metal-organic frameworks (MOFs)
32,33

 is well-

established, fewer examples are known where they are guests in soluble, molecular 

hosts.
23,24,34-36

 Here we report the synthesis of a new, self-assembled cubic M8L6 cage 

compound
37-39

 that efficiently encapsulates tetrakis(4-pyridyl)porphyrins [M(TPyP)]. 

The cage is accessible for additional organic substrates and allows catalytic turnover 

inside the self-assembled cage.  

2.2 Results and Discussion 

The deactivation of catalysts via the formation of bridged dimers is an important issue 

in metallo-porphyrin catalyzed processes. Prominent examples are the oxo-bridged 

dimers in manganese-porphyrin catalyzed epoxidations of olefins, which has been 

addressed by Hupp and co-workers.
23,24 

In our previous studies we reported that 

dimerization can also occur in cobalt(II)-porphyrin catalyzed reactions of diazo 

compounds.
17

 While this reaction provided additional experimental proof for radical-

type pathways in cobalt-porphyrin catalyzed carbene transfer reactions,
17

 it also reveals 

the problem of unwanted catalyst self-deactivation through radical-radical coupling 

processes. We took it as a challenge to avoid such self-deactivation processes, and 

hence we became interested in the use of supramolecular hosts capable of encapsulating 

porphyrins while leaving enough space available for organic substrates to react inside 

the cavity. Diamagnetic M8L6 cage 1 (Scheme 1), which has been described by Nitschke 

and co-workers, initially looked promising for this purpose.
37
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Scheme 1: Synthesis of Nitschke’s cubic M8L6 cage 1,37 and attempted  

guests for encapsulation. 

The zinc-porphyrin planes of 1 allow, in principle, directed interactions with pyridine 

functionalized guests such as meso-tetrakis(4-pyridyl)porphyrin ([H2(TPyP)], 2-H2) and 

the metallo-porphyrin analogues ([M
II
(TPyP)], 2-M)

40
 to give host-guest complexes [2-

H2@1] or [2-M@1]. However, the cubic cage host 1 is not large enough to encapsulate 

pyridine-appended porphyrins such as 2-Zn or 2-Co. The Zn–Zn distance between two 

cube planes in 1 is about 15.0 Å, which is smaller than the N–N distance between two 

trans-pyridyl nitrogens in 2 (15.5 Å). Furthermore, encapsulation of meso-

tetraphenylporphyrin complexes ([Co(TPP)], 3-Co) were also unsuccessful. We 

therefore decided to design and synthesize a new M8L6 cubic cage which is large 

enough to host 2. In principle, the synthesis of cubic M8L6 cages offering an increased 

cavity size can be accomplished by changing either one of the three building blocks 

(zinc tetrakis(4-aminophenyl)porphyrin (Zn-TAPP, 4), 2-pyridine-5-carbox-aldehyde 

(5) or iron triflate (Fe(OTf)2, 6). The influence of the employed metal salts on the size 

and shape of related tetrahedral M4L6 cages to yield a variety of new supramolecular 

complexes has been described recently.
41 
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2.2.1 Synthesis and Characterization of the large cubic M8L6 cage 8 

We approached the synthesis of a larger cubic cage by replacing the 2-pyridine-

aldehyde (5) building block used in the synthesis of Nitschke’s cubic cage by the 2,2’-

bipyridine-5-carboxaldehyde 7 (Scheme 2). Indeed, reaction of 24 equivalents of 7 with 

6 equivalents of Zn-TAPP 4 in the presence of 8 equivalents of Fe(OTf)2 results in the 

selective formation of the new, larger cubic cage complex 8 through self-assembly. 

Notably, 8 is formed in high yield (96%) and the reaction is relatively easy to scale-up, 

yielding 8 in 400 mg isolated yield. 

Scheme 2: Synthesis of the new and large cubic M8L6 cage 8. 

Figure 1a shows the 
1
H-NMR spectrum of cage 8. Except for one signal being masked 

by an overlapping solvent signal, the chemical shifts, relative integrals and multiplicity 

of the signals observed match well with the structure of 8. Other signals stem from the 

solvents used (and a minor trace of 7; signal at 10.3 ppm). Solutions of 8 in DMF are 

remarkably stable, and remain unchanged for several days at room temperature.  
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Figure 1: 1H-NMR (a) and 1H-DOSY separated NMR spectrum of 8 (b), both spectra were 

recorded in DMF-d7. 

To reveal any missing signal hidden under the solvent peaks we performed a DOSY 

experiment (Figure 2). The DOSY separated spectrum clearly revealed that all signals 

assigned to the cage indeed belong to only one compound (Figure 1b). Furthermore, 

DOSY helped to assign the missing 
1
H-NMR signal of the porphyrin building block 

hidden under the DMF-d7 solvent peak at 8.0 ppm, which could not be identified using 
1
H,

1
H-COSY techniques. 

13
C-NMR data further support the structure of 8 in solution.

 

19
F-NMR data showed no indication for encapsulation of the triflate counterions by 8. 
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Figure 2: DOSY spectrum of M8L6 cubic cage 8 in DMF-d7. 

The exact mass of 8 was unambiguously confirmed by cryo-spray ultra-high resolution 

electrospray ionization time-of-flight (Cryo-UHR-ESI-ToF) mass spectrometry  

(Figure 3). 

Figure 3: Cryo-UHR-ESI-TOF mass spectrum of cubic cage 8 recorded using a spray 

temperature of -40 °C and a dry gas temperature of -35 °C. Right: Cryo-UHR ESI-TOF 

mass spectrum of 811+ {[(C528H336Fe8N96Zn6)(CF3SO3)5]
11+} (above) and simulated isotopic 

distribution (below). 

11
+ 

 

11
+
 

(simulated) 
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We were thus far unable to grow crystals suitable for X-ray diffraction (XRD). A MM-

minimized model (Spartan ’08, SYBYL force field) of 8 is shown in Figure 4.  

 

Figure 4: Model (MM) of empty cage 8 (hydrogen atoms  

and counter ions omitted for clarity). 

From this model it is clear that cage 8 is larger than cage 1. The average Zn-Zn distance 

between two opposite planes in the empty cage 8 (19.5 Å) is ca. 4.5 Å larger than the 

corresponding plane distance in 1. Hence, by modifying the aldehyde building block, 

derivatives of 1 can be synthesized that offer significantly larger cavities, expanding the 

scope of host-guest chemistry applications for this new family of M8L6 cubic cages.  

2.2.2  Encapsulation of metallo-porphyrins by cubic host 8 

With the new large cubic cage compound 8 in hand, we evaluated its ability to 

encapsulate guests (Scheme 3, left). The cavity of 8 is, according to molecular 

modelling, sufficiently large to host tetrakis(4-pyridyl)porphyrins 2. Indeed, reaction of 

a 1:1 mixture of 8 and 2-Zn ([Zn(TPyP)]) gives the new diamagnetic host-guest 

complex [2-Zn@8] in 86% yield (Scheme 3).  

c) 
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Scheme 3: Left: Encapsulation of 2-M (M = Zn, Co) in 8. Right: One step synthesis of  

[2-Zn@8] from the building blocks. 

The 
1
H-NMR spectra clearly show the appearance of two new, strongly upfield shifted 

signals at 6.3 and 5.7 ppm stemming from encapsulated 2-Zn (Figure 5c). For 

assignment see Figure 5 and Scheme 3.  

 

Figure 5: a) 1H-NMR spectrum of 8; b) 1H-NMR spectrum of 2-Zn; c) 1H-NMR spectrum of 

[2-Zn@8]; d) 1H-DOSY separated NMR spectrum of [2-Zn@8]. All spectra were recorded 

in DMF-d7. 
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The observed strong upfield shifts for 2-Zn are expected due to anisotropic ring-current 

effects in the confined nanospace of 8, and are consistent with data reported in related 

host-guest assemblies.
35

 The signals of 2-Zn reveal C4-symmetry of this encapsulated 

guest, showing that 2-Zn is symmetrically bound in 8. Moreover, as a consequence of 

the reduced symmetry of host 8 upon binding 2-Zn (see Figure 6), the signals belonging 

to the cage are broadened. The DOSY separated spectrum of [2-Zn@8] (Figure 5d) was 

required to detect the signal at 2.7 ppm stemming from encapsulated 2-Zn, and 

confirms that the assembly [2-Zn@8] is present as a single species in solution. The 

symmetry, the upfield shifts for all pyridine moieties and the integrals of the 
1
H-NMR 

signals rule out that guest 2-Zn binds to host 8 from the outside of the cage. 

 

Figure 6: Model (MM) of [2-Co@8] (hydrogen atoms and counter ions omitted for clarity). 

 

The exact mass of [2-Zn@8] was unambiguously confirmed by UHR-ESI-ToF mass 

spectrometry, thus confirming inclusion of exactly one molecule of 2-Zn in host 8. No 

other assemblies with different stoichiometries (e.g. [(2-Zn)2@8] or [2-Zn@82]) were 

observed. Moreover, no signals corresponding to empty cage 8 were observed, 

indicating that no empty host remains after reaction with one equivalent of porphyrin. 

The NMR spectra shown in Figure 5d and Figure 5e confirm that no empty cage is left 

(red lines as a guide for the eyes). In a separate experiment we demonstrated that 

formation of the assembly [2-Zn@8] can also be achieved in a one-pot synthetic 

procedure by mixing 2-Zn, 4, 7 and Fe(OTf)2 in the correct stoichiometric amounts 

(Scheme 3, right). These results underline the highly selective assembly to [2-Zn@8] 

and expanded scope of M8L6 cubic cages through selective cavity size variation. Similar 
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results were obtained when using 8 and the related tetra-pyridine-metalloporphyrin 

[Co(TPyP)] (2-Co), showing that the approach to encapsulate metallo-porphyrins in 

host 8 is general. The stoichiometry and exact mass of the paramagnetic host-guest 

assembly [2-Co@8] was revealed by Cryo-UHR-ESI-ToF mass spectrometry (Figure 

7). Again, no signals corresponding to empty cage 8 were observed.  

Figure 7: Cryo-UHR-ESI-TOF mass spectrum of host-guest assembly [2-Co@8] using a 

spray temperature of -40 °C and a dry gas temperature of -35 °C. Right: Cryo-UHR ESI-

TOF mass spectrum of host-guest assembly [2-Co@8]11+ {[(C528H336N96Zn6Fe8) 

(C40H24CoN8)(CF3SO3)5]
 11+} (above) and simulated isotopic distribution (below) 

A MM-minimized model of [2-Co@8] is shown in Figure 6, illustrating that metallo-

porphyrins of the type 2-M fit perfectly in the cavity of the cubic cage 8. EPR spectra of 

[2-Co@8] are clearly different from those of free 2-Co, illustrative for selective 

encapsulation of 2-Co in 8 (Figure 8). The EPR spectrum of 2-Co in frozen DMF 

reveals a broad, featureless signal. In the region between 5000-1500 gauss only a single 

broad line was detected (Figure 8, left). Similar signals, albeit much sharper (and 

therefore revealing resolved cobalt hyperfine couplings), have been reported for S= ½ 

(por)Co systems with axially bound pyridine or related σ-donor ligands.
42-44

 Strong 

dilution of the sample had no effect, and did not lead to sharper or different signal 

shapes. The spectrum indicates a mixture of self-aggregated assemblies due to 

intermolecular Co-pyridine interactions between different species 2-Co. 

1500 2000 2500 3000 3500 4000 4500 5000

g-value

d
X

''/
d
B

B [Gauss]

*

4,5 4 3,5 3 2,5 2 1,5

2000 2500 3000 3500 4000

g-value

d
X

''/
d
B

B [Gauss]

*

3,6 3,2 2,8 2,4 2 1,6

 

Figure 8: EPR spectrum of 2-Co (left) and EPR spectrum of [2-Co@8] (right) recorded in 

frozen DMF at 20 K. The signals marked with * are due to an impurity in the EPR cryostat 

(also detected without a sample tube). 

Importantly, the EPR spectrum of [2-Co@8] is markedly different (Figure 8, right). It is 

much sharper, shows a larger anisotropy and reveals clearly resolved cobalt hyperfine 
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couplings. The signal is typical for S= ½ Co
II
(por) metallo-radicals with weakly 

coordinating axial ligands (likely DMF).
45,46

 Clearly, encapsulation of 2-Co by host 8 

protects the system from self-aggregation, and the cubic M8L6 host nicely keeps the 

paramagnetic centers [2-Co@8] separated from each other. 

 

Additional evidence for encapsulation of 2-Co in 8 was obtained through metallo-

radical trapping experiments. The paramagnetic nature of [2-Co@8] prevented us from 

directly detecting the characteristic NMR signals of encapsulated 2-Co, and therefore 

we decided to convert the metallo-radical [2-Co
II

@8] into a diamagnetic species ([2-

Co
III

-R@8] by reaction of the Co
II
 center with ethyl diazoacetate (9) in the presence of 

the hydrogen-atom-transfer (HAT) agent 1,4-cyclohexadiene (10) (Scheme 4). 

 

Scheme 4: Radical trapping experiment to yield [CoIII-CH2CO2Et@8]. 

In this way, diamagnetic [2-Co
III

-CH2CO2Et@8] could be obtained. The assembly [2-

Co
III

-CH2CO2Et@8] indeed revealed clear upfield-shifted tetra(4-pyridyl)porphyrin 

signals comparable to those observed for [2-Zn@8] (Figure 9). In addition, the signals 

marked with * in the separated 
1
H-NMR spectrum (Figure 9) indicates formation of 
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oligomers from ethyl diazoacetate (EDA) with a similar diffusion constant. Oligomers 

are easily formed from ethyl diazoacetate with a variety of different metal catalysts.
47-49

 

 

Figure 9: 1H-NMR DOSY separated spectrum of [2-CoIII-CH2CO2Et@8]. Signals marked 

with * likely correspond to oligomers formed from ethyl diazoacetate with a similar 

diffusion constant as [2-CoIII-CH2CO2Et@8]. 

 

The exact mass of [2-Co
III

-CH2CO2Et@8] was unambiguously confirmed by Cryo-

UHR-ESI-ToF mass spectrometry (Figure 10). This proofs not only selective 

encapsulation of 2-Co in 8, but also reveals the accessibility of the catalytically active 

[Co
II
(TPyP)] moiety within the cavity of 8 for substrates.  

Figure 10: Cryo-UHR-ESI-TOF mass spectrum of host-guest assembly [2-CoIII-

CH2CO2Et@8] with a spray temperature of -40 °C and a dry gas temperature of -35 °C. 

Right: Cryo-UHR ESI-TOF mass spectrum of host-guest assembly [2-CoIII-

11+  

11+ (simulated) 

11+ 

(simulated + 2 H2O) 

11+ 

(simulated + H2O) 
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CH2CO2Et@8]11+ {[(C528H336N96Zn6Fe8)(C40H24CoN8)(CF3SO3)5(CH2CO2CH2CH3)(+H)]11+} 

(above) and simulated isotopic distribution (below). 

2.3 Metallo-radical Catalysis  

To prove that [2-Co@8] is a catalytically active ‘molecular flask’, and to study the 

effect of encapsulation on the catalytic performance of metallo-radical catalysts, we 

studied the activity of [2-Co@8] to catalyze transformations of diazo compounds. 

Moreover, we compared the obtained results with several other cobalt(II)-porphyrins, 

namely [Co
II
(TPyP)] (2-Co), [Co

II
(TPP)] (3-Co), [Co

II
(TPyP)*4 Zn(TPP)] (2-Co*4(3-

Zn)) and 11-Co (Figure 11).
50 

 

Figure 11: Structure of catalyst 11-Co reported by Zhang.50 

We started our investigations with the cobalt(II)-porphyrin catalyzed radical 

cyclopropanation of styrene (12) with ethyl diazoacetate (9) in DMF to give 

cyclopropane 13 (Table 1).
17,51

 In coordinating solvents such as DMF, cyclopropanation 

reactions are generally associated with lower rates and shorter catalyst life-times. This 

makes it easier to investigate the effect of catalyst encapsulation in terms of catalyst 

activity and stability. The encapsulated catalyst [2-Co@8] is indeed active even at small 

catalyst loadings (0.8 mol%), leading to the formation of 13 (Entry 6, 28%, TON = 33; 

TON (turnover number) = Number cycles / Number sites within the indicated time).
52 

Control experiments show that [2-Co@8] is substantially more active than the free 

tetrakis(4-pyridyl)porphyrin catalyst 2-Co (Entry 3, 7%, TON = 9), which is not 

surprising given the self-aggregation behavior of 2-Co (See Figure 8). Encapsulation of 

2-Co in 8 protects the cobalt-porphyrin catalyst 2-Co from deactivating itself via 

pyridine-cobalt coordination (which blocks its active sites). More noteworthy is the fact 

that [2-Co@8] is almost as active as free tetraphenylporphyrin catalyst 3-Co (compare 

Entry 2 and 6). Hence, 2-Co must be tightly bound in the protective cage 8 and 
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apparently does not easily escape from the cage (in which case a similar poor activity as 

observed for free 2-Co would be expected; Entry 3).  

Table 1: Cobalt-catalyzed cyclopropanation of styrene. 

 

Entry
a
 Catalyst Time (h) Yield (%) d.r.

b
 (trans:cis) TON

c
 

1 --- 1 Trace unknown --- 

2 3-Co 1 34 78:22 41 

3 2-Co 1 7 67:33 9 

4 [2-Co*4(3-Zn)] 1 10 79:21 13 

5 8 1 Trace unknown --- 

6 [2-Co@8] 1 28 65:35 33 

7 --- 4 Trace unknown --- 

8 3-Co 4 37 78:22 44 

9 2-Co 4 15 75:25 18 

10 [2-Co*4(3-Zn)] 4 15 78:22 18 

11 [2-Co@8] 4 50 63:37 60 

12 11-Co 4 56 74:26 70 

a) Reaction conditions: 12 (1.16 mmol), 9 (960 μmol), catalyst (8 μmol), DMF  

(3.2 mL), 70°C, argon atmosphere. b) diastereoselectivity. c) TON (turnover 

number) = Number cycles / Number sites within 1 or 4 h.
52

 

 

This protective effect of cage 8 on the activity of encapsulated 2-Co is not just a simple 

effect of protecting the pyridine moieties of 2-Co with a Lewis acid, as a mixture of 2-

Co with four equivalents of [Zn(TPP)] (3-Zn) (2-Co*4(3-Zn)) gave very poor results in 

this reaction (Entry 4, 10%, TON = 13). 
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The improved activity and enhanced catalytic lifetime of [2-Co@8] compared to [2-

Co*4(3-Zn)] can be explained by a stronger binding and better protection of 2-Co in 8. 

Importantly, the empty cage 8 shows no catalytic activity at all, thus ruling out that the 

iron cage corners are involved in the cyclopropanation reaction (Entry 5). To the best of 

our knowledge, these are the first examples of transition-metal catalyzed radical-type 

reactions of diazo compounds occurring inside the cavity of a supramolecular cage. The 

M8L6 cage 8 has two major effects on the activity of cobalt-porphyrin 2-Co in [2-

Co@8]: (1) It activates the encapsulated guest as a catalytically active species, and (2) it 

prevents or at least delays unwanted radical-radical dimerization. 

The yield and turnover number achieved with encapsulated catalyst [2-Co@8] (Entry 

11, 50%, TON = 60) after a longer reaction time (4 h) is substantially higher than with 

the non-protected catalysts 3-Co (Entry 8, 37%, TON = 44) or 2-Co (Entry 9, 15%, 

TON = 18). Also [2-Co*4(3-Zn)] gave a lower yield and turnover number (Entry 10, 

15%, TON = 18). Moreover, the turnover numbers of 3-Co do not differ significantly 

between 1 and 4 hours reaction time, indicating that 3-Co became inactive after 1 h of 

reaction (Entries 2 and 8), while the encapsulated catalyst [2-Co@8] remains active in 

this period (Entries 6 and 11) effectively leading to higher yields (50%) than obtained 

with 3-Co (37%) after 4 h in DMF. Out of all tested catalysts, 11-Co remains the only 

catalyst performing overall better than [2-Co@8] (Entry 12, 56%, TON = 70) under the 

applied reactions conditions. In a way, the steric bulk of this catalyst provides a similar 

protective ‘cage’ around the metal as it is the case for [2-Co@8], but likely the H-

bonding motifs contribute additionally to the relatively high activity of 11-Co.
17 

To further explore the scope of [2-Co@8] towards diazo compounds capable of entering 

the cage and reacting with the encapsulated cobalt center, we studied the reactivity of 

diazo ester 14 (Scheme 5). Activation of 14 using cobalt(II)-porphyrins yields carbon-

centered radical 15. In the absence of any external radical acceptor, intermediate 15 can 

in principle undergo two different reaction pathways. Intramolecular radical addition to 

the aromatic ring results in the formation of 16, similar to the approach described by 

Gansäuer, Flowers and co-workers.
53

 Alternatively, a 1,2-hydrogen atom shift yields the 

olefins 17. While olefin formation from diazo compounds has been described for other 

catalysts based on rhodium or copper,
54

 cobalt(II)-porphyrin catalyzed olefin formation 

from diazo esters like 14 has not been described to date. 
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Scheme 5: Intramolecular reactions of carbene radical intermediate 15. 

Table 2 gives an overview of the results obtained when reacting 14 with 1 mol% of the 

cobalt catalysts mentioned above. In none of the performed experiments cyclization 

product 16 could be observed. Employing [Co
II
(TPP)] (3-Co) as a catalyst yields 17 as 

sole product after one hour, but in poor yield and with poor diastereoselectivity (Entry 

1, 10%, E:Z = 40:60, TON = 10). Free 2-Co gave 17 only in trace amounts (Entry 2). 

Notably, the encapsulated catalyst [2-Co@8] gave the best results after one hour in 

terms of yield (30%) and diastereoselectivity, favoring 17-Z over 17-E (Entry 3, E:Z = 

13:87). 

Table 2: Cobalt-catalyzed synthesis of olefins 17. 

Entry
a 

Catalyst Mol% Time (h) Yield 17 (%) d.r.
b
 (E:Z) 

1 3-Co 1 1 10 40:60 

2 2-Co 1 1 Trace Unknown 

3 [2-Co@8] 1 1 30 13:87 

4 [2-Co@8] 1 3 40 16:84 

5 11-Co 1 3 20 10:90 

6 3-Co 2 3 22 43:57 

7 2-Co 2 3 <7 22:78 

8 2-Co*4(3-Zn)  2 3 15 29:71 

9 [2-Co@8]  2 3 72 16:84 

a) Reaction conditions: 14 (0.5 mmol), DMF (2.5 mL), 70°C, argon atmosphere. 

b) diastereoselectivity was determined from the 
1
H-NMR ratio of the alkene 

products. 
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Increasing the reaction time to 3 hours further improved the yield (Entry 4, 40%, E:Z = 

14:86). Remarkably, while 11-Co gave better results in the cyclopropanation of styrene 

than [2-Co@8], the situation is clearly reversed for the transformation of 14 to 17. 

Catalyst 11-Co produces olefin 17 with a significant lower yield but slightly higher 

diastereoselectivity (Entry 5, 20%, E:Z = 10:90) than [2-Co@8] (Entry 4, 40%, E:Z = 

16:84). Increasing the loading of the employed catalyst further improved the yield. 

Catalyst [2-Co@8] gave, with 72% yield, the best results of all studied catalysts (Entry 

9, 72%, E:Z = 16:84). The mixture of 2-Co with four equivalents of [Zn(TPP)] (3-Zn) 

([2-Co*4(3-Zn)]) gave only 15% of 17 in 3 h under similar reaction conditions (Entry 

8). These results undoubtedly demonstrate that the reactivity of a cobalt-porphyrin can 

be dramatically influenced by encapsulation in a supramolecular host. 

2.4 Conclusion 

We here presented the design, synthesis and characterization of a new ‘molecular flask’. 

This M8L6 cubic cage is sufficiently large to encapsulate tetrakis(4-pyridyl)porphyrins, 

which represent an important class of catalysts. The synthesis of this host is based on a 

self-assembly process using bipyridine-functionalized porphyrin building blocks. The 

encapsulation of tetrakis(4-pyridyl)porphyrins provides the first examples of 

encapsulated transition metal complexes in such hosts. Importantly, the encapsulated 

cobalt porphyrin is an active catalyst and shows higher TON than the non-encapsulated 

analogues in radical-type transformations. The number of unwanted side reactions of 

reactive radical intermediates could be reduced due to the shielded environment. The 

systems presented in this chapter are rare examples of (molecularly) encapsulated 

metallo-porphyrins capable of catalytic turnover. The encapsulated cobalt tetrakis(4-

pyridyl)porphyrin [Co
II
(TPyP)] (2-Co) showed to be active in radical-type 

cyclopropanation of styrene with ethyl diazoacetate as well as Z-selective olefin 

synthesis using a disubstituted diazo compound as the substrate. Improved activities and 

catalyst life-times were demonstrated through a combination of control experiments. 

Therefore, the results show that the reactivity of a transition-metal complex can be 

influenced by encapsulation in a supramolecular host. 
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2.5 Experimental Section 

2.5.1 General Information  

All reactions involving air- or moisture sensitive compounds were carried out under argon or 

nitrogen using standard Schlenk and vacuum line techniques. Dimethylformamide (DMF) was 

purchased from Aldrich without purification before use. The toluene used was dried and 

deoxygenated over sodium according to standard procedures. All other chemicals were purchased 

from commercial suppliers without purification before use.  

1H NMR, 13C NMR and 19F NMR spectra were measured on Mercury Varian 300MHz, Bruker 

400 MHz or Bruker 500 MHz spectrometer. 1H NMR chemical shifts are reported in ppm, and 

were calibrated by using the residual non-deuterated solvent as internal reference (CHCl3 (7.26 

ppm), DMF-d7 (8.03 ppm, 2.92 ppm and 2.75 ppm)). 13C NMR chemical shifts were recorded in 

ppm from the solvent peak employed as internal reference (CDCl3 (77.0 ppm), DMF-d7 (163.2 

ppm, 34.9 ppm, 29.8 ppm)). 19F NMR chemical shifts are reported with CFCl3 (0.0 ppm) added as 

internal standard. IR spectra were measured on a Bruker Alpha-P instrument as neat film. UV-vis 

spectra were measured on a Hewlett Packard 8453.  

MS measurements were performed on a UHR-ToF Bruker Daltonik (Bremen, Germany) maXis, 

which was coupled to a Bruker cryospray unit, an ESI-ToF MS capable of resolution of at least 

40.000 FWHM. Detection was in positive-ion mode and the source voltage was 5 kV. The flow 

rates were 500 µL/hour. The drying gas (N2), was held at -35 °C (-55 °C) and the spray gas was 

held at -40 °C (-60 °C).The machine was calibrated prior to every experiment via direct infusion 

of the Agilent ESI-ToF low concentration tuning mixture, which provided an m/z range of singly 

charged peaks up to 2700 Da in both ion modes. 

2.5.2 Synthesis of described compounds 

Compounds 1,37 2-Zn,55 2-Co,56 4,37 11,57 1858 and 1959 were synthesized as described in the 

literature. 

Synthesis of 2,2’-bipyridine-5-carbaldehyde (7) 

 

 

 

To an oven dried Schlenk flask were added bis(triphenylphosphine)palladium(II) dichloride (104 

mg, 0.15 mmol), triphenylphosphine (77 mg, 0.30 mmol), 2-(tributylstannylpyridine (18, 1.09 g, 

2.95 mmol), 6-bromo-3-pyridinecarbaldehyde (19, 660 mg, 3.54 mmol) and toluene (40 mL) 

under argon. The resulting mixture was stirred for 72 hours under reflux. The mixture was cooled 

to room temperature and the solvent was removed under reduced pressure. The obtained solid was 
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redissolved in CH2Cl2 (50 ml) and washed with a saturated NH4Cl-solution (30 mL). The aqueous 

phase was extracted with CH2Cl2.  

The organic layers were combined, the solvent was removed under reduced pressure and the 

crude product was purified by column chromatography (SiO2, 20% EtOAc, 20% CH2Cl2 and 60% 

cyclohexane, Rf = 0.16 ) to give 7 (200 mg, 1.09 mmol, 37%) as a colorless solid. 1H-NMR 

(300MHz, CDCl3): 10.18 (s, 1H), 9.13 (d, J = 2.1 Hz, 1H), 8.76-8.71 (m, 1H), 8.63 (d, J = 8.5 Hz, 

1H) 8.52 (m, 1H), 8.30 (dd, J = 8.2 Hz, J = 2.1 Hz, 1H), 7.89 (td, J = 7.8 Hz, J = 1.9 Hz, 1H), 

7.40 (ddd, J = 7.5 Hz, J = 4.8 Hz, J = 1.2 Hz, 1H); 13C-NMR (75MHz, CDCl3): 190.8, 160.7, 

154.8, 151.8, 149.6, 127.4, 137.1, 131.2, 125.0, 122.4, 121.5; 1H- and 13C-NMR data are in 

agreement with published data.60 

Synthesis of supramolecular cubic M8L6 cage 8  

4 (48.8 mg, 66 µmol), Fe(OTf)2 (30.5 mg, 88 µmol), 

2,2’-bipyridine-5-carbaldehyde 7 (48.6 mg, 264 µmol) 

and 5 ml DMF were mixed in an oven dried Schlenk 

flask under an argon atmosphere. The mixture was 

degassed three times and stirred for 16 h at 70 °C. The 

mixture was cooled to room temperature and diethyl 

ether was added. The precipitate was collected by 

filtration and washed with diethyl ether. The remaining 

solid was collected quantitatively with DMF. The 

solvent was removed under reduced pressure to give 8 

as a purple solid (119 mg, 10.6 µmol, 96%). 1H-NMR 

(400MHz, DMF-d7): 9.33 (d, J = 9.3 Hz, 24H, H-5), 9.24 (d, J = 8.4 Hz, 24H, H-4), 9.05 (d, J = 

8.2 Hz, 24H, H-6), 8.93 (s, 48H, H-11), 8.79 (s, 24H, H-8), 8.66 (s, 24H, H-7), 8.45 (m, 24H, H-

3), 8.25 (d, J = 8.6 Hz, 24H, H-10), 8.10 (m, 24H, H-10’), 7.87-7.79 (m, 48H, H-1, H-2), 7.60 (d, 

J = 8.4 Hz, 24H, H-9), 7.48 (d, J = 8.5 Hz, 24H, H-10’); 13C-NMR (125MHz, DMF-d7): 160.5, 

159.6, 158.4, 156.0, 152.8, 152.3, 151.0, 150.8, 142.4, 140.5, 137.4, 137.2, 137.0, 136.7, 132.8, 

132.5, 129.6, 126.7, 125.9, 124.1, 121.5, 121.4, 118.7; 19F-NMR (282 MHz, DMF-d7): -77.5; IR 

(neat, cm-1): 2970, 2360, 2340, 1660, 1390, 1255, 1155, 1090, 1030; UV-vis (DMF, λmax, nm): 

312, 359, 424, 443, 565, 607; Exact mass ESI-MS :  
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Table 3: Exact mass ESI-MS signals of cubic cage 8. 

 

Synthesis of [2-Zn@8] 

Encapsulation of 2-Zn in preformed cubic cage 8: 

To an oven dried Schlenk flask under an argon atmosphere were added 2-Zn (9.1 mg, 134 µmol), 

8 (150 mg, 134 µmol) and DMF (20 mL). The mixture was degassed three times and heated for 

16 h at 70 °C. After reaching room temperature diethyl ether was added. The mixture was filtered 

and the precipitate was washed with diethyl ether (100 mL). The remaining solid was collected 

with DMF (25 mL). The solvent was removed under reduced pressure to give [2-Zn@8] as a 

purple solid (137 mg, 11.4 µmol, 85 %). The analysis data was in agreement to the data found for 

the one step synthesis described below. 

One step synthesis of [2-Zn@8] starting from 4:  

To an oven dried Schlenk flask under argon atmosphere were added tetrakis(4-

aminophenyl)porphyrin 4 (30 mg, 41 µmol), Fe(OTf)2 (19 mg, 53 µmol), 7 (30 mg, 164 µmol), 2-

Zn (4.2 mg, 6.8 µmol) and DMF (5.0 mL). The mixture was degassed three times and stirred for 

16 h at 70 °C. The mixture was cooled to room temperature and diethyl ether (50 mL) was added 

to precipitate the product. The mixture was filtered and the obtained solid was washed 

with diethyl ether (100 mL). The remaining solid was collected with DMF (10 mL). The 

solvent was removed under reduced pressure to give [2-Zn@8] as a purple solid (53 

mg, 4.4 µmol, 65 %). 

  

Peak m/z Simulated 

m/z 

Identified as Identified as 

654.4198 654.4201 [(C528H336Fe8N96Zn6)(CF3SO3)2]
14+ [M-14*(CF3SO3)]

14+ 

716.2177 716.2180 [(C528H336Fe8N96Zn6)(CF3SO3)3]
13+ [M-13*(CF3SO3)]

13+ 

788.3153 788.3156 [(C528H336Fe8N96Zn6)(CF3SO3)4]
12+ [M-12*(CF3SO3)]

12+ 

873.6124 873.6129 [(C528H336Fe8N96Zn6)(CF3SO3)5]
11+ [M-11*(CF3SO3)]

11+ 

975.7690 975.7692 [(C528H336Fe8N96Zn6)(CF3SO3)6]
10+ [M-10*(CF3SO3)]

10+ 

1100.8492 1100.8497 [(C528H336Fe8N96Zn6)(CF3SO3)7]
9+ [M-9*(CF3SO3)]

19+ 

1256.9495 1256.9496 [(C528H336Fe8N96Zn6)(CF3SO3)8]
8+ [M-8*(CF3SO3)]

8+ 
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1H-NMR (400MHz, DMF-d7): 9.46–9.19 (m, 44H), 9.18–8.69 (m, 102 H), 8.68–8.06 (m, 90H) 

8.01–7.72 (m, 55H), 7.71–7.34 (m, 45H), 6.3 (s, 8H), 5.77–5.65 (m, 8H), 2.81–2.67 (m, 8H); 13C-

NMR (125 MHz, DMF-d7): 160.5, 160.0–159.3, 158.7–158.0, 155.9, 152.8, 151.5–151.0, 150.7, 

149.2, 147.8, 142.5–141.7, 140.3, 137.9–136.1, 133.1–132.0, 130.5, 129.5, 126.5, 125.7, 123.9, 

121.7–120.7, 119.4–118.1, 116.5, 113.6; IR (neat): 2360, 2340, 2260, 1650, 1255, 1155, 1030, 

660, 635, 460; UV-vis (DMF): λmax, nm: 315, 356, 413, 450, 567, 611; Exact mass ESI-MS:  

Table 4: Exact mass ESI-MS signals of host-guest assembly [2-Zn@8]. Methanol has not been used as a 

solvent during the synthesis or measurement. However, there are always small amounts of methanol 

present in the spectrometer since it is the main rinsing solvent used to clean the instrument. 

Peak m/z Simulated 

m/z 

Identified as Identified as 

837.9977 838.0018 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)3(CH3O)(CH3OH)] 12+ 

[M-13*(CF3SO3)+ 

(CH3OH)+(CH3O) ]12+ 

839.5018 839.5026 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)3(CH3O)(CH3OH)+(H2O)] 12+ 

[M-13*(CF3SO3)+  

CH3OH)+(CH3O)+(H2O)]12+ 

841.0028 841.0035 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)3(CH3O)(CH3OH)*(H2O)2]
 12+ 

[M-13*(CF3SO3)+  

(CH3OH)+ (CH3O) +(H2O)2]
12+ 

845.1658 845.1617 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)4]
 12+ 

[M-12*(CF3SO3)]
12+ 

846.6626 846.6614 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)4+(H2O)] 12+ 

[M-12*(CF3SO3)+(H2O)]12+ 

927.8111 927.8158 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)4(CH3O)(CH3OH)] 11+ 

[M-12*(CF3SO3)+ 

(CH3OH)+(CH3O) ]11+ 

935.6264 935.6255 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)5]
 11+ 

[M-11*(CF3SO3)]
11+ 

937.0849 937.0812 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)5+(H2O)] 11+ 

[M-11*(CF3SO3)
 +(H2O)]11+ 

1035.3925 1035.3926 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)5(CH3O)(CH3OH)] 11+ 

[M-11*(CF3SO3) +(CH3OH)+ 

(CH3O) ]10+ 

1037.1945 1037.1937 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)5(CH3O)(CH3OH) *(H2O)] 11+ 

[M-11*(CF3SO3) 

+(CH3OH)+(CH3O) *(H2O)]10+ 

1043.8869 1043.8836 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)6]
 10+ 

[M-10*(CF3SO3)]
10+ 

1045.7849 1045.7842 
[(C528H336N96Zn6Fe8)(C40H24ZnN8) 

(CF3SO3)6+(H2O)] 10+ 

[M-10*(CF3SO3)+(H2O)]10+ 
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Synthesis of [2-Co@8] 

2-Co (7.4 mg, 11 µmol), 8 (125 mg, 11 µmol) and DMF (10 mL) were treated in the same manner 

as for the synthesis of [2-Zn@8] to give [2-Co@8] as a purple solid (115 mg, 9.6 µmol, 87 %). 
19F-NMR (282 MHz, DMF-d7): -77.5; IR (neat): 2365, 2340, 1655, 1250, 1225, 1150, 1030, 990, 

790, 635, 635, 435, 410; UV-vis (DMF): λmax, nm: 316, 357, 420, 443, 567, 610; Exact mass  

ESI-MS:  

Table 5: Exact mass ESI-MS Signals of host-guest assembly [2-Co@8]. 

Peak m/z 
Simulated 

m/z 
Identified as Identified as 

702.7142 702.7167 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)2]
 14+ 

[M-14*(CF3SO3)]
14+ 

704.0006 704.0032 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)2+(H2O)] 14+ 
[M-14*(CF3SO3)

 +(H2O)]14+ 

705.2180 705.2180 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)2+(H2O)2]
14+ 

[M-14*(CF3SO3)
 +(H2O)2]

14+ 

768.1519 768.1525 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)3]
 13+ 

[M-13*(CF3SO3)]
13+ 

769.6145 769.6152 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)3+(H2O)] 13+ 
[M-13*(CF3SO3)

 +(H2O)]13+ 

770.9939 771.0004 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)3+(H2O)2]
13+ 

[M-13*(CF3SO3)
 +(H2O)2]

13+ 

844.6607 844.6609 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)4]
 12+ 

[M-12*(CF3SO3)]
12+ 

846.1624 846.1622 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)4+(H2O)] 12+ 
[M-12*(CF3SO3)

 +(H2O)]12+ 

847.6615 847.6649 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)4+(H2O)2]
12+ 

[M-12*(CF3SO3)
 +(H2O)2]

12+ 

934.9900 934.9897 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)5]
 11+ 

[M-11*(CF3SO3)]
11+ 

936.6261 936.6283 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)5+(H2O)] 11+ 
[M-11*(CF3SO3)

 +(H2O)]11+ 

938.2634 938.2632 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)5+(H2O)2]
11+ 

[M-11*(CF3SO3)
 +(H2O)2]

11+ 

1043.3845 1043.3844 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)6]
 10+ 

[M-10*(CF3SO3)]
10+ 
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1045.1873 1045.1846 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)6+(H2O)] 10+ 
[M-10*(CF3SO3)

 +(H2O)]10+ 

1175.8661 1175.8663 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)7]
 9+ 

[M-9*(CF3SO3)]
9+ 

1177.8671 1177.8674 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)7+(H2O)] 9+ 
[M-9*(CF3SO3)

 +(H2O)]9+ 

 

Synthesis of [2-CoIII-CH2CO2Et@8] 

To an oven-dried Schlenk flask were added under nitrogen [2-Co@8] (32 mg, 2.7 µmol) and 

DMF (0.5 mL). Ethyl diazoacetate (12, 70 mg, 620 µmol) and 1,4-cyclohexadiene (13, 9 mg, 110 

µmol) were added to the stirred solution and the mixture was heated to 70 ºC. After 90 minutes 

the solution was cooled to room temperature and dry diethyl ether (10 mL) was added. The 

obtained suspension was filtered and the remaining solid was washed with diethyl ether. After 

drying under reduced pressure, [2-CoIII-CH2CO2Et@8]was obtained as a dark purple solid (17 

mg). 1H-NMR (400MHz, DMF-d7): 9.45–8.69 (m, 155 H), 8.69–8.13 (m, 72 H), 8.13–7.89 (m, 

44H), 7.89–7.07 (m, 65H), 6.50-6.31 (m, 8H), 5.84–5.68 (m, 8H), 2.96–2.82 (m, 8H). Exact mass 

ESI-MS: 

Table 6: Exact mass ESI-MS Signals of host-guest assembly [2-CoIII-R@8]. 

Peak m/z 
Simulated 

m/z 
Identified as Identified as 

709.0045 709.0056 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)2(CH3CO2CH2CH3)]
 14+ 

[M-14*(CF3SO3) 

(CH3CO2CH2CH3)]
14+ 

710.2920 710.2920 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)2+(H2O)(CH3CO2CH2CH3)]
 14+ 

[M-14*(CF3SO3)+(H2O) 

(CH3CO2CH2CH3)]
14+ 

775.0016 775.0023 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)3(CH3CO2CH2CH3)]
 13+ 

[M-13*(CF3SO3) 

(CH3CO2CH2CH3)]
13+ 

776.3868 776.3878 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)3+(H2O)(CH3CO2CH2CH3)]
 13+ 

[M-13*(CF3SO3)+(H2O) 

(CH3CO2CH2CH3)]
13+ 

851.9985 851.9986 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)4(CH3CO2CH2CH3)]
 12+ 

[M-12*(CF3SO3) 

(CH3CO2CH2CH3)]
12+ 

853.4987 853.4995 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)4+(H2O)(CH3CO2CH2CH3)]
 12+ 

[M-12*(CF3SO3)+(H2O) 

(CH3CO2CH2CH3)]
12+ 

942.9943 942.9941 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)5(CH3CO2CH2CH3)]
 11+ 

[M-11*(CF3SO3) 

(CH3CO2CH2CH3)]
11+ 

944.6307 944.6315 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)5(CH3CO2CH2CH3)+(H2O)] 11+ 

[M-11*(CF3SO3)+(H2O) 

(CH3CO2CH2CH3)]
11+ 
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1052.1891 1052.1888 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)6(CH3CO2CH2CH3)]
 10+ 

[M-10*(CF3SO3) 

(CH3CO2CH2CH3)]
10+ 

1053.9897 1053.9899 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)6+(H2O)(CH3CO2CH2CH3)]
 10+ 

[M-10*(CF3SO3)+(H2O) 

(CH3CO2CH2CH3)]
10+ 

1185.6480 1185.6490 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)7(CH3CO2CH2CH3)]
 9+ 

[M-9*(CF3SO3)  

(CH3CO2CH2CH3)]
9+ 

1187.5377 1187.6501 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(CF3SO3)7+(H2O) (CH3CO2CH2CH3)]
 9+ 

[M-9*(CF3SO3)+(H2O) 

(CH3CO2CH2CH3)]
9+ 

 

Synthesis of 2-Co*4(3-Zn)  

To an oven-dried schlenk flask was added under nitrogen 2-Co (49.8 mg, 73.7 mmol), 4-Zn (200 

mg, 295 mmol) and DMF (10 mL). The stirred reaction mixture was degassed three times and 

heated to 70 ºC for 16 h. After the reaction mixture was cooled to room temperature all solvents 

were removed under vacuum to yield a purple powder (249 mg). 

EPR spectroscopy 

[CoII(TPyP)] (2-Co) or [2-Co@8] was dissolved in DMF in a N2-filled glovebox, after which the 

solution was transferred into an EPR tube. The samples were immediately frozen in liquid N2 

before recording the X-band EPR spectra on a Bruker EMX spectrometer at 20 K. Measurements 

were performed with the microwave frequency at 9.374749 GHz For the measurement of 2-Co 

and 9.376376 GHz for [2-Co@8], microwave power at 0.2 mW and modular amplitude at 4 

Gauss. 

General procedure for the catalytic cyclopropanation experiments  

 

 

 

 

To an oven dried Schlenk flask were added the cobalt-catalyst (8 μmol) and DMF (3.2 mL) under 

argon. 12 (120 mg, 1.16 mmol) and 9 (109 mg, 960 μmol) were added to the mixture and the 

reaction mixture was stirred for one or four hours at an oil bath temperature of 70 °C. The mixture 

was cooled to room temperature and EtOAc was added. After filtration and washing with EtOAc 

the solvents were removed under reduced pressure and the crude product was purified by column 

chromatography (SiO2, 25 % EtOAc, 75% cyclohexane) to give 13 as a pale yellow oil. 1H-NMR 

data of the obtained cyclopropane product 13 were in agreement with published data.51 
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General procedure for the synthesis of 17 

 

 

To an oven dried Schlenk flask were added the cobalt-catalyst (10 μmol) and DMF (2.5 mL) 

under argon. 109 mg 14 (500 μmol) was added to the mixture and the reaction mixture was stirred 

for the indicated time at 70 °C. The mixture was cooled to room temperature and EtOAc was 

added. After filtration and washing with EtOAc the solvents were removed under reduced 

pressure and the mixtures of product 17 and substrate 14 was obtained and weighted. 1H-NMR 

analysis of olefins 17-E 61 and 17-Z 62 are in agreement with published data. The 

diastereoselectivity was determined from the relative intensity of the 1H-NMR signals of the two 

isomers. 
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Abstract: A cobalt-porphyrin catalyst encapsulated in a cubic M8L6 cage allows 

cyclopropanation reactions in aqueous media. The encapsulated catalyst shows 

enhanced activities in acetone/water as compared to pure acetone. Interestingly, the 

M8L6-encapsulated catalyst reveals size-selectivity. Smaller substrates penetrate 

through the pores of the supramolecular cage more easily and are therefore converted 

faster than bigger substrates.  

3.1 Introduction 

Bio-inspired supramolecular caged catalysts, sometimes referred to as molecular flasks, 

attracted much attention in recent years.
1-9

 The aim of these fascinating man-made 

architectures is to translate some of the operational modes of enzymes to synthetic 

systems. One of their main characteristics is that the catalyzed transformations take 

place in a confined space (see also Chapter 1 of this Thesis). Unfortunately, the design 

of such molecular flasks is very challenging while offering mostly only a very limited 

scope of substrates for catalysis.
 10-14

 In Chapter 2 of this Thesis, the synthesis of the 

Nitschke-type M8L6 cubic cage 1 via self-assembly was described (Scheme 1).
15

 Cage 1 

is suitable to encapsulate tetrakis(4-pyridyl)porphyrins (M(TPyP) (2); M = Zn, Co) to 

yield the M8L6P1 cubic cages [2-Zn@1] and [2-Co@1] (P = porphyrin guest). In 

particular, the encapsulation of a cobalt-porphyrin is interesting as these complexes are 

well known for their catalytic activity in radical-type reactions.
16-25 

Indeed, we were able 

to show that [2-Co@1] is a catalytically active supramolecular catalyst (see Chapter 2). 

However, the solvent for the reactions catalyzed by the cubic cage were so far limited to 

dimethylformamide (DMF). Furthermore, the substrate scope is unexplored, and it 

remained unclear if size-selective transformations are possible with encapsulated 

catalysts such as [2-Co@1], which is the topic of the investigations described in this 

chapter.  

Shape and size selectivity plays a tremendously important role in several enzymatic 

processes,
26,27 

as well as a wide range of catalytic reactions with zeolites,
28,29

 zeolite-

based encapsulated catalysts,
30 

metal-organic frameworks
31 

and related systems.
32 

In 

marked contrast, homogeneously catalyzed processes with soluble, encapsulated 

(supramolecular) catalysts showing shape or size-selectivity are rare.
33-40 

The 

development of such systems is of importance for, among others, the advancement of 

selective tandem catalytic processes and/or one-pot, multicomponent reactions with 

complex mixtures of catalysts and substrates. In this chapter we present, to the best of 
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our knowledge, the first example of an encapsulated catalyst in a supramolecular cage 

capable of size-selective radical-type cyclopropanation reactions. In addition, an 

unexpected beneficial effect of water on the rate and selectivity of cobalt-porphyrin 

catalyzed cyclopropanation reactions is described.  

3.2 Results and discussion 

We started our investigations by improving the solubility of cage 1, aiming for a cage 

that is soluble in different solvents and/or solvent mixtures. Since modification of the 

aldehyde or porphyrin structure might interfere with the selective cage formation, we 

decided to manipulate the counter-ion.
41

 As such, by replacing Fe(OTf)2 by Fe(NTf2)2 

as a building block in the cage synthesis protocol, we were able to synthesize cage 

compound 3 in 97% yield (see Scheme 1). 

 

Scheme 1: Synthesis of cubic cages 1 and 3 with subsequent encapsulation of 2-M. [2-M@1] 

is shown as a model (Spartan ’08, MM SYBYL FF; hydrogen atoms and counter ions 

omitted for clarity). 
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Cage compound 3 proved to be soluble in acetone, acetonitrile and DMF as well as in 

solvent mixtures like 1,2-dichlorobenzene/acetonitrile or water/acetone. The aromatic 

signals from the cage 3 shift depending on the solvent used, which could be caused by 

the ability of the cage to contract and expand slightly. However, the signals remained 

relatively sharp and well resolved in all solvents, characteristic for the symmetrical 

cubic shape of the cage (Figure 1).  

 

Figure 1: 1H-NMR spectra of cage 3 in DMF (top), acetone (middle)  

and acetonitrile (bottom). 

High resolution mass spectrometry confirmed that the stoichiometry of the assemblies 

does not change in the different solvents (Figure 2).In all solvents a peak pattern was 

observed corresponding to the supramolecular cage after loss of up to nine triflimide 

counter ions resulting in signals for the 15+ to 8+ charged assemblies. 
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Figure 2: Cryo-UHR-ESI-TOF mass spectrum of cubic cage 3 using a spray temperature of 

-40 °C and a dry gas temperature of -35 °C in different solvents; DMF (top); acetone 

(middle) and acetonitrile (bottom). 

Analogous to 1, cage 3 is also able to encapsulate metallo-porphyrins 2-Zn and 2-Co to 

give the encapsulated complexes [2-Zn@3] and [2-Co@3] in good yields (Scheme 1). 

Furthermore, 3 and [2-Zn@3] were studied using 
1
H-NMR DOSY techniques revealing 

that both compounds behave as single, intact supramolecular entities in solution  

(Figure 3). The spectra show a distortion around the solvent peak (8.03 ppm) which is 

caused by the exchange of solvent molecules in the supramolecular cage. 

 

Figure 3: DOSY spectra of 3 (left) and [2-Zn@3] (right) in DMF-d7. 
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The encapsulated catalyst [2-Co@3] was examined in the cyclopropanation of styrene 

(4) with ethyl diazoacetate (5) in different solvents (Table 1).  
 

 Table 1: Cobalt-catalyzed cyclopropanation of styrene. 

 

Entry Catalyst Solventc  Yield (%) d.r.d TON 

1a [2-Co@1] DMF  28 65:35 33 

2a [2-Co@3] DMF  25 65:35 30 

3 [2-Co@3] DMF  6 65:35 27 

4 [2-Co@3] Acetone  19 65:35 77 

5 [2-Co@3] Acetone/Water 1:5 46 66:34 182 

6 3 Acetone/Water 1:5 --- --- --- 

7 2-Co Acetone/Water 1:5 3 83:17 10 

8 7 Acetone/Water 1:5 --- --- --- 

9 8 Acetone/Water 1:5 --- --- --- 

10 9 Acetone/Water 1:5 75 73:27 302 

11 9 Acetone  63 78:22 252 

12 10 Acetone/Water 1:5 64 79:21 255 

13b [2-Co@3] Acetone/Water 1:5 73 65:35 292 

14b [2-Co@3] Acetone/Water 1:5 76 66:34 304 

a) 0.8 mol% catalyst loading, 1.2 eq. 4. b) Reaction time 24 h. c) Acetone-d6 has been 

used. d) d.r. = diastereomeric ratio. 
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These catalysis experiments showed that the change of the counter ion has only a minor 

influence on the synthesis of 6 catalyzed by the encapsulated catalysts [2-Co@1] and 

[2-Co@3] (Table 1, Entry 1 and 2, TON = 33 and 30 respectively, (TON = turnover 

number)).
42 

Reducing the catalyst loading to 0.25 mol% results in a decreased yield of 

only 6% after 1 h and a comparable TON of 27 (Entry 3). However, employing acetone-

d6 as the solvent increased the yield to 19% (Entry 4, TON = 77). Remarkably, the 

reactivity of [2-Co@3] increased further by carrying out the reaction in a 5:1 mixture of 

water and acetone-d6 yielding 46% of cyclopropane 6 after 1 h (Entry 5, TON = 182). 

Only a few catalysts have previously been described for efficient cyclopropanation in 

aqueous solutions.
43-47 

Control experiments with empty cage 3 show no catalytic activity in the 

cyclopropanation reaction (Entry 6). Importantly, [2-Co@3] is substantially more 

productive than the free cobalt tetrakis(4-pyridyl)porphyrin catalyst ([Co(TPyP)], 2-Co, 

Entry 7, 3%, TON = 10). Furthermore, water soluble cobalt(II) tetrakis(4-N-

methylpyridyl)porhyrin tetraiodide [Co(TMePyP)*4I], 7, Figure 4) and cobalt(II) 

tetrasodium tetrakis(4-sulfonatophenyl)porphyrin [Co(TPPS)*4Na], 8, Figure 4) 

showed no reactivity under the applied conditions (Entries 8 and 9 respectively).  

 

Figure 4: Structures of catalysts [Co(TMePyP)*4I] (7), [Co(TPPS)*4Na] (8),   

[Co(TPP)] (9) and porphyrin 10. 
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It has to be noted that [2-Co@3] (although soluble in acetone/water mixtures) can 

migrate to some extend into the water insoluble substrate phase. This means that [2-

Co@3] may act as a phase-transfer catalyst (with the cyclopropanation catalyst 

embedded). On the other hand, due to encapsulation in the hydrophobic cavity of [2-

Co@3] substrates might be pulled into the aqueous phase. Inspired by these hypotheses 

we also studied cobalt(II) tetraphenylporphyrin ([Co(TPP)], 9, Figure 4) as a catalyst. 

Interestingly, with catalyst 9 in acetone/water, high yields (75%) of product 6 were 

obtained already after 1 hour (d.r. = 73:27, TON = 302, Table 1, Entry 10). Again, the 

results reveal a positive influence of water on the outcome of the reaction, as the 

reaction in pure acetone yields 6 only in 63% (Entry 11).  

A possible explanation for these observations is stabilization of the catalytic carbene 

intermediate through hydrogen bonding interactions with water. Catalyst 10 (Figure 4) 

developed by Zhang and co-workers is known to be superior to 9 in 

dichloromethane.
48,49 

However, in acetone/water the simpler complex 9 outperforms 

catalyst 10 (64%, d.r. = 79:21, TON = 255, Entry 12). The reactions using the apolar 

catalysts 9 and 10 probably do not take place in the aqueous phase. Phase separation of 

the catalyst into the organic substrate layer might well play a role in the observed rate 

enhancements. However, reactions in strongly concentrated solutions (organic solvents) 

typically lead to lower yields due to enhanced carbene dimerization and faster catalyst 

deactivation. Hence, water does have a true beneficial effect on these reactions. With 

these additional results, explaining the enhanced rates and higher TONs obtained with 

[2-Co@3] in acetone/water mixtures compared to pure acetone is not so straightforward 

and the effect of water on these reactions requires more research in the future. Such a 

detailed study of these water effects is beyond the scope of this chapter. So far, the 

optimal reaction conditions of [2-Co@3] are obtained by performing the reactions in 

acetone/water mixtures, using catalyst loadings of 0.25 mol%. Following the reaction 

over time revealed that [2-Co@3] is still active after the initial 1 hour reaction time. 

Using [2-Co@3] as catalyst for a prolonged reaction time of 24 h resulted in a higher 

TON of 292 and gave 73% yield of cyclopropane 6 (Entry 13). Reducing the 

temperature to 50 
°
C gave similar results, showing that the reaction can be performed 

under milder conditions (Entry 14, 76%, TON = 304). 

With the above reaction conditions optimized for the caged-catalyst [2-Co@3] we 

explored the scope of suitable alkenes as substrates (Scheme 2). We started our 

investigations by studying a variety of styrene derivatives. Styrenes with electron 

donating groups gave the corresponding cyclopropanes in high yields (11, 75%, TON = 
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302, d.r. = 77:23; 12, 88%, TON = 351, d.r. = 76:24). Additionally, styrenes with 

electron withdrawing substituents also react smoothly, giving cyclopropanes 13 and 14 

in good to high yields (13, 78%, TON = 320, d.r. = 82:18; 14, 66%, TON = 265, 80:20). 

2-Vinylnaphtalene is also a suitable substrate leading to 15 in 69% yield (TON = 273), 

while sterically demanding cyclopropane 16 is only obtained in 18% yield (TON = 73). 

The lower yield could be an indication that it is more challenging to assemble both the 

bulky styrene and diazo compound 5 in the cavity of [2-Co@3]. Another reason might 

be substrate or product inhibition due to π-stacking, although [2-Co@3] still reaches a 

TON of 73. 

 

Scheme 2: Substrate scope of alkenes suitable for [2-Co@3]-catalyzed  

cyclopropanation with 5. 
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Cyclopropanation of other alkenes using catalyst [2-Co@3] was less successful. Using 

phenyl or methyl methacrylate as substrates gave 17 and 18 in moderate yields (17, 

25%, TON = 100, d.r. = 82:18; 18, 20%, TON = 82, d.r. = 53:47). Unsubstituted 

acrylates like n-butyl acrylate reacted via a [3+2]-cycloaddition, yielding 1H-pyrazoles 

instead. Simple olefins like 1-octene and 3-phenyl-1-propene gave cyclopropanation 

products in low yields of 5% or less (see 19 and 20). 

To further study the substrate scope, we focused on the use of various diazo compounds 

in the cyclopropanation of styrene 4 (Scheme 3). Benzyl diazoacetate gave 

cyclopropane 21 in 72% yield (TON =287). This result is similar to ethyl diazoacetate 5 

which gave 6 under the same conditions in 76% yield. However, using the bulky tert-

butyl diazoacetate (27, R1=H, R2=
t
Bu) resulted in the formation of 22 in only 22% 

(TON = 88). This is in agreement with the results described in Scheme 2 where the 

bulky 4-benzhydrylstyrene gave a low yield of 16 in comparison to other styrene 

derived substrates. Disubstituted diazo compounds (27, R1≠H) seem to be unreactive 

when using [2-Co@3] as the catalyst. 

 

Scheme 3: Substrate scope of diazo compounds suitable for  

[2-Co@3]-catalyzed cyclopropanation of 4. 

Formation of rather bulky products such as 22 and 16 shows that the large cavity of 

[2-Co@3] is accessible for rather large substrates. However, the rather low yields 

obtained in these reactions also suggest that the cage should show size-selectivity. We 

investigated this aspect through a series of competition experiments between styrenes of 

different sizes (Table 2). Initially, we employed a 1:1 mixture of the substrates styrene 4 

and 4-benzhydrylstyrene 24 (in total 2 equivalents) and 1 equivalent of ethyl 

diazoacetate 5, using the optimized reaction conditions described above. 
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Table 2: Competition experiments. 

 

 
 

Entrya Catalyst Styrene Diazo Products  

  a b  c d Product ratio c:d 

1 [2-Co@3] 4 24 5 6 16 70:30 

2 [2-Co@3] 4 25 5 6 26 64:36 

3 [2-Co@3]b
 4 25 27 22 28 79:21 

4 9 4 24 5 6 16 50:50 

5 9 4 25 5 6 26 49:51 

6 9b 4 25 27 22 28 49:51 

a) 0.25 mol% catalyst loading, 1.0 eq. 4., 1.0 eq. styrene 24 or 25, 1.0 eq. diazo 

compound 5 or 27, reaction time 24 h, 50°C, in acetone-d6/water 1:5. b) 0.5 mol% 

catalyst loading. 
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These experiments indeed show that [2-Co@3] acts as a size-selective catalyst, which 

clearly favors the formation of 6 over 16 (70:30; Table 2, entry 1). The reports 

described in Chapter 2, using different diazo substrates, showed that substrate activation 

takes place inside the cavity of these types of molecular flasks, thus leading to different 

selectivities compared to similar but non-encapsulated catalysts.
15 

In good agreement, 

the results described in this chapter show that encapsulated catalyst [2-Co@3] allows 

size-selective substrate transformations. This is most easily explained by a slower 

diffusion of larger substrates through the pores of the cage as compared to smaller 

substrates (Figure 5).  

 

Figure 5: Schematic representation of the proposed pore-size controlled, size-selective 

transformations catalyzed by encapsulated catalyst [2-Co@3]. 

Partial and reversible opening of the supramolecular assembly cannot be fully excluded 

in the process of substrate binding and product release though the pores (e.g. involving 

reversible imine hydrolysis and/or bipyridine dissociation from the Fe corners). This 

would alter the pore-sizes of [2-Co@3] during catalysis, and hence might facilitate the 

entrance of larger substrates into the cage (and product release from the cage) leading to 

a lower size-selectivity than in the absence of reversible cage opening. Nevertheless, the 

pores of the molecular flask surrounding the cobalt catalyst in [2-Co@3] make it 

possible to distinguish between substrates of similar reactivity but different size. It is 

important to note that Co-TPP (9) is not able to distinguish between these sets of 

substrates at all (Table 2, Entries 4–6). 
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3.3 Conclusions 

To develop a size-selective radical-type cyclopropanation reaction we described in this 

chapter the synthesis of a new molecularly encapsulated catalyst [2-Co@3]. The new 

supramolecular cage is still capable of encapsulated porphyrin complexes and is soluble 

in different solvents and solvent mixtures, including water/acetone. Employing 

water/acetone mixtures as the solvent increased the catalytic performance of [2-Co@3] 

in styrene cyclopropanation reactions dramatically. The caged catalyst [2-Co@3] shows 

a preference for cyclopropanation of styrenes over other vinylic substrates. While 

exploring the substrate scope, it became clear that [2-Co@3] is a size-selective catalyst 

showing preference for cyclopropanation of smaller styrene and diazo substrates. 

Bulkier substrates react slower than smaller ones, thus allowing size-selective 

competition reactions. To the best of our knowledge, [2-Co@3] is the first well-

documented homogeneous catalyst capable of size-selective radical-type 

cyclopropanation reactions.  

3.4 Experimental Section 

3.4.1 General Information  

All reactions involving air- or moisture sensitive compounds were carried out under argon or 

nitrogen using standard Schlenk and vacuum line techniques. Dimethylformamide (DMF) was 

purchased from Aldrich without purification before use. Acetone-d6 was purchased from Euriso-

Top without purification before use. Deionized water used was used without further purification. 

All other chemicals were purchased from Alfa Aesar, Acros, Fluka and Aldrich without 

purification before use. 1H-NMR, 13C-NMR and 19F-NMR spectra were measured on Mercury 

Varian 300MHz, Bruker 400 MHz or Bruker 500 MHz spectrometer. 1H NMR chemical shifts are 

given in ppm, and were calibrated by using the residual non-deuterated solvent as internal 

reference (CHCl3 (7.26 ppm), DMF-d7 (8.03 ppm, 2.92 ppm and 2.75 ppm), Acetone-d6 (2.05 

ppm) Acetonitrile-d3 (1.94 ppm)). 13C-NMR chemical shifts were recorded in ppm from the 

solvent peak employed as internal reference (CDCl3 (77.0 ppm), DMF-d7 (163.2 ppm, 34.9 ppm, 

29.8 ppm)). 19F-NMR chemical shifts are reported with respect to internal CFCl3 (0.0 ppm). IR 

spectra were measured on a Bruker Alpha-P instrument as neat film. UV-vis spectra were 

measured on a Hewlett Packard 8453. 
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MS measurements were performed on a UHR-ToF Bruker Daltonik (Bremen, Germany) maXis, 

which was coupled to a Bruker cryospray unit, an ESI-ToF MS capable of resolution of at least 

40.000 FWHM. Detection was in positive-ion mode and the source voltage was 5 kV. The flow 

rates were 500 μL/hour. The drying gas (N2), was held at -35 °C (-55 °C) and the spray gas was 

held at -40 °C (-60 °C). The machine was calibrated prior to every experiment via direct infusion 

of the Agilent ESI-ToF low concentration tuning mixture, which provided an m/z range of singly 

charged peaks up to 2700 Da in both ion modes. 

3.4.2 Synthesis of described compounds 

Compounds 1,15 [2-Zn@1],15 [2-Co@1],15 2-Zn,50 2-Co,51 7,52 8,52 10,53 22,54 31,10 32,55 33,15 

and 3656 were synthesized as described in the literature. 

 

Synthesis of supramolecular cubic M8L6 cage 3 

To an oven-dried Schlenk flask under 

argon atmosphere were added zinc(II) 

tetrakis(4-aminophenyl)porphyrin (31) (65 

mg, 87 µmol), Fe(N(Tf)2)2 (32) (72 mg, 

117 µmol), 2,2’-bipyridine-5-

carbaldehyde (33) (64.5 mg, 351 µmol) 

and DMF (5.0 mL). The mixture was 

degassed three times and heated for 16 h 

at 70 °C. The mixture was cooled to room 

temperature and diethyl ether was added. 

The mixture was filtered and washed with 

diethyl ether. The remaining solid was 

dissolved in DMF. The solvent was removed under reduced pressure to give 3 as a purple solid 

(188 mg, 14 µmol, 97 %). 1H-NMR (400MHz, DMF-d7): 9.34 (d, J = 8.5 Hz, 24H), 9.25 (d, J = 

8.3 Hz, 24H), 9.05 (d, J = 8.1 Hz, 24H), 8.93 (m, 48H, H-11), 8.78 (d, J = 4.6 Hz, 24H), 8.66 (s, 

24H), 8.55-8.47 (m, 24H), 8.29 (d, J = 8.6 Hz, 24H), 8.10 (d, J = 8.4 Hz, 24H), 7.91-780 (m, 

48H), 7.60 (d, J = 8.3 Hz, 24H), 7.40 (m, 24H, J = 8.1 Hz, 24H); 13C-NMR (125MHz, DMF-d7): 

159.4, 158.7, 157.2, 155.1, 151.8, 150.0, 141.3, 139.5, 136.4, 136.1, 135.8, 135.5, 131.8, 128.7, 

125.7, 124.1, 121.5, 120.4, 120.2, 119.0, 117.9, 116.4; 19F-NMR (282 MHz, DMF-d7): -78.6; IR 

(neat): 2370, 2360, 1660, 1350, 1330, 1185, 1055, 450, 410 cm-1; Exact mass ESI-MS: See  

Table 3. 
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Table 3: Exact mass ESI-MS signals of cubic cage 3. 

Peak m/z Simulated 

m/z 

Identified as Identified as 

609.5933 609.5930 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)]
 15+ [M-15*(N(SO2CF3)2)]

15+ 

673.1308 673.1295 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)2]
 14+ [M-14*(N(SO2CF3)2)]

14+ 

746.4416 746.4408 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)3]
 13+ [M-13*(N(SO2CF3)2)]

13+ 

832.0551 832.0541 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)4]
 12+ [M-12*(N(SO2CF3)2)]

12+ 

933.1431 933.1424 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)5]
 11+ [M-11*(N(SO2CF3)2)]

11+ 

1054.5487 1054.5483 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)6]
 10+ [M-10*(N(SO2CF3)2)]

10+ 

1202.7114 1204.7113 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)7]
 9+ [M-9*(N(SO2CF3)2)]

9+ 

1388.1656 1388.1643 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)8]
 8+ [M-8*(N(SO2CF3)2)]

8+ 

1626.7522 1626.7481 [(C528H336N96Zn6Fe8)(N(SO2CF3)2)9]
 7+ [M-8*(N(SO2CF3)2)]

8+ 

 

Synthesis of supramolecular host-guest complex [2-Zn@3] 

To an oven dried Schlenk flask under an argon 

atmosphere were added 2-Zn (2 mg, 3 µmol), 

3 (40 mg, 3 µmol) and DMF (2 mL). The 

mixture was degassed three times and heated 

for 16 h at 70 °C. The mixture was cooled to 

room temperature and diethyl ether was 

added. The mixture was filtered and washed 

with diethyl ether. The remaining solid was 

dissolved in DMF. The solvent was removed 

under reduced pressure to give [2-Zn@3] as a 

purple solid (30.8 mg, 2.3 µmol, 70 %).  

1H-NMR (400MHz, DMF-d7): 9.70 – 9.35 (m, 45H), 9.34 – 8.85 (m, 102 H), 8.84 – 8.64 (m, 

42H) 8.63 – 8.23 (m, 42H), 8.22 – 7.98 (m, 61H), 7.97 – 7.28 (m, 44H), 6.41 (s, 8H), 5.80 (s, 8H) 
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2.88 (s, 8H); 19F-NMR (282 MHz, DMF-d7): -78.5; IR (neat): 2360, 2325, 2105, 2000, 1345, 

1185, 1055, 790, 490, 415 cm-1; Exact mass ESI-MS : See Table S2. 

Table 4: Exact mass ESI-MS signals of host-guest complex [2-Zn@3]. 

 

Synthesis of supramolecular host-guest complex [2-Co@3] 

To an oven dried Schlenk flask under an 

argon atmosphere were added 2-Co (10.7 

mg, 16 µmol), 3 (214 mg, 16 µmol) and 

DMF (11 mL). The mixture was degassed 

three times and heated for 16 h at 70 °C. The 

mixture was cooled to room temperature and 

diethyl ether was added. The mixture was 

filtered and washed with diethyl ether. The 

remaining solid was dissolved in DMF. The 

solvent was removed under reduced pressure 

to give [2-Co@3] as a purple solid (184 mg, 

13.8 µmol, 86 %). IR (neat): 2365. 2360, 

2010, 1660, 1345, 1180, 1050, 790, 405 cm-1; Exact mass ESI-MS: see Table 5. 

  

Peak m/z Simulated 

m/z 

Identified as Identified as 

888.8997 888.8991 [(C88H56N16Zn)6Fe8(C40H24ZnN8)(CF3SO3)4]
 12+ [M-12*(CF3SO3)]

12+ 

995.1540 995.1552 [(C88H56N16Zn)6Fe8(C40H24ZnN8)(CF3SO3)5]
 11+ [M-11*(CF3SO3)]

11+ 

1122.6608 1122.6625 [(C88H56N16Zn)6Fe8(C40H24ZnN8)(CF3SO3)6]
 10+ [M-10*(CF3SO3)]

10+ 

1278.5039 1278.5047 [(C88H56N16Zn)6Fe8(C40H24ZnN8)(CF3SO3)7]
 9+ [M-9*(CF3SO3)]

9+ 

1473.4315 1473.4325 [(C88H56N16Zn)6Fe8(C40H24ZnN8)(CF3SO3)8]
 8+ [M-8*(CF3SO3)]

8+ 

1723.9130 1723.9111 [(C88H56N16Zn)6Fe8(C40H24ZnN8)(CF3SO3)8]
 7+ [M-7*(CF3SO3)]

7+ 
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Table 5: Exact mass ESI-MS signals of host-guest complex [2-Co@3]. 

Peak m/z Simulated 

m/z 

Identified as Identified as 

654.6056 654.6028 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)]
 15+ 

[M-15*(N(SO2CF3)2)]
15+ 

721.5004 721.4972 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)2]
 14+ 

[M-14*(N(SO2CF3)2)]
14+ 

798.4548 798.4521 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)3]
 13+ 

[M-13*(N(SO2CF3)2)]
13+ 

888.4020 888.3997 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)4]
 12+ 

[M-12*(N(SO2CF3)2)]
12+ 

994.5210 994.5194 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)5]
 11+ 

[M-11*(N(SO2CF3)2)]
11+ 

1122.0638 1122.0631 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)6]
 10+ 

[M-10*(N(SO2CF3)2)]
10+ 

1277.8381 1277.8388 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)7]
 9+ 

[M-9*(N(SO2CF3)2)]
9+ 

1472.8096 1472.8080 
[(C528H336N96Zn6Fe8)(C40H24CoN8) 

(N(SO2CF3)2)8]
 8+ 

[M-8*(N(SO2CF3)2)]
8+ 

 

General procedure for the catalytic cyclopropanation experiments  

To an oven dried Schlenk flask was added [2-Co@3] (0.0025 eq.), acetone-d6 (0.5 mL/mmol 

alkene) and water (2.5 mL/mmol alkene). Argon was bubbled 3 min through the reaction mixture. 

The alkene (1.0 eq.) and diazo compound (1.0 eq.) were added and the reaction mixture was 

stirred for 24 h at 50 °C. The mixture was cooled to room temperature and acetone was added. 

The solvents were removed under reduced pressure and the crude product was purified by column 

chromatography. 
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Synthesis of ethyl 2-phenylcyclopropanecarboxylate (6)  

 

[2-Co@3] (35 mg, 2.5 µmol), acetone-d6 (0.5 mL), water (2.5 mL), 4 (104 mg, 1.0 mmol) and 5 

(114 mg 1.0 mmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 6 (145 mg, 760 µmol, 76%, d.r. (trans:cis) = 66:34). Data 

for cyclopropane 6 were in agreement with published data.57 

Synthesis of ethyl 2-(4-methoxyphenyl)cyclopropanecarboxylate (11)  

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 34 (67 mg, 500 µmol) 

and 5 (57 mg, 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 11 (83 mg, 377 µmol, 75%, d.r. (trans:cis) = 77:23). Data 

for cyclopropane 11 were in agreement with published data.58,59 

Synthesis of ethyl 2-(4-methylphenyl)cyclopropanecarboxylate (12)  

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 35 (67 mg, 570 µmol) 

and 5 (57 mg, 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 12 (90 mg, 440 µmol, 88%, d.r. (trans:cis) = 76:24). Data 

for cyclopropane 12 were in agreement with published data.60 
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Synthesis of 4-(2-(ethoxycarbonyl)cyclopropyl)benzoic acid (13) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 36 (81 mg, 500 µmol) 

and 5 (57 mg, 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 13 as a white solid (97 mg, 390 µmol, 78%, d.r. (trans:cis) 

= 82:18). trans-13: 1H-NMR (300MHz, CDCl3): 7.97-7.91 (m, 2H), 7.17-7.10 (m, 2H), 4.17 (q, J 

= 7.2 Hz, 2H), 3.90 (s, 3H), 2.55 (ddd, J = 9.1 Hz, J = 6.4 Hz, J = 4.1 Hz, 1H), 1.96 (ddd, J = 8.5 

Hz, J = 5.5 Hz, J = 4.1 Hz, 1H), 1.66 (ddd, J = 9.2 Hz, J = 5.5 Hz, J = 4.6 Hz, 1H), 1.35 (ddd, J = 

8.5 Hz, J = 6.4 Hz, J = 4.7 Hz, 1H), 1.28 (q, J = 7.2 Hz, 3H); 13C-NMR (75 MHz, CDCl3): 173.1, 

167.0, 145.8, 130.0, 128.5, 126.2, 61.0, 52.2, 26.2, 24.9, 17.7, 14.4; RF = 0.50 (CH:EE = 90:10); 

IR (neat): 2985, 2360, 2340, 1720, 1610, 1220, 1190, 1180, 1110, 1085, 855, 770, 430; cm-1; 

Exact mass ESI-MS: C14H16O4Na calculated: 271.0946 found: 271.0945. Data for cis-13 were in 

agreement with published data.61 

Synthesis of ethyl 2-(4-fluorophenyl)cyclopropanecarboxylate 14  

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 37 (61 mg, 500 µmol) 

and 5 (57 mg, 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 14 (69 mg, 331 µmol, 66%, d.r. (trans:cis) = 80:20). Data 

for cyclopropane 14 were in agreement with published data.60 
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Synthesis of ethyl 2-(naphthalen-2-yl)cyclopropanecarboxylate (15)  

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 38 (67 mg, 500 µmol) 

and 5 (57 mg, 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 15 (82 mg, 340 µmol, 69%, d.r. (trans:cis) = 77:23). Data 

for cyclopropane 15 were in agreement with published data.
59,60

 

Synthesis of ethyl 2-(4-benzhydrylphenyl)cyclopropanecarboxylate (16) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 24 (135 mg, 500 µmol) 

and 5 (57 mg, 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 16 (33 mg, 90 µmol, 18%, d.r. (trans:cis) = 67:33). trans-

16: 1H-NMR (300MHz, CDCl3): 7.32-6.98 (m, 14H), 5.51 (s, 1H), 4.16 (q, J = 7.1 Hz, 2H), 2.48 

(ddd, J = 9.2 Hz, J = 6.5 Hz, J = 4.1 Hz, 1H), 1.87 (ddd, J = 8.4 Hz, J = 5.3 Hz, J = 4.1 Hz, 1H), 

1.63-1.54 (m, 1H), 1.32-1.23 (m, 1H), 1.27 (t, J = 7.1 Hz, 3H); 13C-NMR (75MHz, CDCl3): 

173.6, 144.0, 142.4, 138.3, 129.7, 129.5, 128.5, 126.5, 126.2, 60.8, 56.6, 26.1, 24.4, 17.2, 14.4; RF 

= 0.69 (CH:EE = 90:10); cis-16: 1H-NMR (300MHz, CDCl3): 7.44-6.75 (m, 14H), 5.50 (s, 1H), 

3.86 (qd, J = 7.1 Hz, J = 2.0 Hz, 2H), 2.54 (q, J = 8.6 Hz, 1H), 2.05 (ddd, J = 9.4 Hz, J = 7.7 Hz, 

J = 5.6 Hz, 1H), 1.69 (dt, J = 7.4 Hz, J = 5.4 Hz, 1H), 1.37-1.24 (m, 1H), 0.93 (t, J = 7.1 Hz, 3H); 

13C-NMR (75MHz, CDCl3): 171.1, 144.1, 142.4, 134.7, 129.6, 129.3, 129.1, 128.4, 126.4, 60.3, 

56.7, 25.2, 22.1, 14.2, 11.2; RF = 0.59 (CH:EA = 90:10); IR (neat): 3085. 2925, 1720, 1175, 1015, 

700, 605, 530; cm-1; Exact mass ESI-MS: C25H24O2Na calculated: 379.1674 found: 379.1680. 
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Synthesis of 2-ethyl 1-phenyl 1-methylcyclopropane-1,2-dicarboxylate (17)  

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 39 (81.1 mg, 500 µmol) 

and 5 (58.0 mg, 508 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 17 (36.8 mg, 148 µmol, 29%, d.r. (trans:cis) = 82:18). 

trans-17: 1H-NMR (300MHz, CDCl3): 7.44-7.32 (m, 2H), 7.28-7.18 (m, 1H), 7.01-7.14 (m, 1H), 

4.21 (q, J = 7.2 Hz), 2.52 (dd, J = 8.8 Hz, J = 6.6 Hz, 1H), 1.76 (dd, J = 8.8 Hz, J = 4.4 Hz, 1H), 

1.54 (s, 3H), 1.48 (dd, J = 6.6 Hz, J = 4.4 Hz), 1.31 (t, J = 7.1 Hz); 13C-NMR (75MHz, CDCl3): 

172.4, 170.3, 150.9, 129.5, 126.0, 121.5, 61.2, 28.4, 27.2, 21.5, 14.4, 13.3. Cis-17: 1H-NMR 

(300MHz, CDCl3): 7.44-7.32 (m, 2H), 7.28-7.18 (m, 1H), 7.01-7.14 (m, 2H), 4.15 (dq, J = 7.2 

Hz, J = 1.3 Hz, 2H), 1.99-1.89 (m, 1H), 1.75-1.70 (m, 1H), 1.55 (s, 3H), 1.19 (dd, J = 7.1 Hz, J = 

3.6 Hz). 13C-NMR (75MHz, CDCl3): 170.6, 170.3, 151.0, 129.5, 125.9, 121.6, 61.2, 29.1, 21.3, 

20.0, 14.3, 13.3; RF = 0.58 (CH:EA = 90:10); IR (EA): 3011. 2926, 2900, 1777, 1768, 1064, 937, 

926, 911, 656, 633, 513, 493 cm-1. Exact mass ESI-MS: C14H16O4Na calculated: 271.0946 found: 

271.0966. 

Synthesis of 2-ethyl 1-methyl 1-methylcyclopropane-1,2-dicarboxylate (18) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 40 (50.1 mg, 500 µmol) 

and 5 (60 mg, 526 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 18 (19.0 mg, 102 µmol, 20%, d.r. (trans:cis) = 53:47). Data 

for cyclopropane 18 were in agreement with published data.17 
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Synthesis of ethyl 2-hexylcyclopropanecarboxylate (19) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 41 (56.1 mg, 500 µmol) 

and 5 (57.3 mg, 502 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 19 (4.9 mg, 24.7 µmol, 5%, d.r. (trans:cis) = 82:18). Data 

for cyclopropane 19 were in agreement with published data.62 

Synthesis of ethyl 2-benzylcyclopropanecarboxylate (20) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 42 (59 mg, 500 µmol) 

and 5 (57 mg 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to yield trace amounts of 20.63 

 

Synthesis of benzyl 2-phenylcyclopropanecarboxylate (21) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 4 (52 mg, 500 µmol) 

and 43 (88 mg 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 21 (90.3 mg, 358 µmol, 72%, d.r. (trans:cis) = 65:35). Data 

for cyclopropane 21 were in agreement with published data.64 
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Synthesis of tert-butyl 2-phenylcyclopropanecarboxylate (22) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 4 (52 mg, 500 µmol) 

and 44 (71 mg 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments to give 22 (24.2 mg, 111 µmol, 22%, d.r. (trans:cis) = 76:24). Data 

for cyclopropane 22 were in agreement with published data.65 

Synthesis of dimethyl 2-phenylcyclopropane-1,1-dicarboxylate (23) 

 

[2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 mL), water (1.25 mL), 4 (52 mg, 499 µmol) 

and 5 (57 mg, 500 µmol) were handled according to the general procedure for the catalytic 

cyclopropanation experiments. No conversion of the substrates was observed. 

Competition experiment between styrene derivatives 4 and 24 

 

To an oven dried Schlenk flask were added [2-Co@3] (17.5 mg, 1.25 µmol), acetone-d6 (0.25 

mL) and water (1.25 mL). Argon was bubbled 3 min through the reaction mixture. Styrene 4 (52 

mg, 500 µmol), 4-benzhydrylstyrene 24 (135 mg, 500 µmol) and ethyldiazoacetate 5 (57 mg, 500 

µmol) were added and the reaction mixture was stirred for 24 h at 50 °C. The mixture was cooled 

to room temperature and acetone was added. The solvents were removed under reduced pressure 

and the crude product was analyzed by 1H-NMR to yield the products (6:13) in a ratio of 70:30. 
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Co-TPP (9, 0.5 mg, 0.74 µmol, 0.26 mol%) was added to a dried schlenk flask and dissolved in 

acetone-d6/water (1:5, total volume 0.9 mL). To the stirred solution was added 4-

benzhydrylstyrene 24 (79 mg; 0.29 mmol), styrene 4 (30 mg, 0.29 mmol) and ethyldiazoacetate 5 

(33 mg, 0.29 mmol). Nitrogen was bubbled through the solution for 3 minutes and the mixture 

was placed in an oil bath at 50 °C for 24 h. After cooling the mixture to room temperature the 

products were collected with acetone (10 mL). The solvents and volatile starting materials were 

removed at reduced pressure and the product mixture was analyzed by 1H-NMR (CDCl3) to yield 

the products (16:6) in a ratio of 50:50. 

 

Competition experiment between styrene derivatives 4 and 25 

 

2-Co@3 (17.5 mg, 1.25 µmol, 0.25 mol%) was added to a dried schlenk flask and dissolved in 

acetone-d6/water (1:5, total volume 1.5 mL). To the stirred solution was added 3,5-di-tert-

butylstyrene 25 (108 mg; 0.5 mmol), styrene 4 (52 mg, 0.5 mmol) and ethyldiazoacetate 5 (57 

mg, 0.5 mmol). Nitrogen was bubbled through the solution for 3 minutes and the mixture was 

placed in an oil bath at 50 °C for 24 h. After cooling the mixture to room temperature the products 

were collected with acetone (10 mL). The solvents and volatile starting materials were removed at 

reduced pressure and the product mixture was analyzed by 1H-NMR (CDCl3) to yield the 

products (26:6) in a ratio of 36:64. 

 

Co-TPP (9, 0.8 mg, 1.25 µmol, 0.25 mol%) was added to a dried schlenk flask and dissolved in 

acetone-d6/water (1:5, total volume 1.5 mL). To the stirred solution was added 3,5-di-tert-

butylstyrene 25 (108 mg; 0.5 mmol), styrene 4 (52 mg, 0.5 mmol) and ethyldiazoacetate 5 (57 

mg, 0.5 mmol). Nitrogen was bubbled through the solution for 3 minutes and the mixture was 

placed in an oil bath at 50 °C for 24 h. After cooling the mixture to room temperature the products 

were collected with acetone (10 mL). The solvents and volatile starting materials were removed at 

reduced pressure and the product mixture was analyzed by 1H-NMR (CDCl3) to yield the 

products (26:6) in a ratio of 51:49. 
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trans-26: 1H-NMR (300MHz, CDCl3): 7.28 (t, J = 1.8 Hz, 1H), 6.93 (d, J = 1.8 Hz, 2H), 4.18 (q, 

J = 7.1 Hz, 2H), 2.55-2.48 (m, 1H), 1.97-1.89 (m, 1H), 1.64-1.55 (m, 1H), 1.41-1.30 (m, 1H), 

1.31 (s, 18H), 1.28 (t, J = 7.2 Hz, 3H); 13C-NMR (75MHz, CDCl3): 173.7, 151.0, 139.2, 120.9, 

120.3, 60.8, 35.0, 31.6, 26.9, 24.4, 17.5, 14.4; cis-26: 1H-NMR (300MHz, CDCl3): 7.25 (t, J = 1.7 

Hz, 1H), 6.93 (d, J = 1.5 Hz, 2H), 3.83 (q, J = 7.1 Hz, 2H), 2.52-2.64 (m, 1H), 3.10-2.01 (m, 1H), 

1.73-1.65 (m, 1H), 1.41-1.30 (m, 1H), 1.30 (s, 18H), 0.87 (d, J = 7.1 Hz, 3H); 13C-NMR (75MHz, 

CDCl3): 171.3, 150.2, 136.0, 123.7, 120.6, 60.1, 34.9, 31.6, 26.1, 21.9, 14.0, 11.4;  

RF = 0.57 (CH:EA = 90:10); Exact mass ESI-MS: C20H30O2H calculated: 303.2324 found: 

303.2347. 

 

2-Co@3 (35.0 mg, 2.5 µmol, 0.50 mol%) was added to a dried schlenk flask and dissolved in 

acetone-d6/water (1:5, total volume 1.5 mL). To the stirred solution was added 3,5-di-tert-

butylstyrene 25 (108 mg; 0.5 mmol), styrene 4 (52 mg, 0.5 mmol) and tert-butyldiazoacetate 27 

(71 mg, 0.5 mmol). Nitrogen was bubbled through the solution for 3 minutes and the mixture was 

placed in an oil bath at 50 °C for 24 h. After cooling the mixture to room temperature the products 

were collected with acetone (10 mL). The solvents and volatile starting materials were removed at 

reduced pressure and the product mixture was analyzed by 1H-NMR (CDCl3) to yield the 

products (28:22) in a ratio of 21:79. 

 

Co-TPP (9, 1.6 mg, 2.4 µmol, 0.54 mol%) was added to a dried schlenk flask and dissolved in 

acetone-d6/water (1:5, total volume 1.5 mL). To the stirred solution was added 3,5-di-tert-

butylstyrene 25 (95 mg; 0.44 mmol), styrene 4 (46 mg, 0.44 mmol) and tert-butyldiazoacetate 27 

(55 mg, 0.38 mmol). Nitrogen was bubbled through the solution for 3 minutes and the mixture 

was placed in an oil bath at 50 °C for 24 h. After cooling the mixture to room temperature the 

products were collected with acetone (10 mL). The solvents and volatile starting materials were 

removed at reduced pressure and the product mixture was analyzed by 1H-NMR (CDCl3) to yield 

the products (28:22) in a ratio of 51:49. 
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trans-28: 1H-NMR (300MHz, CDCl3): 7.22 (t, J = 1.6 Hz, 1H), 6.87 (d, J = 1.6 Hz, 2H), 2.38 

(ddd, J = 9.0 Hz, 6.4 Hz, 4.1 Hz, 1H), 1.86-1.78 (m, 1H), 1.52-1.45 (m, 1H), 1.42 (s, 9H), 1.26(s, 

18H), 1.25-1.14 (m, 1H); 13C-NMR (75MHz, CDCl3): 172.9, 151.0, 139.6, 120.7, 120.1, 80.6, 

35.0, 31.6, 28.3, 26.5, 25.6, 17.6; cis-28: 1H-NMR (300MHz, CDCl3): 7.21 (s, 1H), 7.07 (s, 

2H),2.48 (q, J = 8.6 Hz, 1H), 1.91 (ddd, J = 9.4, 7.6, 5.5 Hz, 1H), 1.60 (dt, J =7.3, 5.2 Hz, 1H), 

1.26 (s, 18H), 1.25-1.14 (m, 1H), 1.01 (s, 9H); 13C-NMR (75MHz, CDCl3): 170.5, 150.1, 135.9, 

123.7, 120.8, 79.8, 34.9, 31.6, 27.9, 25.7, 23.0, 10.7. RF = 0.74 (CH:EA = 90:10). Exact mass 

ESI-MS: C22H34O2Na calculated: 353.2456 found: 353.2441. 
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Abstract: Encapsulation of a manganese porphyrin in a self-assembled molecular cage 

allows catalytic epoxidation of various substrates in a 1:1 water/acetonitrile mixture. 

The cage acts as a phase-transfer catalyst and creates a protective environment for the 

catalyst improving the stability. Furthermore, the encapsulated catalyst allows 

discrimination between styrene derivatives of various sizes. In a direct competition 

experiment the selectivity of the epoxidation reaction could be inverted with respect to a 

benchmark catalyst. 

4.1 Introduction 

Metallo-porphyrins are widely applied as synthetic models for Cytochrome P-450 

enzymes.
1,2

 Over the last decades many systems have been reported describing both 

functional and structural analogues of this important class of natural catalysts.
3
 The 

major drawback of most of these mimics is the fast deactivation of the catalyst due to 

two commonly encountered deactivation pathways.
4
 The formation of µ-O-bridged 

dimers results in a significant decrease in the reaction rate whereas ligand oxidation can 

result in complete loss of activity over time.
5
 Several elegant approaches have been used 

to circumvent these problems by tuning of the electronics. For example halogenated 

porphyrins suffer much less from deactivation via dimer formation.
6,7

 In natural 

enzymes such decomposition pathways are prevented by hosting the active site in a 

protective cavity of the protein matrix.
8
 As such, “picket-fence” porphyrins have been 

developed in a bio-inspired approach to protect the catalysts by increasing the steric 

bulk around the porphyrin ring.
9,10

 Most of these systems, however, do not provide full 

cage-encapsulation of the catalyst. In addition, the limited size of the catalytic pocket is 

often greatly reduced resulting in hindered substrate access to the active site.
11

  

Self-assembled supramolecular architectures have been used to improve the life-time of 

the catalyst, thereby increasing the turnover numbers (TONs) of the manganese 

porphyrin oxidation systems.
12-16

 In a more recently described approach, the 

encapsulation of catalysts in supramolecular containers has been introduced as a 

concept to reach improved activities and selectivities as compared to the free catalyst. 

This is an active research field which is attracting substantial attention in the catalysis 

community (see also Chapter 1).
17-27

 When a porphyrin catalyst is tightly bound inside a 

supramolecular cage, bimetallic deactivation pathways cannot occur. Furthermore, the 

substrate still has sufficient space near the active site to react unhindered. Transition 

metal catalyzed transformations with capsules soluble in aqueous media remains 
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however challenging. Yet, the use of aqueous media could create a driving force for 

organic substrate encapsulation and therefore lead to enhanced activity and substrate 

selectivity. We were therefore interested whether this approach would be viable for the 

epoxidation of alkenes in aqueous media to yield a more active and selective catalyst. 

The results of our investigations along this line are described in this chapter.   

4.2 Results and Discussion  

The synthesis and application of molecular cage 1 in polar reaction media was discussed 

in Chapter 3.
28

 The large 16+ charged molecular cage was obtained by self-assembly 

from the corresponding building blocks (Scheme 1, top). The pores of the capsule allow 

substrates to enter the molecular cage to reach the encapsulated catalyst. By using a 

similar procedure as reported in Chapter 3 for the encapsulation of cobalt and zinc 

porphyrins (2-M) in cage 1, we report in this chapter the encapsulation of manganese 

chloride tetrakis(4-pyridyl)porphyrin ([Mn(TPyP)(Cl)], 2-MnCl) (Scheme 1, bottom). 

 

 

Scheme 1: Synthesis of molecular cage 1 (top) and encapsulation of 2-MnCl  

to form 2-MnCl@1 (bottom).28 
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The supramolecular cage 2-MnCl@1 was characterized by ESI-MS (Figure 1) and 
1
H-

NMR spectroscopy (Figure 2). The mass spectrum shows a characteristic mass pattern 

for the supramolecular cage with exactly one equivalent of the manganese porphyrin. 

Signals are observed for the encapsulated complex after loss of up to 8 triflimide ions to 

yield signals ranging from 8+ to 14+. In addition a signal for the free manganese 

porphyrin complex (m/z = 671) was observed under the conditions of the mass 

spectrometry.    

 

  

Figure 1: Cryo-UHR ESI-TOF mass spectrum of host-guest complex [2-MnCl@1] with a 

spray temperature of -40 ºC and a dry gas temperature of -35 ºC. Inset: Cryo-UHR ESI-

TOF mass spectrum of [2-MnCl@1]13+ {[(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)3]
13+} 

(top) and simulated isotopic distribution (below) with a spray temperature of -40 °C and a 

dry gas temperature of -35 °C. 

The manganese porphyrin 2-MnCl is paramagnetic which results in broadening of the 
1
H-NMR cage signals after encapsulation (Figure 2,b). Nevertheless the general pattern 

was observed which was also observed for the previously reported encapsulated zinc 

tetrakis(4-pyridyl)-porphyrin ([Zn(TPyP)], 2-Zn), as depicted in Figure 2c.
28

 The 

characteristic encapsulation peak for 2-Zn@1 (~6.3 ppm) was not observed in 2-

MnCl@1. Most likely the paramagnetic manganese center has most effect on the 

671.1514

703.9814

744.2042

802.2232 892.4834

952.0775

999.0661

1126.9643

1283.5060

+MS, 1.2-4.8min #72-288

0.0

0.5

1.0

1.5

2.0

5x10

Intens.

[%]

700 800 900 1000 1100 1200 1300 1400 m/z

888.0772
888.9904

890.9842

892.4834

893.9849

894.9013

896.9860
897.9861

+MS, 1.2-4.8min #72-288

890.9808
12+

(C₅₆₈H₃₆₀N₁₀₄MnClFe₈Zn₆)(C₂O₄NS₂F₆)₄, M, 889.6467

892.4817
12+

(C₅₆₈H₃₆₀N₁₀₄MnClFe₈Zn₆)(C₂O₄NS₂F₆)₄(H₂O), M, 891.1476

893.9825
12+

(C₅₆₈H₃₆₀N₁₀₄MnClFe₈Zn₆)(C₂O₄NS₂F₆)₄(H₂O)₂, M, 892.6485

0.5

1.0

1.5

2.0

4x10

Intens.

[%]

0.0

0.5

1.0

1.5

4x10

[%]

0.0

0.5

1.0

1.5

4x10

[%]

0.0

0.5

1.0

1.5

4x10

[%]

888 890 892 894 896 898 m/z

13+  

13+ (simulated) 

13+ (simulated+H2O) 

13+ (simulated+2 H2O) 

12+  
11+  

10+  
9+  

8
+ 

 



 
Substrate-Selective Epoxidation Reactions in Aqueous Media. 

______________________________________________________________________ 

-95- 

 

directly coordinated tetrakis(4-pyridyl)porphyrin ligand resulting in shifted and 

broadened signals in 
1
H-NMR.  

 

Figure 2: 1H-NMR spectra (acetone-d6) of a) Empty supramolecular cage 1. b) Encapsulated 

manganese porphyrin 2-MnCl@1. c) Encapsulated zinc porphyrin 2-Zn@1. 

We investigated the catalytic activity of 2-MnCl@1 in the  epoxidation of styrene (3, 

Scheme 2). Iodosylbenzene is often employed as the oxidant in manganese catalyzed 

epoxidation reactions but is not commercially available and can disproportionate to 

explosive iodylbenzene (PhIO2) upon heating or prolonged storage.
5
 Therefore we 

decided to use (diacetoxyiodo)benzene, a stable precursor to iodosylbenzene, as the 

oxidant in our studies.
29
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Scheme 2: Presumed intermediates/transition states explaining formation of epoxide 

product 4 (stepwise and concerted) and aldehyde product 5 (1,2-hydrogen-shift from the 

radical intermediate).30 

Initial experiments showed that the supramolecular catalyst 2-MnCl@1 produced 

limited turnovers in acetonitrile within 20 minutes (Table 1, entry 1). However, the 

conversion was greatly increased by changing the solvent composition to a 1:1 mixture 

of acetonitrile and water (Table 1, entry 2). It should be noted that such large amounts 

of water have previously been reported to have a negative effect on the activity of 

similar catalytic systems.
29

 The selectivity also changed to yield the epoxide 4 and 

aldehyde product 5 in a 2:1 ratio. The more polar solvent employed might facilitate the 

1,2-hydrogen shift to yield the aldehyde product.  

It can be expected that the addition of water to the solvent system allows significantly 

faster in situ formation of iodosylbenzene from the used precursor leading to a higher 

concentration of the active oxidant.
31,32

 Indeed the use of iodosylbenzene as the oxidant 

in acetonitrile yielded a higher turnover number after 20 minutes for both the epoxide 

(4, TON: 98) and the aldehyde (5, TON: 33) using encapsulated porphyrin 2-MnCl@1 

(Table 1, entry 3). However also in this case the results could be improved significantly 

by using water in the solvent mixture. A system containing a 1:1 acetonitrile/water 

mixture and iodosylbenzene as the oxidant resulted in over 2-fold increase of the 

turnover numbers (235 and 99 respectively for 4 and 5, Table 1, entry 4). The addition 

of water in the solvent mixture likely results in a larger driving force for apolar 

substrates to enter the cage cavity and approach the catalytic center.  
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Table 1: Styrene epoxidation using various catalysts
a
 

Entry Solvent
b
 Catalyst 4 (TON)

c 
5 (TON)

c
 Ratio 4:5 

1 MeCN 2-MnCl@1 11 1 92:8
 

2 MeCN:H2O 2-MnCl@1 187 86 68:32 

3
d 

MeCN 2-MnCl@1
 

98 33 75:25 

4
d
 MeCN:H2O 2-MnCl@1 235 99 70:30 

5 MeCN:H2O MnTPP (6)
e 

16 6 71:29 

6 MeCN:H2O MnTPPS (7) 10 2 81:19 

7 MeCN:H2O 1
 1 2 33:67 

8 MeCN:H2O 2-MnCl
e 

99
 

48 67:33 

a) Reaction conditions: Styrene (0.3 mmol), catalyst (0.5 µmol), solvent (2 mL) and 

iodobenzene diacetate (0.39 mmol) were stirred for 20 minutes under air. (b) When 

multiple solvents are listed a ratio of 1:1 was used. (c) TON = Turn over number, 

determined by 1H-NMR with triphenylmethane as external standard. Depicted values 

are averaged over two runs. (d) Iodosylbenzene was used as the oxidant. (e) The 

catalyst is poorly soluble in the used solvent system. Yield = TON/TONmax100% = 

TON/600100%. 

In order to investigate the effect of the catalyst encapsulation we also studied 

manganese catalysts containing tetraphenylporphyrin ([Mn(TPP)(Cl)], 6, Figure 3, left) 

and the water-soluble sodium tetrakis(4-sulfonatophenyl)porphyrin ([Mn(TPPS)(Cl)], 7, 

Figure 3, right) based catalysts (Table 1, entries 5 and 6 respectively). During the 

reaction with water-soluble, electron-withdrawing porphyrin 7 the reaction mixture lost 

most of its typical purple/red color within the first ten minutes of reaction. This 

indicates fast porphyrin ligand oxidation, thus explaining the low TONs obtained for 

this catalyst. The poor solubility of 6 might also contribute to the very low TONs 

obtained for this benchmark catalyst, in addition to rapid porphyrin oxidation. As 

expected the empty molecular cage 1 shows only negligible activity in the epoxidation 

of styrene (Table 1, entry 7). 
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Figure 3: Manganese porphyrins used in this study. Left: [Mn(TPP)(Cl)] 6 and  

[Mn(TPyP)(Cl)] 2-MnCl, Right: [Mn(TPPS)(Cl)]  7. 

The caged catalyst 2-MnCl@1 is clearly more stable than the non-encapsulated 

catalysts 6 and 7. However, while much slower, some degradation of the cage structure 

does occur under the applied oxidative conditions. After 20 minutes the reaction was 

stopped by extraction of the products. After this reaction time some degradation of the 

cage structure 1 was detectable. A purple/red precipitate could be visually observed and 

the 2,2’-bipyridine-5-carbaldehyde building block was detected with 
1
H-NMR 

spectroscopy. We speculate that cage degradation is caused by oxidation of the iron 

centers on the corners of capsule 1 by the oxidant used. Indeed also after the reaction 

with empty capsule 1 some degradation of the cage is observed.  

 

Due to the electron-deficient nature of tetrapyridyl porphyrin 2 we expected a low 

activity of the non-encapsulated catalyst 2-MnCl (Figure 3, left). Surprisingly, 

however, when we studied the non-encapsulated catalyst 2-MnCl we observed a 

dramatic increase in the activity compared to both 6 and 7 (Table 1, entry 8) even 

though the catalyst is poorly soluble in the reaction media. Such an effect was not 

observed for the previously described cobalt porphyrin catalyzed reactions (see Chapter 

3).
18

 However, it is important to note that the activity of the caged catalyst 2-MnCl@1 

is substantially higher than that of non-encapsulated 2-MnCl. When we monitored the 

reaction of caged catalyst 2-MnCl@1 in time (Figure 4) we noticed that the conversion 

of the styrene substrate did not result in the same amount of products formed.  
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Figure 4: Stacked 1H-NMR spectra for the epoxidation of styrene with 2-MnCl@1 over 

time. a) styrene (3), b) triphenylmethane, c) styrene oxide (4), d) phenylacetaldehyde (5). 

Under the applied conditions some styrene oligomerization occurs due to the removal of 

the stabilizer form the substrate. In addition, the epoxide is not completely stable which 

results in a decrease of the product yield upon prolonged reaction times (>20 minutes) 

as observed for the free catalyst 2-MnCl (Figure 5). Nevertheless, the encapsulated 

catalyst 2-MnCl@1 does indeed result in a higher TON for the epoxide after 20 minutes 

which, in contrast to 2-MnCl, remains active for over 20 minutes. The increased 

activity of non-encapsulated 2-MnCl compared to the free catalysts 6 and 7 is 

nonetheless interesting and can partially be ascribed to intermolecular pyridine 

coordination to manganese. It is well known in literature that additives such as 

pyridine
33

 or imidazole
34,35

 can increase the activity and stability of porphyrin based 

epoxidation catalysts.
36

 It can be expected that the catalyst 2-MnCl has a pyridine 

ligand from an additional porphyrin molecule axially coordinated, thus influencing the 

electronic structure and thereby the reactivity. 

 

 

 



 
Chapter 4   

______________________________________________________________________ 

-100- 

 

 

Figure 5: Following the reaction in time for caged catalyst 2-MnCl@1 (squares, red) and 

non-encapsulated catalyst 2-MnCl (diamonds, blue). Vertical line: Some catalyst 

decomposition could be observed after 20 minutes of reaction. 

Indeed when catalyst 6 was studied in the presence of 4 equivalents of pyridine the 

TONs for products 4 and 5 increased significantly to 33 and 14 respectively after 20 

minutes of reaction. Furthermore the self-aggregation of catalyst 2-MnCl by 

coordination of pyridine ligands to adjacent porphyrin molecules can be expected to 

create a protective site around the catalyst to further increase the TONs (Figure 6). This 

effect could also be achieved by addition of 4 equivalents of zinc tetraphenylporphyrin 

(ZnTPP) to the catalyst 2-MnCl to increase the turnover number to 154 and 108 for the 

products 4 and 5 respectively (41% and 21% yield respectively). The schematic 

representation depicted in Figure 6 is just one of the various possible aggregate 

structures that could be formed by self-assembly of 2-MnCl. Furthermore, in polar 

media it is unknown whether the axial chloride ligand is still coordinated.  
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Figure 6: Schematic representations of porphyrin self-aggregation to form protective 

capsules. The used colors are only for visual clarity. 

In addition to improving the stability of the catalyst 2-MnCl by encapsulation we were 

also interested in whether the substrate selectivity can be influenced by cage 1. In 

Chapter 3 the competition between substrates of variable sizes in cyclopropanation 

reactions was described. A clear preference for the smaller substrates in presence of the 

cage 1 was observed.
18

 The required entrance of the substrate through the pores of the 

molecular cage 1 likely slows down the reactivity of larger substrates. As such we 

expected that 2-MnCl@1 can be used as a size-selective epoxidation catalyst. We 

started our investigation by performing a direct competition experiment (Table 2) 

between styrene (3) and 4-benzhydrylstyrene (8) using 300 equivalents of each of these 

substrates with respect to the catalyst.  

We initially performed the reaction with control catalyst 6, which should not 

differentiate between the two substrates based on their respective size. We observed a 

ratio between the two products of 41:59, hence slightly in favor of the more bulky 

epoxide 9 (Table 2, entry 1). Interestingly, applying our encapsulated catalyst 2-

MnCl@1 for the same reaction resulted in a preference for the smaller styrene substrate 

3, yielding the smaller and more bulky epoxide in a 65:35 ratio (Table 2, entry 2, TON 

= 204). To our surprise the non-encapsulated catalyst 2-MnCl was even more selective 

for the smaller substrate (4:9 ratio = 79:21). The non-encapsulated catalyst 2-MnCl 

most likely self-aggregates by coordination of the pyridine ligands to the manganese 

core of adjacent porphyrin molecules (Figure 6). This creates a steric confinement 

around the catalyst, this explains the observed size selectivity.
37

 In addition, this leads to 

a limited amount of available catalytically active sites. As a result, the activity for the 2-

MnCl catalyst is lower compared to our encapsulated catalyst 2-MnCl@1. This is also 
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in agreement with the observed low TONs in the formation of bulky epoxides 9 and 10 

in separated experiments (TON = 16 and 14 respectively, see Scheme 3). The in situ 

formed assembly likely has an even smaller cavity than the encapsulated catalyst 2-

MnCl@1 (see Figure 6).  

Table 2: Competition experiments for size-selective catalysisa 

 

Entry Catalyst 
Ratio product 

4:9 
TONb 

1 [Mn(TPP)] 6 41:59 65 

2 2-MnCl@1 65:35 192 

3 
2-MnCl 79:21 61 

 

Entry Catalyst Ratio product 4:10 TONb 

4 [Mn(TPP)] 6 40:60 41 

5 2-MnCl@1 66:34 204 

6 2-MnCl 77:23 67 

a) Reaction conditions: Styrene (0.3 mmol), bulky styrene 8 or 11 (0.3 mmol), Catalyst (0.5 

µmol), Solvent (2 mL) and Iodobenzene diacetate (0.3 mmol) were stirred for 20 minutes 

under air. b) TON = combined turnover number towards both expoxides, determined by 1H-

NMR with triphenylmethane or anisole as external standard. Depicted values are averaged 

over two experiments.  



 
Substrate-Selective Epoxidation Reactions in Aqueous Media. 

______________________________________________________________________ 

-103- 

 

We continued to investigate the direct competition between styrene (3) and 3,5-di-tert-

butylstyrene (11). As in the previous case the control catalyst 6 showed preferred 

epoxidation of the bulky substrate 11 and a ratio of 40:60 was obtained (Table 2, entry 

4). The encapsulated catalyst 2-MnCl@1 clearly favors styrene over the bulky substrate 

11 (Table 2, entry 5; obtained ratio = 66:34), but the result is comparable to the previous 

competition experiment with styrene and 8. As it appears the pores of the cage around 

2-MnCl in the assembly 2-MnCl@1 are sufficiently large and flexible to allow both 

substrates to enter (partially) into the cavity, leading to moderate size-selectivity. 

Finally the most selective, although less active system, was once more obtained when 2-

MnCl was used as the catalyst (Table 2, entry 6; ratio = 77:23, TON = 67). This 

suggests that the self-assembly of 2-MnCl leads to smaller cavities around the 

remaining active manganese catalysts with an increased size-selectivity but lower 

activity. 

To verify whether self-aggregation indeed results in the observed selectivity for the non-

encapsulated catalyst 2-MnCl we decided to vary the concentration of catalyst 2-MnCl. 

As expected we observed a slight increase in the selectivity when a catalyst 

concentration of 1 mol% was used (ratio 4:10=82:18). Even more pronounced was the 

loss in selectivity when the catalyst concentration was decreased to 0.03 mol% (ratio 

4:10=71:29). This effect of concentration was not observed for the encapsulated catalyst 

2-MnCl@1. A catalyst concentration of 0.03 mol% resulted in a comparable product 

ratio of 68:32 in favor of styrene oxide 4. These results confirm that the size-selectivity 

observed in the competition experiments using the non-encapsulated catalyst 2-MnCl 

are indeed caused by self-aggregation.  

To obtain further insight into which substrates would still be accessible by the 

encapsulated catalyst 2-MnCl@1 we decided to study various substrates in the 

epoxidation reaction under the optimized conditions. The results from these experiments 

are summarized in Scheme 3. We found that the system is applicable for the epoxidation 

of various substituted styrene derivatives (Scheme 3, products 12 to 15). The system 

appears to be sensitive to small changes in the electronics. Turnover numbers up to 258 

for formation of epoxide 12 were obtained, but no epoxide product 16 was formed in the 

oxidation of 4-methoxystyrene. Next we examined the sensitivity of our systems 

towards substitutions on the alkene bond. The general reactivity trends of the various 

substrates 17 to 21 are in agreement with the activities reported previously for similar 

systems.
38,39
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Remarkably in the reaction of α-methylstyrene 21 large amounts of acetophenone were 

obtained (2 equivalents with respect to the epoxide 21). Usually, this oxidative cleavage 

product is only observed after long reaction times in presence of large amounts of the 

oxidant.
40

 

 

Scheme 3: Epoxides obtained after reaction of the corresponding alkene under the 

optimized reaction conditions. Depicted TONs are towards the epoxide product and 

averaged over at least two runs.  
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The substrate scope was further expanded to aliphatic alkenes (Scheme 3, products 22 to 

26), but the caged catalyst 2-MnCl@1 shows only poor reactivity in the epoxidation of 

both 1-decene and trans-4-octene (Scheme 3, products 22 and 23). Only trace amounts 

of the epoxides were detected (TON = 4 and 18 for products 22 and 23 respectively). 

The reactivity of 2-MnCl@1 towards a terminal alkene is lower than a comparable 

internal aliphatic alkene.
41

 When we used cis-4-octene as a substrate a significantly 

amount of the corresponding epoxide (Scheme 3, product 24 TON = 58) was observed. 

No isomerization towards the trans-epoxide product was detected in this reaction. 

Cyclic alkenes can also be used under the applied conditions showing a TON of 101 in 

the epoxidation of cis-cyclooctene (Scheme 3, product 25). Our system shows a 

decreased activity for the smaller cis-cyclohexene (Scheme 3, product 26, TON = 81), 

as commonly found for related systems.
39,42

   

As expected based on the information gathered by the direct competition experiments, a 

decreased TON with respect to styrene for both product 9 (TON =102) and 10 (TON = 

50) was observed with our encapsulated catalyst 2-MnCl@1. Also the non-

encapsulated catalyst 2-MnCl showed a very low activity for the formation of products 

9 and 10 in seperated experiments (TON = 16 and 14 respectively). For several alkenes 

used in this study the kinetic diameter has been reported.
43

 The kinetic diameter varies 

from 5.5 Å for cis-cyclooctene to 7.8 Å for cis-stilbene. All substrates and products 

except for the very bulky substrates 4-benzhydrylstyrene 8 and 3,5-di-tert-butylstyrene 

11 should therefore be able to easily pass through the pores of cage 1 (Figure 7).  

 

  
 

Figure 7: Molecular model (Spartan ’08, MM SYBYL FF) (left) and space filling model 

(right) with the estimated size of the pores. 

8.0 Å 

12,5 Å 
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Based on the estimated sizes, the substrates 8 and 11 only barely fit through the pores of 

the cage.  Hence, significant size-discrimination can only be expected when comparing 

the bulkiest substrates with smaller substrates. It cannot be fully excluded that during 

the catalysis reversible imine hydrolysis or bipyridine dissociation occurs. This would 

increase the pore-size of the capsule and therefore allow also some bigger molecules to 

enter and leave the cage cavity. In general, the cage around the manganese catalyst 

seems to tolerate a wide range of differently substituted styrenes. However apart from 

the above-mentioned size-selectivity the pores of cubic cage 1 are likely too big to 

induce any further shape-selective effects between the substrates smaller than bulky 

styrene 8 and 11.  

4.3  Conclusions 
 

In conclusion we have shown that it is possible to stabilize the manganese porphyrin 

catalyst in a cubic self-assembled molecular cage. The obtained catalyst is active in 

aqueous media for the epoxidation of a variety of alkenes to reach up to 319 turnover 

numbers towards the desired product. Unfortunately the stability of the catalyst is still 

an issue which needs to be addressed in the future to obtain even higher turnover 

numbers. Furthermore the encapsulated catalysts could be used as a size-selective 

epoxidation catalyst for a mixture of bulky and less bulky substrates. Additionally the 

free 2-MnCl catalyst self-aggregates to form even more size-selective assemblies. 

Unfortunately less active catalytic centers are accessible leading to a decrease in the 

activity. Future research could however benefit from the easy self-assembly under the 

applied conditions. 

 
4.4  Experimental Section 

4.4.1 General information 

All reactions involving air- or moisture sensitive compounds were carried out under nitrogen 

using standard Schlenk and vacuum line techniques. Dimethylformamide (DMF) was purchased 

from Aldrich and was used without further purification prior to use. Acetone-d6 was purchased 

from Euriso-Top without purification before use. Deionized water was used without further 

purification. Styrene, 4-methylstyrene, 3-methylstyrene, α-methylstyrene and cis-β-methylstyrene 

were filtered over basic alumina prior to use. All other chemicals were purchased from Alfa 

Aesar, Acros, Fluka and Aldrich without additional purification before use.  
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1H-NMR and 13C-NMR spectra were measured on Mercury Varian 300 MHz, Bruker 400 MHz or 

Bruker 500 MHz spectrometer. 1H-NMR chemical shifts are given in ppm, and were calibrated by 

using the residual non-deuterated solvent as internal reference (CHCl3 (7.26 ppm), Acetone-d6 

(2.05 ppm)). 13C-NMR chemical shifts were recorded in ppm from the solvent peak employed as 

internal reference (CDCl3 (77.0 ppm)). IR spectra were measured on a Bruker Alpha-P instrument 

as neat film. UV-vis spectra were measured on a Hewlett Packard 8453. MS measurements were 

performed on a UHR-ToF Bruker Daltonik (Bremen, Germany) maXis, which was coupled to a 

Bruker cryospray unit, an ESI-ToF MS capable of resolution of at least 40.000 FWHM. Detection 

was in positive-ion mode and the source voltage was 5 kV. The flow rates were 500 μL/hour. The 

drying gas (N2), was held at - 35 °C and the spray gas was held at -40 °C. The machine was 

calibrated prior to every experiment via direct infusion of the Agilent ESI-ToF low concentration 

tuning mixture, which provided an m/z range of singly charged peaks up to 2700 Da in both ion 

modes. 

4.4.2 Synthesis of described compounds 

Compounds 1,28 2-Zn@1,28 2-Co@1,28 2-MnCl,44 6,45 745 and 2846 were synthesized as described 

in literature. 

Synthesis of supramolecular host-guest complex 2-MnCl@1. 

To a flame dried schlenk flask were added cage 1 

(482 mg, 36.1 µmol) and 2-MnCl (25.6 mg, 36.2 

µmol). Deoxygenated DMF (10.0 mL) was added 

under an N2 atmosphere and the resulting solution 

was degassed three times by freeze-pump-thaw 

and subsequently heated to 70 °C for 16 h. After 

cooling the reaction to room temperature, 

diethylether (100 mL) was added and the 

precipitate was collected by filtration. The purple 

residue was washed with diethylether (2 x 50 mL) 

and collected with acetone (200 mL). Removal of 

the solvents resulted in a purple powder (467 mg , 33.2 µmol, 92%). Exact mass ESI-MS see: 

Table 3. 
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Table 3: Exact mass ESI-MS signals of host-guest complex 2-MnCl@1. 

Found 

[m/z] 

Calculated 

[m/z] 

Identified as Identified as 

656.7357 656.7344 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)]
15+ M(NTf2)  

657.9367 657.9352 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)(H2O)]15+ M(NTf2) + H2O 

723.6400 723.6382 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)2]
14+ M(NTf2)2 

724.9265 724.9246 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)2(H2O)]14+ M(NTf2)2 + H2O 

800.8362 800.8348 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)3]
13+ M(NTf2)3 

802.2232 802.2202 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)3(H2O)]13+ M(NTf2)3 + H2O 

890.9842 890.9808 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)4]
12+

 M(NTf2)4 

892.4834 892.4817 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)4(H2O)]12+ M(NTf2)4 + H2O 

997.4287 997.4261 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)5]
11+ M(NTf2)5 

999.0661 999.0634 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)5(H2O)]11+ M(NTf2)5 + H2O 

1125.1647 1125.1605 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)6]
10+ M(NTf2)6 

1126.9643 1126.9615 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)6(H2O)]10+ M(NTf2)6 + H2O 

1281.2846 1281.2803 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)7]
9+ M(NTf2)7 

1283.2842 1283.2814 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)7(H2O)]9+ M(NTf2)7 + H2O 

1476.5591 1476.5550 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)8]
8+ M(NTf2)8 

1478.8102 1478.8063 [(C88H56N16Zn)6Fe8(C40H24ClMnN8)(CF3SO3)8(H2O)]8+ M(NTf2)8 + H2O 
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General conditions for the epoxidation reactions  

Substrate (0.3 mmol) and catalyst (0.5 µmol) were mixed in a 10 mL vial and solvent was added 

(2 mL). After addition of the oxidant (0.4 mmol) the mixture was stirred at 600 rpm for 20 

minutes under air. Products were extracted with n-pentane (3 x 10 mL), dried over MgSO4 and 

filtered. Solvents were removed under reduced pressure (40 ºC, 500 mbar). Triphenylmethane (60 

µmol) was added as a reference and the products quantified by 1H-NMR spectroscopy (CDCl3 

was used as the solvent for analysis). 

Monitoring the epoxidation reaction over time 

 

2-MnCl@1 (15.0 mg; 1.1 µmol), 3 (63.3 mg; 0.661 mmol), acetonitrile  (2.0 mL), water (2.0 mL) 

and 27 (233 mg; 0.72 mmol; 1,2 equivalents) were handled according to the generalized 

epoxidation procedure. After 2, 5, 10, 15, 20, 25 and 30 minutes a sample (0.25 mL) was taken 

from the reaction mixture and added to n-pentane (10 mL). The solution was dried over MgSO4, 

filtered and solvent removed up to 500 mbar at 40 ºC. triphenylmethane (25 µmol)  was added as 

standard and the reaction mixture was analyzed by 1H-NMR (CDCl3). The results from two 

separate experiments were averaged to give the depicted turnover numbers towards epoxide 4 for 

both encapsulated 2-MnCl@1 and 2-MnCl (Table 4). 

 
Table 4: Turnover numbers towards the epoxide in styrene epoxidation. 

Time 2-MnCl@1 (TON) 2-MnCl (TON) 

2 17  ±   1 30
  

±
 

  3
a
  

 

5 34  ±   5 48  ±   4 

10 116  ± 16 64  ±   4 

15 169  ±   9 78   ±   8 

20 203  ± 21 111 ± 11 

25 243  ± 31 94   ± 18 

30 238  ± 10 92  ± 11 

aThe sample was taken after 3 minutes instead of 2 minutes. 
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Synthesis of styrene oxide (4) with idosylbenzene (28) as oxidant and catalyst 2-MnCl@1 

 

2-MnCl@1 (6.8 mg; 0.48 µmol), 3 (28.3 mg; 0.27 mmol), acetonitrile (2.0 mL) and 28 (79.7 mg; 

0.36 mmol; 1,3 equivalents) were handled according to the generalized epoxidation procedure to 

give 4 (47 µmol; 17%;  TON = 98) and 5 (15.7 µmol; 6%; TON = 33). Repeating the reaction 

with a 1:1 acetonitrile/water mixture resulted in an increased yield of product 4 (112.8 µmol; 

37%; TON = 235) and product 5 (47.6 µmol; 16%; TON = 99). 

5. Synthesis of styrene oxide (4) with 2-MnCl and 4 equivalents ZnTPP 

 

2-MnCl (0.5 mg; 0.71 µmol) and zinc tetraphenylporphyrin (ZnTPP; 2.3 mg; 3.4 µmol; 4.8 

equivalents) were dissolved in dichloromethane (2.0 mL) and stirred for 15 minutes. Solvent was 

removed under vacuum and 3 (27.9 mg; 0.27 mmol), acetonitrile  (1.0 mL), water (1.0 mL) and 

27 (115 mg; 0.36 mmol; 1,3 equivalents) were added. After 20 minutes of reaction products were 

extracted with pentane ( 3 x 10 mL). The combined organic fractions were dried over MgSO4, 

filtered and solvent removed under reduced pressure (40 ºC, 500 mbar). Triphenylmethane (13.3 

mg; 54.5 µmol) was added as a reference. Products were redissolved in CDCl3 and quantified by 

1H-NMR spectroscopy to give styrene oxide 4 (109.3 µmol; 41%; TON = 154) and 

phenylacetaldehyde 5 (57.1 µmol; 21%; TON = 108). 

Synthesis of styrene oxide (4) with [MnTPP][Cl] (6) and 4 equivalents pyridine 

 

A stock solution of pyridine in water (2.4 mM; 50 mL) was prepared. 6 (0.4 mg; 0.57 µmol), 3 

(27.4 mg; 0.26 mmol), acetonitrile (1.0 mL), stock solution (1.0 mL) and 27 (116 mg; 0.36 mmol; 
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1,4 equivalents) were handled according to the generalized epoxidation procedure to give 4 (16 

µmol; 6%;  TON = 28) and 5 (5.6 µmol; 2%; TON = 10). 

Competition experiment between Styrene (3) and 4-benzhydrylstyrene (8) with  

Mn(TPP)Cl (6) 

 

Mn(TPP)Cl (6, 0.4 mg; 0.57 µmol), 3 (30.3 mg; 0.29 mmol), 8 (80.2 mg; 0.30 mmol), acetonitrile 

(1.0 mL), water (1.0 mL) and 27 (94.2 mg; 0.29 mmol) were handled according to the generalized 

epoxidation procedure to give 9 and 4. The ratio between the two products was analyzed by 1H-

NMR (300 MHz, CDCl3) for the epoxide C-H signals which resulted in a ratio of 1,59:1 (61:39). 

Anisole was added to the sample (16.6 mg; 0.15 mmol) as external standard to determine the total 

epoxide yield (36.8 µmol; TTON = 65). 

Competition experiment between Styrene (3) and 4-benzhydrylstyrene (8) with 2-MnCl@1 

 

2-MnCl@1 (7.3 mg; 0.52 µmol), 3 (27.9 mg; 0.27 mmol), 8 (74.1 mg; 0.27 mmol), acetonitrile 

(1.0 mL), water (1.0 mL) and 27 (93.2 mg; 0.29 mmol) were handled according to the generalized 

epoxidation procedure to give 9 and 4. The ratio between the two products was analyzed by 1H-

NMR (300 MHz, CDCl3) for the epoxide C-H signals which resulted in a ratio of 0.56:1 (36:64). 

Anisole was added to the sample (8.9 mg; 82.3 µmol) as external standard to determine the total 

epoxide yield (106 µmol; TTON = 204). 

Competition experiment between Styrene (3) and 4-benzhydrylstyrene (8) with 2-MnCl 
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2-MnCl (0.5 mg; 0.71 µmol), 3 (31.8 mg; 0.31 mmol), 8 (80.5 mg; 0.30 mmol), acetonitrile (1.0 

mL), water (1.0 mL) and 27 (96.0 mg; 0.30 mmol) were handled according to the generalized 

epoxidation procedure to give 9 and 4. The ratio between the two products was analyzed by 1H-

NMR (300 MHz, CDCl3) for the epoxide C-H signals which resulted in a ratio of 0.27:1 (21:79). 

Anisole was added to the sample (8.6 mg; 80 µmol) as external standard to determine the total 

epoxide yield (47.7 µmol; TTON = 67). 

Competition experiment between Styrene (3) and 3,4-di-tert-butylstyrene (11) with 

Mn(TPP)Cl (6) 

 

6 (0.4 mg; 0.57 µmol), 3 (31.0 mg; 0.30 mmol), 11 (68.3 mg; 0.32 mmol), acetonitrile (1.0 mL), 

water (1.0 mL) and 27 (96.2 mg; 0.30 mmol) were handled according to the generalized 

epoxidation procedure to give 10 and 4. Triphenylmethane was added to the sample (7.3 mg; 30 

µmol) as external standard and the ratio between the two products was analyzed by 1H-NMR (300 

MHz, CDCl3) for the epoxide C-H signals which resulted in a ratio of 1.64:1 (62:38) and  total 

epoxide yield (23.3 µmol; TTON = 41). 

Competition experiment between Styrene (3) and 3,4-di-tert-butylstyrene (11) with 2-

MnCl@1 

 

2-MnCl@1 (7.0 mg; 0.50 µmol), 3 (28.7 mg; 0.28 mmol), 11 (61.6 mg; 0.28 mmol), acetonitrile 

(1.0 mL), water (1.0 mL) and 27 (94.6 mg; 0.29 mmol) were handled according to the generalized 

epoxidation procedure to give 10 and 4. Triphenylmethane was added to the sample (9.8 mg; 40.1 

µmol) as external standard and the ratio between the two products was analyzed by 1H-NMR (300 

MHz, CDCl3) for the epoxide C-H signals which resulted in a ratio of 0.51:1 (66:34) and total 

epoxide yield (87.8 µmol; TTON = 176). 
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Competition experiment between Styrene (3) and 3,4-di-tert-butylstyrene (11) with 2-MnCl 

 

2-MnCl (0.4 mg; 0.57 µmol), 3 (36.2 mg; 0.35 mmol), 11 (67.2 mg; 0.31 mmol), acetonitrile (1.0 

mL), water (1.0 mL) and 27 (98.3 mg; 0.31 mmol) were handled according to the generalized 

epoxidation procedure to give 10 and 4. Triphenylmethane was added to the sample (9.1 mg; 37.2 

µmol) as external standard and the ratio between the two products was analyzed by 1H-NMR (300 

MHz, CDCl3) for the epoxide C-H signals which resulted in a ratio of 0.27:1 (21:79) and total 

epoxide yield (39.4 µmol; TTON = 69). 

Competition experiment between Styrene (3) and 3,4-di-tert-butylstyrene (11) with varying 

catalyst concentration 

 

3 (0.3 mmol), 26 (0.3 mmol), catalyst (see Table 5), 27 (0.3 mmol), acetonitrile (1.0 mL) and 

water (1.0 mL) were handled analogously to the previous competition experiments although the 

amount of the catalyst was varied. The product ratio was determined from the 1H-NMR spectrum.  

The results are summarized in Table 5. 

Table 5: Catalyst concentration dependence on size-selectivity 

Catalyst Catalyst loading Ratio 4:24 

2-MnCl 0.03 mol% 71:29 

2-MnCl 0.2   mol% 78:22 

2-MnCl 1.0   mol% 82:18 

2-MnCl@1 0.03 mol% 68:32 

2-MnCl@1 0.2   mol% 66:34 
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Synthesis of 2-(m-tolyl)oxirane (12) 

 

2-MnCl@1 (6.8 mg; 0.48 µmol), 29 (34.4 mg; 0.27 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (108 mg; 0.34 mmol; 1,2 equivalents) were handled according to the generalized 

epoxidation procedure to give 12 (141 µmol; 48%;  TON = 299). Data for epoxide 12 were in 

agreement with published data.47  

Synthesis of 2-(p-tolyl)oxirane (13) 

 

2-MnCl@1 (7.1 mg; 0.51 µmol), 30 (32.4 mg; 0.27 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (110 mg; 0.34 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 13 (78 µmol; 28%;  TON = 153). Data for epoxide 13 were in 

agreement with published data.48  

 

Synthesis of 2-(naphthalene-2-yl)oxirane (14) 

 

2-MnCl@1 (6.8 mg; 0.48 µmol), 31 (42.1 mg; 0.27 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (116 mg; 0.36 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 14 (78 µmol; 29%;  TON = 163. Data for epoxide 14 were in 

agreement with published data.49  
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Synthesis of 2-(4-fluorophenyl)oxirane (15) 

 

2-MnCl@1 (6.9 mg; 0.49 µmol), 32 (40.5 mg; 0.33 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (124 mg; 0.39 mmol; 1,2 equivalents) were handled according to the generalized 

epoxidation procedure to give 15 (106 µmol; 32%;  TON = 216). Data for epoxide 15 were in 

agreement with published data.50  

Synthesis of 2-(4-methoxyphenyl)acetaldehyde (34) and 4-methoxybenzaldehyde (35) 

 

2-MnCl@1 (7.0 mg; 0.50 µmol), 33 (43.6 mg; 0.31 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (129 mg; 0.40 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 34(59 µmol; 19%;  TON = 118) and 35 (27 µmol; 9%; 53 TON). 

Data for aldehydes 3451 and 3552 were in agreement with published data. 

Synthesis of trans-stilbene oxide (17) 

 

2-MnCl@1 (7.2 mg; 0.52 µmol), 36 (47.8 mg; 0.27 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (110 mg; 0.34 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 17 (18 µmol; 7%;  TON = 34). Data for epoxide 17 were in 

agreement with published data.53 
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Synthesis of cis-stilbene oxide (18) 

 

2-MnCl@1 (7.2 mg; 0.51 µmol), 37 (53.4 mg; 0.30 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (122 mg; 0.38 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 18 (138 µmol; 47%;  TON = 271).  Data for epoxide 18 were in 

agreement with published data.54  

Synthesis of trans-1-phenyl-1,2-epoxypropane (19) 

 

2-MnCl@1 (6.7 mg; 0.48 µmol), 38 (28.8 mg; 0.24 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (112 mg; 0.35 mmol; 1,4 equivalents) were handled according to the generalized 

epoxidation procedure to give 19 (163 µmol; 67%;  TON = 339).  Data for epoxide 19 were in 

agreement with published data.53  

Synthesis of cis-1-phenyl-1,2-epoxypropane (20) 

 

2-MnCl@1 (6.9 mg; 0.49 µmol), 39 (34.4 mg; 0.29 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (120 mg; 0.37 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 20 (90 µmol; 31%;  TON = 184). Data for epoxide 20 were in 

agreement with published data.55  
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Synthesis of 2-methyl-2-phenyloxirane (21) and acetophenone (41) 

 

2-MnCl@1 (7.2 mg; 0.52 µmol), 40 (33.7 mg; 0.29 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (119 mg; 0.0.37 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 21 (30 µmol; 10%;  TON = 57) and 41 (52 µmol; 18%; TON = 

101). Data for epoxide 2154 and acetophenone 4153 were in agreement with published data.  

Synthesis of 1,2-epoxydecane (22) 

 

2-MnCl@1 (7.0 mg; 0.50 µmol), 42 (48.1 mg; 0.34 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (126 mg; 0.39 mmol; 1,1 equivalents) were handled according to the generalized 

epoxidation procedure to give 22 (2 µmol; 1%;  TON = 3). Data for epoxide 22 were in 

agreement with published data.53  

Synthesis of trans-4,5-epoxyoctane (23) 

 

2-MnCl@1 (6.8 mg; 0.48 µmol), 43 (30.5 mg; 0.27 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (107 mg; 0.33 mmol; 1,2 equivalents) were handled according to the generalized 

epoxidation procedure to give 23 (9 µmol; 3%;  TON = 19). Data for epoxide 23 were in 

agreement with published data.53  
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Synthesis of cis-4,5-epoxyoctane (24) 

 

2-MnCl@1 (6.7 mg; 0.48 µmol), 44 (26.5 mg; 0.24 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (113 mg; 0.35 mmol; 1,5 equivalents) were handled according to the generalized 

epoxidation procedure to give 24 (29 µmol; 12%;  TON = 60). Data for epoxide 24 were in 

agreement with published data.56  

Synthesis of 2,3-epoxycyclooctane (25) 

 

2-MnCl@1 (7.3 mg; 0.52 µmol), 45 (30.7 mg; 0.28 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (118 mg; 0.37 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 25 (54 µmol; 19%;  TON = 103). Data for epoxide 25 were in 

agreement with published data.53  

Synthesis of 2,3-epoxycyclohexane (26) 

 

2-MnCl@1 (7.1 mg; 0.51 µmol), 46 (24.4 mg; 0.29 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (115 mg; 0.36 mmol; 1,2 equivalents) were handled according to the generalized 

epoxidation procedure to give 26 (44 µmol; 15%;  TON = 86). Data for epoxide 26 were in 

agreement with published data.56  
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Synthesis of 2-(4-benzhydrylphenyl)oxirane (9) 

 

2-MnCl@1 (7.0 mg; 0.50 µmol), 8 (80.2 mg; 0.30 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (118 mg; 0.37 mmol; 1,2 equivalents) were handled according to the generalized 

epoxidation procedure to give 9 (56 µmol; 19%;  TON = 112). Methoxybenzene (14.2 mg; 131 

µmol) was used as the standard for 1H-NMR to avoid overlapping signals of the substrate and 

product with triphenylmethane.  

2-MnCl (0.4 mg; 0.57 µmol), 8 (79.8 mg; 0.30 mmol), acetonitrile  (1.0 mL), water (1.0 mL) and 

27 (114 mg; 0.35 mmol; 1,2 equivalents) were handled according to the generalized epoxidation 

procedure to give 9 (6 µmol; 2%;  TON = 10). Methoxybenzene (9.3 mg; 86 µmol) was used as 

the standard for 1H-NMR to avoid overlapping signals of the substrate and product with 

triphenylmethane.  

Synthesis of 2-(4-benzhydrylphenyl)oxirane (9) with 3-chloroperbenzoic acid (47) as oxidant 

 

To a solution of 4-benzhydrylstyrene (8; 135 mg; 0.5 mmol) in dichloromethane (5 mL) was 

slowly added under continuous stirring 3-chloroperbenzoic acid (47, 129 mg; 70 wt% solution; 

0.52 mmol). After 30 minutes additional 3-chloroperbenzoic acid (120 mg; 0.49 mmol) was 

added. The progress of the reaction was monitored by TLC (SiO2; hexanes:Ethyl acetate 

98:2).Upon full conversion of the substrate the mixture was poored in a saturated aqeous solution 

of sodium thiosulfate (50 mL) and the products extracted with dichloromethane (20 mL). The 

organic fraction was separated, washed with saturated aqeous sodium thiosulfate solution (20 mL) 

and a saturated aqeous solution of sodium bicarbonate (20 mL). The organic fraction was dried 

over anhydrous magnesium sulfate, filtered and solvents removed under reduced pressure. The 

crude product was purified by column chromatography (SiO2) using a gradient from 2% 

ethylacetate in hexanes to 10% to yield the product 9 as a colorless oil (39 mg; 0.14 mmol; 27%) 
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1H-NMR (400 MHz, CDCl3): 7.19-7.31 (m, 8H), 7.10-7.12 (m, 6H), 5.55 (s, 1H), 3.84 (dd, J = 

4,1 Hz, J = 2.6 Hz, 1H), 3.13 (dd, J = 5.5 Hz, J = 4.1 Hz, 1H), 2.81 (dd, J = 5.5 Hz, J = 2.6 Hz, 

1H); 13C-NMR (MHz, CDCl3): 144.2, 143.8, 143.8, 135.7, 129.7, 129.5, 128.5, 126.5, 125.7, 

56.7, 52.4, 51.3; IR (neat): 3024, 1599, 1494, 1449, 873, 746, 699, 607 cm-1; Exact mass GC-EI: 

C21H18O calculated: 286.1358 found: 286.1353. 

Synthesis of 2-(3,5-di-tert-butylphenyl)oxirane (10) with 2-MnCl@1 

 

2-MnCl@1 (6.9 mg; 0.49 µmol), 11 (64.8 mg; 0.30 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (117 mg; 0.36 mmol; 1,2 equivalents) were handled according to the generalized 

epoxidation procedure to give 10 (24 µmol; 8%;  TON = 49). Data for epoxide 10 were in 

agreement with published data.57  

2-MnCl (0.4 mg; 0.57 µmol), 11 (61.3 mg; 0.28 mmol), acetonitrile  (1.0 mL), water (1.0 mL) 

and 27 (114 mg; 0.35 mmol; 1,3 equivalents) were handled according to the generalized 

epoxidation procedure to give 10 (10 µmol; 3%;  TON = 17). Data for epoxide 10 were in 

agreement with published data.57  
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Abstract: Cobalt porphyrin catalyzed intramolecular ring-closing CH bond amination 

enables direct synthesis of various N-heterocycles from aliphatic azides. Pyrrolidines, 

oxazolidines imidazolidines, isoindolines and tetrahydroisoquinoline can be obtained in 

good to excellent yields in a single reaction step with commercially available catalysts. 

The use of di-tert-butyl dicarbonate (Boc2O) significantly enhances the reaction rate by 

preventing competitive binding of the formed amine product through trapping of the 

heterocycles as their Boc-protected analogues. The highest turnover numbers reported 

to date for the intramolecular C-H amination of (4-azidobutyl)benzene could be 

obtained with cobalt(II) tetrakis(mesityl)porphyrin [Co(TMP)] as catalyst. Furthermore 

the catalyst is bench stable and tolerates significant amounts of water during the 

reaction.   

5.1 Introduction 

Saturated heterocycles are important substructures in many natural products and 

pharmaceuticals.
1,2 

For the synthesis of this important class of compounds the ring 

structure is usually introduced already at the start of the synthetic procedure. 

Subsequent functionalization of the core structure typically requires harsh conditions or 

exchange of functional groups, which is often accompanied by multistep synthesis 

routes and the generation of large amounts of waste. Currently, only a limited number of 

direct cyclization reactions to form complex aliphatic amine ring structures from 

relatively simple linear precursors are available.
3
 In most cases activating and/or 

directing groups are required to obtain good selectivity and activity.
4 

The use of a 

sacrificial oxidant is also often employed to obtain the corresponding N-heterocycles.
5-9

 

A synthetically more attractive approach is to use aryl azides (ArN3) in CH amination 

ring closing protocols to produce unsaturated heterocycles.
10-14

 More recently, and most 

relevant to the investigations described in this chapter, some interesting examples of 

direct amination of CH bonds using saturated aliphatic organic azides (RN3) were 

reported,
15,16

 leading to formation of saturated heterocycles (see Figure 1).
17-23

 A 

comparable approach was used to prepare cyclic oxazolidinone structures via ring-

closing CH bond amination of the corresponding carbonazidates by the use of 

enzymes.
24

 Furthermore a palladium catalyzed reaction has been reported utilizing 

diazocarbonyl compounds to obtain pyrrolidines.
25 
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While these examples provide interesting lead-reactivity (in particular the system 

reported by Betley and coworkers
17

), there are still a number of hurdles to overcome 

before catalytic intramolecular ring-closing CH bond amination of aliphatic azides will 

become a practically useful synthetic method for the preparation of N-heterocyclic 

compounds (Figure 1): (1) All of the currently reported catalysts for this reaction are 

highly sensitive to air and water and require quite high catalysts loadings, thus resulting 

in quite low catalytic turn over numbers (TONs) with associated purification issues and 

costs. (2) Several of the reported catalysts produce significant amounts of (Boc-

protected) linear amines as undesired side products, which also limits practical 

application of these reactions. (3) Last, but not least, the reported catalysts are not 

commercially available, which limits the general application of these catalysts.  

 
Figure 1: Comparison of previously reported catalysts and those used in the present study 

for intramolecular ring-closing CH bond amination of aliphatic azides. 
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Recent reviews also emphasized on the prospects of performing selective amination 

reactions from azide precursors in general.
26,27 

In this perspective, it should be 

mentioned that activated azides such as aryl azides (ArN3), phosphoryl azides 

((RO)2(O)PO-N3), sulfonyl azides (RSO2N3) and carbonazidates (RO(CO)N3) have 

previously been shown to be precursors for aziridination, intramolecular and 

intermolecular CH bond amination reactions.
28-37

 However, to the best of our 

knowledge, no examples involving activation of aliphatic azides by cobalt(II) porphyrin 

catalysts have been reported to date. Here we report on the cobalt(II) porphyrin 

catalyzed ring-closing CH bond amination of aliphatic azides producing a variety of 

N-heterocyclic products. The catalysts are air and water stable, and cleanly produce 

cyclic (Boc-protected) amines in good yields and with higher TONs than reported for 

other catalysts. 

5.2 Results and Discussion 
 

We started our evaluation of the catalytic activity of cobalt(II) porphyrin complexes 

under various conditions by monitoring the conversion of azide 5 into tetrt-butyl 2-

phenylpyrrolidine-1-carboxylate 6a (Table 1) with the commercially available cobalt(II) 

tetraphenylporphyrin complex 1 ([Co(TPP)], Figure 2).  

 

Figure 2: Cobalt(II) complexes used in this study: cobalt(II) tetraphenylporphyrin 

([Co(TPP)], 1), cobalt(II) tetrakis(pentafluorophenyl)porphyrin ([Co(TPF20P)], 2), cobalt(II) 

tetramesitylporphyrin ([Co(TMP)], 3), and cobalt(II) salophen ([Co(salophen], 4). 

In the absence of an amine trapping agent, complete recovery of the starting material 

was observed after 16 hours at 100 °C using 1 mol% of the catalyst (Table 1, entry 1). 

In the presence of high catalyst loadings (20 mol%), however, stoichiometric amounts 
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of the product could be observed when Boc2O was added at room temperature after the 

reaction. In the presence of di-tert-butyl dicarbonate (Boc2O) during the reaction, we 

observed the desired Boc-protected cyclic amine product 6a (tert-butyl 2-

phenylpyrrolidine-1-carboxylate) by 
1
H-NMR spectroscopy (Figure 3, top). The product 

was isolated in 17% yield (Table 1, entry 2, turnover number (TON) = 17) after 16 

hours of reaction (Figure 3, bottom). The product was obtained as a single product, but 

appaeared in soloution as a mixture of rotamers which interconvert slowly on the NMR 

timescale. Under these conditions the TONs obtained with [Co(TPP)] catalyst 1 in the 

conversion of substrate 5 to product 6a are already higher than those for any of the 

previously reported homogeneous catalysts for this reaction (TONs up to 6).
17-20

 

Table 1: Catalyst evaluation in intramolecular ring-closing CH bond amination of aliphatic azide 5.
a
 

 

Entry Catalyst 
Loading 

(mol%) 
Solvent 

Conversion 

(NMR) 

Yield  

(isolated) 
TON 

1b [Co(TPP)] 1 Toluene -c -c n.d.d 

2 [Co(TPP)] 1 Toluene 24% 17% 17 

3 [Co(TPF20P)] 1 Toluene <5% n.d.d n.d.d 

4 [Co(TMP)] 1 Toluene 38% 36% 35 

5 [Co(TMP)] 1 Benzene 39% 32% 30 

6 [Co(TMP)] 1 Toluenee 30% n.d.d 30 

7 [Co(Salophen)]f 1 Toluene c c n.d.d 

8 AIBN 4 Toluene c c n.d.d 

9 [Co(TMP)] 2 Toluene 57% 54% 27 

10 [Co(TMP)] 4 Toluene >95% 89% 21 

a) Conditions: Substrate 5 (0.3 mmol), catalyst (1-4 mol%), Boc2O (1.2 equivalents) and solvent 

(3.0 mL) were mixed and reacted for 16 h at 100 °C. After the reaction only starting material 

and expected products were observed. b) no Boc2O was used in the reaction. c) No product was 

detected by 1H-NMR. d) Not determined. e) 3 vol% water present. f) Salophen = N,N''-bis-(3,5-

di-tert-butylsalicylidene)-1,2-phenylenediamine). 



 

Chapter 5 

______________________________________________________________________ 

 

-128- 

 

 
Figure 3: Crude 1H-NMR spectra of (4-azidobutyl)benzene (5) cyclization with Co(TPP) (1 

mol%) and Boc2O (top) and after purification (bottom) to yield tert-butyl 2-

phenylpyrrolidine-1-carboxylate (6a). 

We continued our optimization by changing the catalyst; With cobalt(II) 

tetrakis(pentafluorophenyl)-porphyrin ([Co(TPF20P)] complex 2, Figure 2) as the 

catalyst only trace amounts of the desired product 6a (<5%) were obtained (Table 1, 

entry 3). [Co(salophen)] complex 4 (Figure 2)
38

 proved to be completely inactive (entry 

7). In contrast, marked improvements both in yield and TON were observed using the 

electron-donating porphyrin tetrakis(2,4,6-trimethylphenyl)-porphyrin complex 3 

([Co(TMP)], Figure 2) as the catalyst. The desired product 6a was obtained in 36% 

isolated yield using 1 mol% of catalyst (TON = 35; Table 1, entry 4) at 38% conversion 

of the substrate. No significant change in the isolated product yield was observed upon 

changing the solvent to benzene (entry 5). To our surprise, the presence of up to 3 

volume percent of water in the solvent mixture did not result in a significant decrease in 

activity (entry 6), which is quite remarkable as previously reported catalysts are all very 

sensitive to the presence of even trace amounts of water.  
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To verify whether the cobalt porphyrin complex is an active component in the catalysis 

or merely initiating a metal-free radical reaction, we replaced cobalt(II) by 

azobisisobutyributrile (AIBN, entry 8). However, using this well-known radical initiator 

did not lead to any product formation. At the low cobalt catalyst loadings used so far, 

incomplete conversion of the azide 5 is observed after 16 hours, which allows for proper 

comparison of the TONs of the different catalysts (Table 1, entries 1-7). To obtain 

synthetically useful yields of the desired product 6a within the same reaction time, 

however, higher catalyst loadings were used. With 2 and 4 mol% of [Co(TMP)] catalyst 

3, the product yield increased to 54% and 89%, respectively (Table 1, entries 9 and 10). 

Importantly, none of these reactions produced any significant amounts of undesired 

linear (Boc-protected) amine products previously observed for related systems.
 17,19,20

 

Next we explored the substrate scope by examining the synthesis of oxazolidines and 

imidazolidines using the above [Co(por)]-catalyzed ring-closing CH bond amination 

protocol. By introducing an oxygen atom in the aliphatic chain at the alpha-position to 

the benzylic CH bond (Table 2, entry 1, 7a), the oxazolidine product was obtained in 

high isolated yield (7b, 93%; TON = 23). Introduction of two methyl groups on the 

aliphatic chain was expected to further improve the efficiency of the cyclization reaction 

(by virtue of the Thorpe-Ingold effect).
39

 However, this modification led to a significant 

decrease in both the yield and TONs for formation of oxazolidine product 8b (Table 2, 

entry 2). Steric hindrance introduced by the two methyl groups apparently has a larger 

effect on the reactivity than pre-organization for cyclization when using substrate 8a.  

The reaction did however proceed cleanly, as only product 8b and starting material 8a 

were observed upon analysis of the crude reaction mixture. In this reaction [Co(TPP)] 

complex 1 produced imidazolidine product 9b in a comparable yield (67%, TON = 17). 

In all reactions involving a secondary –NH group in the substrate (entries 3-10) we used 

2.4 equivalents of Boc2O to protect both nitrogen atoms. The decrease in yield could be 

due to the increased bulk of the substrate after Boc-protection of the secondary amine. 

This also explains why the difference in activity between the two catalysts 1 and 3 is 

small for this substrate. When substrate 9a was treated with Boc2O to yield substrate 

10a prior to the cyclization reaction no change in the product yield was observed as 

compared to the one pot procedure (Table 2, entry 4).   
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Table 2: Catalytic formation of oxazolidines and imidazolidines.a 

Entry Substrate Product 
Isolated 

Yield TON 

1 

 

7a 

 

7b 

93% 23 

2 

 

8a 

 

8b 

32% 8 

3 

 

9a 

 

9b 

69%b 

67%c 

17b 

17c 

4 
 

10a 

 

10b 

69%b 16b 

 

  

  

5b,c 

6b,c 

7b,c 

8b,c 

9b,c 

10b,c 

R = Me, 11a 

R = Ph, 12a 

R = F, 13a 

R = Cl, 14a 

R = Br, 15a 

R = OMe, 16a 

R = Me, 11b 

R = Ph, 12b 

R = F, 13b 

R = Cl, 14b 

R = Br, 15b 

R = OMe, 16b 

96% 

91% 

84% 

87% 

95% 

82% 

24 

22 

21 

22 

24 

20 

a) Conditions: Substrate (0.3 mmol), Boc2O (1.2 equivalent), [Co(TMP)] (4 mol%), 

and toluene (3.0 mL) were added and reacted for 16 h at 100 °C. At the end of the 

reaction only starting material and products were observed. b) 2.4 equivalents of 

Boc2O were added. In entries 3 and 5-10, full conversion of the starting material 

was always observed. The only observed side product was the corresponding azide 

with a Boc-protected secondary nitrogen (compound 10a and compounds 11c to 

16c, see Figure 4). c)  [Co(TPP)] catalyst 1 was used. 
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We further decided to investigate the tolerance of the reaction for substitution on the 

phenyl ring of the amine containing substrates (Table 2, entries 5-10). Because of the 

small difference in activity between [Co(TPP)] (1) and [Co(TMP)] (3) for substrate 9a, 

the commercially available [Co(TPP)] catalyst 1 was used for substrates 11a-16a. In 

these cases we also used 2.4 equivalents of Boc2O in the reaction (Table 2, entry 5-10) 

to prevent product inhibition. Using a 4 mol% catalyst loading, high yields (up to 96%) 

were obtained for all substrates containing a substituent on the para position of the 

phenyl ring. The effect of electron-donating and electron-withdrawing substituents is 

only marginal. At the end of the reaction we always observed full conversion of the 

starting material for substrates 9a and 11a-16a (even upon reducing the catalyst loading 

to 2 mol%). The only observed side products in these reactions were the corresponding 

Boc-protected azides (compound 10a and compounds 11c to 16c, Figure 4), again 

without formation of any significant amounts of undesired linear (Boc-protected) 

amines.
17,19,20

 The corresponding Boc-protected azides 10a and compounds 11c to 16c 

could also be obtained in good to excellent yield in absence of the catalyst (Figure 4). 

 
Figure 4: Synthesis of Boc-protected azide side products 11c-16c.

 

To further explore the scope of the cobalt porphyrin catalyst for the preparation of 

N-saturated heterocycles from alkyl azide fragments, we examined the azide containing 

disubstituted arenes 17a-19a to obtain bicyclic isoindoline and tetrahydroisoquinoline 

derivatives (Scheme 1).  
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Scheme 1: Application of the [Co(por)]-mediated intramolecular CH bond amination ring-

closing protocol for the synthesis of alternative heterocycles 17b-20b. 

The presence of the phenyl ring resulted in a decrease in the selectivity, as isoindoline 

product 17b was obtained in only 27% yield. However, full conversion of the substrate 

was obtained to form additionally the protected amine product 17c (35%) and some ill-

defined oligomeric/polymeric side products. When the reaction was repeated in absence 

of Boc2O the reaction showed full conversion to a mixture of products (Scheme 2).  

 
Scheme 2: C-H bond amination of substrate 17a in absence of Boc2O to yield a mixture of 

products. 



 
Cobalt Porphyrin Catalyzed Intramolecular CH Amination of Aliphatic Azides 

______________________________________________________________________ 

 

  

 

-133- 

The characteristic peak at 6.32 ppm of 2H-isoindole (21) was observed in the 
1
H-NMR 

spectrum (Figure 5, bottom) and this compound has been reported to readily 

polymerize.
40

 The other two products are likely the corresponding 1H-isoindole (22) 

tautomer and 2-methylbenzylamine (23). 

 

Figure 5: 1H-NMR spectra of 1-(azidomethyl)-2-methylbenzene 17a (top) and after reaction 

with [Co(TMP)] (bottom). 

It seems that if the desired ring-closing step requires breaking of a stronger C–H bond 

(higher BDE), the reaction is partially driven to intermolecular HAT reactions (most 

likely from the alpha position of another azide substrate), producing undesired side 

products. This is consistent with the formation of oligomeric/polymeric products, linear 

Boc protected amines as well as nitriles from substrates containing even stronger C–H 

bonds. Upon replacing the methyl group with an ethyl group (substrate 18a), full 

conversion was observed after 16 h using 2 mol% of catalyst loading to yield the 

desired product 18b in 93% isolated yield (TON = 45). Apparently the increased 

stabilization of the benzylic radical is sufficient to avoid the competitive 

oligomerization/polymerization reactions observed for substrate 17a. Like for substrate 

17a, also for this substrate the peaks at 3.9, 4.9 and 6.3 ppm could be observed upon 

repeating the reaction of 18a in absence of Boc2O.  

A six-membered heterocycle 19b was found to be accessible using substrate 19a, albeit 

in only 28% yield (TON = 7). As observed for substrate 17a, but in contrast to all other 

reactions described above, 37% of the corresponding linear Boc-protected amine 

product 19c and some ill-defined oligomers/polymers were obtained as side products in 
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this case. Finally, an allylic C–H bond can be activated from substrate 20a to obtain a 

mixture of the six-membered heterocycle product 20b (38%, TON = 10), starting 

material (37%), linear product 20c and small amounts of unidentified products. 

Additional substrates used in the C–H amination protocol, varying in the BDE of the 

reacting C–H bond, are described in the experimental section (Table 3). The results 

obtained with these substrates indicate that intermolecular HAT starts to compete with 

intramolecular HAT if the barrier for C–H bond activation at the targeted position for 

ring closing amination becomes too strong (i.e. higher BDEs of the targeted C–H bond 

and/or formation of six-membered rings instead of five-membered rings). Substrates 

with weaker benzylic C–H bonds at the delta position react selectively to five-

membered N-heterocylic rings without any indication for competing intermolecular 

HAT reactions (see Table 1 and Table 2). 

5.3 Conclusions 

In summary, a cobalt catalyzed ring-closing CH amination protocol was developed for 

the synthesis of a variety of saturated N-heterocycles in synthetically useful yields. The 

applied air and moisture stable [Co(por)] catalysts give significantly higher turnover 

numbers than other reported homogeneous catalyst systems based on Fe and Pd for this 

type of reactions. Di-tert-butyl dicarbonate (Boc2O) is used to significantly enhance the 

reaction rate by preventing competitive binding of the formed amine product. A wide 

variety of N-heterocycles such as pyrrolidines, oxazolidines imidazolidines, 

isoindolines and tetrahydroisoquinoline could be obtained in good to excellent yields. 

5.4 Experimental section 

5.4.1 General information 

All reactions involving air- or moisture sensitive compounds were carried out under nitrogen 

using standard Schlenk and vacuum line techniques. Toluene was distilled over sodium prior to 

use. All chemicals not listed below were purchased from Alfa Aesar, Acros, Fluka, Strem and 

Aldrich without purification before use. 1H-NMR and 13C-NMR spectra were measured on a 

Bruker Avance-II 300 MHz, Bruker Avance-I 400 MHz, Bruker DRX 300 or a Bruker 500 MHz 

spectrometer at room temperature unless stated otherwise. 1H-NMR chemical shifts are given in 

ppm, and were calibrated by using the residual non-deuterated solvent as internal reference 

(CHCl3 (7.26 ppm)). 13C-NMR chemical shifts were recorded in ppm from the solvent peak 
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employed as internal reference (CDCl3 (77.0 ppm)). IR spectra were measured on a Bruker 

Alpha-P instrument as neat film. UV-vis spectra were measured on a Hewlett Packard 8453. High 

resolution mass spectra were recorded on a HRMS JEOL AccuTOF GCv4g JMS-T 100 GCV and 

HRMS AccuTOF LCplus JMS-T 100 LP.  

CAUTION: Azides are potentially explosive and should be handled with care! Although 

under the conditions and scale described in this chapter we did not encounter any problems, 

appropriate precautions should be taken when handling these compounds in general. All 

reactions were performed open to the nitrogen Schlenk line with an overpressure valve to 

avoid pressure build up or were performed behind a blast shield (high temperature 

reactions). 

Tetrakis(2,4,6-trimethylphenyl)porphyrin,41 cobalt(II)tetrakis(2,3,4,5,6-tentafluorophenyl)-

porphyrin 2,42 Cobalt(II) (Salophen) 4,38 (4-azidobutyl)benzene 5,17 ((2-azidoethoxy)methyl)-

benzene 7a,17 2-azido-N-benzylethanamine 9a,43 2-azido-N-(4-methoxybenzyl)ethanamine 16a,44 

2-azidoethyl 4-methylbenzenesulfonate,43 1-(azidomethyl)-2-methylbenzene 17a,45  

1-(azidomethyl)-2-ethylbenzene 18a,46 1-(2-azidoethyl)-2-methylbenzene 19a,47 ethyl  

5-azidopentanoate,17 1-azidohexane,17 7-azidohept-1-ene 20a,17 (6-azidohexyl)benzene,17  

((4-azidobutoxy)-methyl)benzene,48 were prepared according to published procedures.  

5.4.2 Synthesis of described compounds 

Synthesis of Cobalt(II) tetra(2,4,6-trimethylphenyl)porphyrin ([Co(TMP)], 3) 

Tetrakis(2,4,6-trimethylphenyl)porphyrin (180 mg; 0.23 

mmol) and anhydrous cobalt(II) chloride (0.20 g; 1.54 

mmol) were dissolved in acetic acid (25 mL). After 

addition of sodium acetate (0.30 g; 3.64 mmol) the 

mixture was heated to reflux temperature. After 3 h of 

reaction the mixture was cooled to room temperature 

and solvent was removed under reduced pressure. The 

purple solid was washed with a saturated aqueous 

solution of sodium bicarbonate (50 mL) and water (2 x 

50 mL). The product was collected with DCM (50 mL) 

and dried over magnesium sulfate. After filtration and removal of the solvent the product was 

obtained as a purple powder (71.6 mg, 85 µmol, 38%). Analysis was in agreement with 

previously reported data.49  
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Synthesis of 2-(benzyloxy)-2-methylpropyl azide (8a) 

 

To a solution of 2-benzyloxy-2-methylpropanol (23, 250 mg, 1.39 mmol) in DCM (3.0 mL) and 

pyridine (0.25 mL) at 0 °C was added p-toluenesulfonyl chloride (0.54 g, 2.8 mmol, 2.0 equiv.). 

After 24 hours of reaction demi-water (10 mL) was added and the products were extracted with 

DCM (3x20 mL). The combined organic fractions were washed with a saturated aqueous solution 

of sodium bicarbonate (30 mL) and brine (30 mL). The solution was dried over magnesium 

sulfate, filtered and solvent removed under reduced pressure. The crude product was purified by 

column chromatography (SiO2, cyclohexane/ethyl acetate 10:1, Rf = 0.2) to yield the desired 

product 24 as a colorless oil (418 mg, 1.25 mmol, 90%). 1H-NMR (300 MHz, CDCl3): 7.78 (d, J 

= 8.3 Hz, 2H), 7.39 – 7.17 (m, 7H), 4.39 (s, 2H), 3.93 (s, 2H), 2.43 (s, 3H), 1.27 (s, 6H). 13C-

NMR (75.5 MHz, CDCl3, 60 °C): 144.8, 138.9, 132.8, 129.9, 128.3, 128.0, 127.4, 127.3, 75.0, 

74.0, 64.4, 22.7, 21.7. IR (neat, cm-1): 2980, 1357, 1174, 969, 794, 729, 665, 554. FD-MS; 

Experimental mass (m/z): 334.1197, calculated mass (C18H22O4S): 334.1239 ([M]+). 

A mixture of 2-(benzyloxy)-2-methylpropyl tosylate 24 (411 mg, 1.23 mmol) and sodium azide 

(160 mg, 2.46 mmol) in DMF (3 mL) was heated to 100 °C for three days. After cooling to room 

temperature the mixture was poured in water (20 mL) and extracted with diethyl ether (3x25 mL). 

The combined organic fractions were dried over magnesium sulfate, filtered and solvent removed 

under reduced pressure. The crude product was purified using column chromatography (SiO2, 

cyclohexane/ethyl acetate 10/1) to yield the recovered starting material 21 (Rf = 0.2, 117 mg, 0.34 

mmol, 28%) and the product 8a as a light yellow oil (Rf = 0.4, 105 mg, 0.51 mmol, 42%). 1H-

NMR (300 MHz, CDCl3): 7.49-7.19 (m, 5H), 4.49 (s, 2H), 3.26 (s, 2H), 1.31 (s, 6H); 13C-NMR 

(300 MHz, CDCl3): 139.0, 128.3, 127.3, 127.3, 75.9, 64.3, 60.0, 23.2. IR (neat, cm-1): 2976, 2926, 

2865, 2095 (N3), 1298, 1160, 1060, 733, 695. FD-MS; Experimental mass (m/z): 204.1133, 

calculated mass (C11H14N3O): 204.1137 ([M–H]+).  
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Synthesis of 2-azido-N-(4-methylbenzyl)ethanamine (11a) 

A solution of 4-methylbenzyl amine (0.248 g, 2.05 mmol) and 2-

azidoethyl 4-methylbenzenesulfonate (0.202 g, 0.84 mmol) in 

acetonitrile was stirred at reflux temperature for 20 hours. The crude 

product was purified by column chromatography (SiO2, PE 40-60 °C/EtOAc 2:1) to yield the 

desired product 11a as a colorless oil (0.217 g, 1.14 mmol, 56%). 1H-NMR (400 MHz, CDCl3): 

7.23 (d, J = 8.0 Hz, 2H), 7.13 (d, 7.9 Hz, 2H), 3.81 (s, 2H), 3.45 (t, J =5.6 Hz, 2H), 2.84 (t, J = 5.7 

Hz, 2H), 2.36 (s, 3H), 13C-NMR (100.6 MHz, CDCl3): 136.7, 136.6, 129.0, 127.9, 53.2, 51.4, 

47.8, 21.0. IR (neat, cm-1): 2922, 2828, 2093 (N3), 1514, 1448, 1287, 1119, 802. FD-MS; 

Experimental mass (m/z): 190.1221, calculated mass (C10H14N4): 190.1218 ([M]+). 

Synthesis of 2-azido-N-(4-phenylbenzyl)ethanamine (12a) 

To a solution of 2-azidoethyl 4-methylbenzenesulfonate (0.205 g, 

0.850 mmol) in acetonitrile (5.0 mL) was added 4-

phenylbenzylamine (0.365 g, 1.99 mmol). The stirred mixture was 

heated at reflux temperature for 16 hours. After cooling to room temperature solvent was removed 

at reduced pressure and the crude product was purified by column chromatography (SiO2, 

hexanes/EtOAc, 2:1, Rf = 0.15) to yield a very dense oil which solidified upon standing to a white 

solid (116 mg, 0.458 mmol, 54%). 1H-NMR (300 MHz, CDCl3): 7.64-7.53 (m, 4H), 7.50-7.29 (m, 

5H), 3.87 (s, 2H), 3.46 (t, J = 5.6 Hz, 2H), 2.86 (t, J = 5.6 Hz, 2H). 13C-NMR (75.5 MHz, 

CDCl3): 141.1, 140.2, 139.1, 128.9, 128.7, 127.4, 127.4, 127.2, 53.4, 51.6, 48.1. IR (neat, cm-1): 

3027, 2924, 2829, 2091 (N3), 1487, 1285, 759, 697. FD-MS; Experimental mass (m/z): 252.1383, 

calculated mass (C15H16N4): 252.1375 ([M]+). 

Synthesis of 2-azido-N-(4-fluorobenzyl)ethanamine (13a) 

To a round-bottom flask was added 4-fluorobenzyl amine (0.250 mg, 

2.0 mmol) and 2-azidoethyl 4-methylbenzenesulfonate (0.196 mg, 

0.81 mmol) and acetonitrile (5.0 mL). The mixture was stirred for 16 

hours at reflux temperature. After removal of the solvent the crude product was purified by 

column chromatography (SiO2, hexanes/EtOAc 2:1) to yield the desired product 13a as a 

colorless oil (0.132 mg, 0.68 mmol, 84%). 1H-NMR (300 MHz, CDCl3): 7.35-7.25 (m, 2H), 7.02 

(t, J = 7.0 Hz, 2H), 3.79 (s, 2H), 3.43 (t, J = 5.5 Hz, 2H), 2.81 (t, J = 5.5 Hz, 2H). 13C-NMR (75.5 

MHz, CDCl3): 162.0 (d, J=245 Hz), 135.6, 129.6 (d, J=8 Hz), 115.3 (d, J=21 Hz), 52.9, 51.5, 

47.9. 19F-NMR (282.4 MHz, CDCl3): 115.8. IR (neat, cm-1): 2928, 2835, 2093 (N3), 1603, 1508, 

1218, 823. FD-MS; Experimental mass (m/z): 194.0959, calculated mass (C9H11FN4): 194.0968 

([M]+). 
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Synthesis of 2-azido-N-(4-chlorobenzyl)ethanamine (14a) 

To a solution of 2-azidoethyl 4-methylbenzenesulfonate (0.194 g, 

0.83 mmol) in acetonitrile (5 mL) was added 4-chlorobenzylamine 

(2.6 mL, 2.0 mmol, 2.4 equivalents) and the mixture was heated to 

reflux temperature. After 16 h of reaction a white precipitate had formed and the mixture was 

cooled to room temperature. After removal of the solvent under reduced pressure the product was 

purified by column chromatography (SiO2, hexanes/ethyl acetate 2/1, Rf = 0.3) to yield the 

desired product 14a as a light yellow oil (0.149 g, 0.71 mmol, 85%). 1H-NMR (300 MHz, 

CDCl3): 7.35-7.22 (m, 4H), 3.79 (s, 2H), 3.43 (t, J = 5.8 Hz, 2H), 2.80 (t, J = 5.8 Hz, 2H). 13C-

NMR (75.5 MHz, CDCl3): 138.4, 132.8, 129.4, 128.6, 52.9, 51.4, 47.9. IR (neat, cm-1): 2925, 

2832, 2091 (N3), 1490, 1284, 1088, 1014, 802. FD-MS; Experimental mass (m/z): 210.0630, 

calculated mass (C9H11ClN4): 210.0672 ([M]+). 

Synthesis of 2-azido-N-(4-bromobenzyl)ethanamine (15a) 

To a solution of 4-bromobenzyl amine (400 mg, 2.15 mmol) in 

acetonitrile (5.0 mL) was added 2-azidoethyl 4-

methylbenzenesulfonate (206 mg, 0.85 mmol) and the mixture was 

stirred at reflux temperature for 16 hours. After removal of the solvent the mixture was 

redissolved in ethyl acetate (20 mL) and washed with aqueous sodium hydroxide (2M, 3x20 mL). 

The crude product was purified by column chromatography (SiO2, hexane/EtOAc 4:1  EtOAc 

gradient) to yield the desired product 15a as a colorless oil (156 mg, 0.61 mmol, 72%). 1H-NMR 

(300 MHz, CDCl3): 7.45 (d, J=8.4 Hz, 2H), 7.21 (d, J = 8.3 Hz, 2H), 3.77 (s, 2H), 3.43 (t, J = 5.8 

Hz, 2H), 2.80 (t, J = 5 Hz, 2H). ). 13C-NMR (75.5 MHz, CDCl3): 138.9, 131.6, 129.8, 120.9, 52.9, 

51.4, 47.9. IR (neat, cm-1): 2923, 2830, 2092 (N3), 1486, 1285,1262, 1070, 1010, 798. FD-MS; 

Experimental mass (m/z): 254.0166, calculated mass (C9H11BrN4): 254.0167 ([M]+). 

General intramolecular CH bond amination procedure 

To a dry Schlenk flask was added catalyst (12 µmol), substrate (0.30 mmol) and di-tert-

butyldicarbonate (0.36 mmol) in dry toluene (3.0 mL). The stirred reaction mixture was heated to 

100 °C for 16 h. After cooling to room temperature the crude mixture was purified by flash 

chromatography (SiO2, DCM/hexanes/TEA 50:50:1). 
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Synthesis of tert-butyl 2-phenylpyrrolidine-1-carboxylate (6a) 

(4-azidobutyl)benzene 5 (50.5 mg, 0.288 mmol), di-tert-butyldicarbonate (65.1 

mg, 0.298 mmol, 1.04 equivalents), [Co(TMP)] catalyst 3 (10.2 mg, 12.1 µmol, 

4.2 mol%) and toluene (3.0 mL) were handled according to the general 

procedure to yield the desired product 6a as a light yellow oil (63.6 mg, 0.257 mmol, 89%, TON= 

21). Analysis data were in agreement to previously published data.17 

Stoichiometric synthesis of 2-phenylpyrrolidine (6a) 

 (4-azidobutyl)benzene 5 (15.2 mg, 0.087 mmol), [Co(TMP)] catalyst 3 (14.6 

mg, 17 µmol, 20 mol%) and toluene (3.0 mL) were heated to 100 °C under N2 

for 16h. The reaction mixture was cooled to room temperature and Boc2O (20.2 

mg, 93 µmol)  was added. After 1 h the mixture was analyzed by 1H-NMR spectroscopy with 

mesitylene (4.3 mg, 36 µmol) as standard to yield 2-phenylpyrrolidine 6b (15 µmol, 17%). 

Synthesis of tert-butyl 2-phenyloxazolidine-3-carboxylate (7b) 

2-(benzyloxy)ethyl azide (58.2 mg, 0.329 mmol), di-tert-butyldicarbonate (89.5 

mg, 0.410 mmol, 1.25 equivalents), [Co(TMP)] catalyst 3 (11.2 mg, 13.3 µmol, 

4.1 mol%) and toluene (3.0 mL) were handled according to the general 

procedure to yield the desired product 7b as a light yellow oil (76.1 mg, 0.305 mmol, 93%). 1H-

NMR (300 MHz, CDCl3, 60 °C): 7.50-7.258 (m, 5H), 6.03 (bs, 1H), 4.15-3.95 (m, 2H), 3.90-3.75 

(m, 1H), 3.63-3.47 (m, 1H), 1.37 (bs, 9H). 13C-NMR (75.5 MHz, CDCl3, 60 °C): 153.2, 139.9, 

128.4, 128.1, 126.6, 89.3, 80.3, 65.6, 45.0, 28.2. IR (neat, cm-1): 2975, 2887, 1697, 1391, 1364, 

1161, 1129, 1060, 902, 754, 697. FD-MS; Experimental mass (m/z): 249.1361, calculated mass 

(C14H19NO3): 249.1365 ([M]+). 

Synthesis of tert-Butyl 2-phenyloxazolidine-3-carboxylate (8b) 

To a flame dried Schlenk flask 2-benzyloxy-2-methyl-1-propyl azide (49.2 

mg, 0.24 mmol), Boc2O (66.8 mg, 0.31 mmol, 1.3 equivalents) and dry 

toluene (2.0 mL) were added under a nitrogen atmosphere. After addition of 

[Co(TMP)] catalyst 3 (8.2 mg, 9.8 µmol, 4.1 mol%) The stirred reaction mixture was heated at 

100 °C for 16 h under a nitrogen atmosphere. The solvent was removed under reduced pressure 

and the crude product was purified using column chromatography (SiO2, hexane:DCM:Et3N; 

50:50:1) to yield the product 8b as a yellow oil (21.4 mg, 77 µmol, 32%, TON=8). 1H-NMR 

(CDCl3, 300MHz, RT) 7.50 – 7.26 (m, 5H), 6.06 (bs, 0.28H rotamer) 5.88 (bs, 0.72 rotamer), 

3.74 (bs, 1H), 3.31 (bs, 1H), 1.43 (s, 3H), 1.33 (s, 3H), 1.23 (bs, 9H); 1H-NMR (CDCl3, 300MHz, 

60 °C) 7.45 – 7.25 (m, 5H), 5.97 (s, 1H), 3.75 (d, J=10.1 Hz, 1H), 3.28 (d, J=10.2 Hz, 1H), 1.43 

(s, 3H), 1.34 (s, 3H), 1.33 (bs, 9H);  
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13C-NMR (CDCl3, 75MHz) 153.5, 140.8, 128.6, 128.3, 127.1, 88.9, 80.5, 79.9, 56.5, 28.5, 26.1, 

25.0; IR (neat, cm-1): 2975, 2932, 2882, 1697, 1364, 1149, 1027, 902, 753, 696; FD-MS; 

Experimental mass (m/z): 277.1662, calculated mass (C16H23NO3): 277.1678 ([M]+). 

Synthesis of di-tert-butyl 2-phenylimidazolidine-1,3-dicarboxylate (9b) 

2-azido-N-benzylethanamine (27.0 mg, 0.15 mmol), di-tert-butyldicarbonate 

(87.5 mg, 0.40 mmol, 2.6 equivalents), [Co(TMP)] catalyst 3 (5.0 mg, 6.0 

µmol, 3.9 mol%) and toluene (1.0 mL) were handled according to the general 

procedure to yield the desired product as a light red oil (36.6 mg, 0.105 mmol, 

69%). 1H-NMR (300 MHz, CDCl3, 60 °C): 7.43-7.24 (m, 5H), 6.15 (bs, 1H), 3.95-3.77 (m, 2H), 

3.77-3.61 (m, 2H), 1.38 bs (18H). 13C-NMR (75.5 MHz, CDCl3, 60 °C): 152.9, 141.4, 128.0, 

127.8, 126.6, 80.5, 72.6, 43.7, 28.2. IR (neat, cm-1): 2975, 2931, 2894, 1692, 1365, 1160, 1106, 

860, 697. FD-MS; Experimental mass (m/z): 348.2050, calculated mass (C19H28N2O4): 348.2049 

([M]+). 

Synthesis of di-tert-butyl 2-phenylimidazolidine-1,3-dicarboxylate (10b) 

A solution of tert-butyl (2-azidoethyl)(benzyl)carbamate 10a (27.8 mg, 0.101 

mmol) in toluene (1.0 mL) was degassed for 15 minutes by bubbling nitrogen 

through the solution. Boc2O (29.7 mg, 0.136 mmol, 1.3 equivalents) and 

[Co(TMP)] catalyst 3 (3.5 mg, 4.2 µmol, 4.1 mol%) were added and the 

mixture was heated to 100 °C under nitrogen. After 16 hours of reaction the mixture was cooled 

to room temperature and purified by flash chromatography to yield the product 10b (23.6 mg, 

67.8 µmol, 67%, TON = 16). Analysis data was in agreement with 9b. 

Synthesis of di-tert-butyl 2-(p-tolyl)imidazolidine-1,3-dicarboxylate (11b) 

2-azido-N-(4-methylbenzyl)ethanamine 11a (51.3 mg, 0.27 mmol), Boc2O 

(137.7 mg, 0.63 mmol, 2.4 equivalents), [Co(TPP)] catalyst 1 (7.2 mg, 10.5 

µmol, 4.0 mol%) and toluene (3.0 mL) were handled according to the 

general procedure described to yield the desired product 11b as a dark orange oil (96.9 mg, 0.26 

mmol, 96%, TON =24). 1H-NMR (300 MHz, CDCl3): 7.23 (bs, 2H), 7.12 (d, J=7.8 Hz, 2H), 6.17 

(rotamer bs, 0.65H), 5.92 (rotamer, bs 0.35H), 3.50-3.95 (m, 4H), 2.33 (s, 3H), 1.33 (bs, 9H). 13C-

NMR (75.5 MHz, CDCl3, 60 °C): 152.9, 138.4, 137.5, 128.7, 126.5, 80.4, 72.3, 43.6, 28.3, 21.0. 

IR (neat, cm-1): 2976, 2930, 1692, 1365, 1160, 1105, 731. FD-MS; Experimental mass (m/z): 

362.2188, calculated mass (C20H30N2O4): 362.2206 ([M]+). 

  



 
Cobalt Porphyrin Catalyzed Intramolecular CH Amination of Aliphatic Azides 

______________________________________________________________________ 

 

  

 

-141- 

Synthesis of di-tert-butyl 2-([1,1'-biphenyl]-4-yl)imidazolidine-1,3-dicarboxylate (12b) 

2-azido-N-(4-phenhylbenzyl)ethanamine 12a (44.1 mg, 0.175 mmol), 

Boc2O (91.5 mg, 2.4 equivalents), [Co(TMP)] catalyst 3 (6.0 mg, 7.1 

µmol, 4.1 mol%) and dry toluene (1.7 mL) were handled according to 

the general procedure to yield the desired product 12b as an off-white 

solid (67.6 mg, 0.159 mmol, 91%, TON = 22). 1H-NMR (500 MHz, CDCl3, 60 °C): 7.59 (d, J = 

7.5 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 7.46-7.39 (m, 4H), 7.33 (t, 7.4 Hz, 1H), 6.19 (bs, 1H), 3.92-

3.81 (m, 2H), 3.74-3.65 (m, 2H), 1.39 (bs, 18H). 13C-NMR (125.7 MHz, CDCl3, 60 °C): 152.9, 

140.9, 140.9, 140.4, 128.7, 127.2, 127.1, 127.0, 126.8, 80.6, 72.4, 43.7, 28.3. IR (neat, cm-1): 

2975, 2931, 2894, 1691, 1365, 1160, 1107, 763, 733. FD-MS; Experimental mass (m/z): 

424.2342, calculated mass (C25H32N2O4): 424.2362 ([M]+). 

Synthesis of di-tert-butyl 2-(4-fluorophenyl)imidazolidine-1,3-dicarboxylate (13b) 

2-azido-N-(4-fluorobenzyl)ethanamine 13a (53.4 mg, 0.27 mmol), di-tert-

butyldicarbonate (146,3 mg, 0.66 mmol, 2.4 equivalents), [Co(TPP)] 

catalyst 1 (7.5 mg, 10.9 µmol, 4.0 mol%) and dry toluene (3.0 mL) were 

handled according to the general procedure to yield the desired product 

13b as a dark yellow oil (82.8 mg, 0.23 mmol, 84%, TON =21). 1H-NMR (300 MHz, CDCl3): 

7.42-7.23 (bs, 2H), 7.00 (t, J = 8.7 Hz, 2H), 6.12 (bs, 0.67H, rotamer), 5.90 (bs, 0.33H, rotamer), 

3.90-3.75 (m, 2H), 3.75-3.56 (m, 2H), 1.32 (bs, 18H). 13C-NMR (75.5 MHz, CDCl3, 60 °C): 

162.7 (d, J = 246 Hz), 153.0, 137.6, 128.6 (d, J=8.2Hz), 115.1 (d, J = 21.5 Hz), 80.9, 72.2, 43.9, 

28.5. 19F-NMR (282.4 MHz, CDCl3): 114.2, 114.4. IR (neat, cm-1): 2977, 2932, 2893, 1691, 

1365, 1155, 800, 766, 733. FD-MS; Experimental mass (m/z): 366.1949, calculated mass 

(C19H27FN2O4): 366.1955 ([M]+). 

Synthesis of di-tert-butyl 2-(4-chlorophenyl)imidazolidine-1,3-dicarboxylate (14b) 

2-azido-N-(4-chlorobenzyl)ethanamine 14a (65.3 mg, 0.310 mmol), di-tert-

butyldicarbonate (158.7 mg, 0.744 mmol, 2.4 equivalents), [Co(TPP)] 

catalyst 1 (8.3 mg, 12.4 µmol, 4.0 mol%) and toluene (3.0 mL) were 

handled according to the general procedure to yield the desired product as a 

light yellow oil (103.1 mg, 0.269 mmol, 87%, TON = 22). 1H-NMR (300 MHz, CDCl3): 7.49-

7.10 (m, 4H), 6.12 (bs, 0.63H rotamer), 5.90 (bs, 0.37H rotamer), 3.83 (bs, 2H), 3.67 (bs, 2H), 

1.32 (bs, 18H). ). 13C-NMR (75.5 MHz, CDCl3): 152.8, 139.9, 133.8, 128.3, 128.1, 80.9, 71.9, 

43.7, 28.3. IR (neat, cm-1): 2977, 2932, 2893, 1691, 1365, 1159, 1107, 912, 730. FD-MS; 

Experimental mass (m/z): 382.1642, calculated mass (C19H27ClN2O4): 382.1659 ([M]+). 
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Synthesis of di-tert-butyl 2-(4-bromophenyl)imidazolidine-1,3-dicarboxylate (15b) 

2-azido-N-(4-bromobenzyl)ethanamine 15a (73.8 mg, 0.29 mmol), 

[Co(TPP)] catalyst 1 (7.8 mg, 11.6 mmol, 4.0 mol%), di-tert-

butyldicarbonate (171.3 mg, 0.79 mmol, 2.7 equivalents) and degassed 

toluene (3.0 mL) were handled according to the general procedure to yield 

the desired product 15b as a yellowish oil (118 mg, 0.276 mmol, 95%, TON=24). 1H-NMR (300 

MHz, CDCl3, 60 °C): 7.45 (d, J=8.0 Hz, 2H), 7.25 (d, J=8.0 Hz, 2H), 6.06 (s, 1H), 3.90-3.75 (m, 

2H), 3.73-3.56 (m, 2H), 1.37 (s, 18H).  13C-NMR (75.5 MHz, CDCl3, 60 °C): 153.0, 140.7, 131.4, 

131.4, 128.6, 122.1, 81.0, 72.2, 43.9, 28.5. IR (neat, cm-1): 2977, 2932, 2894, 1691, 1366, 1159, 

1108, 910, 729. FD-MS; Experimental mass (m/z): 426.1175, calculated mass (C19H27BrN2O4): 

426.1154 ([M]+). 

Synthesis of di-tert-butyl 2-(4-methoxyphenyl)imidazolidine-1,3-dicarboxylate (16b) 

2-azido-N-(4-methoxybenzyl)ethanamine 16a (26.9 mg, 0.130 mmol), di-

tert-butyldicarbonate (72.0 mg, 0.330 mmol, 2.5 equivalents) [Co(TPP)] 

catalyst 1 (3,6 mg, 5.4 µmol, 4.1 mol%) and dry toluene (2.5 mL) were 

handled according to the general procedure to yield the desired product 

16b as a dark yellow oil (40.1 mg, 0.106 mmol, 82%, TON=20). The product still contained 

minor amounts of the Boc-protected starting material 16c. 1H-NMR (300 MHz, CDCl3): 7.35-

7.10 (m, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.14 (bs, 0.62H, rotamer), 5.89 (bs, 0.38H, rotamer), 3.88-

3.54 (m, 4H), 3.79 (s, 3H), 1.33 (bs, 18H). 13C-NMR (75.5 MHz, CDCl3, 60 °C): 159.6, 153.1, 

128.0, 114.3, 113.7, 80.6, 72.4, 55.4, 43.8, 28.5. IR (neat, cm-1): 2975, 2933, 1691, 1365, 1245, 

1161, 1105, 1031, 761, 731.  FD-MS; Experimental mass (m/z): 378.2157, calculated mass 

(C20H30N2O5): 378.2155 ([M]+). 

Synthesis of tert-butyl (2-azidoethyl)(benzyl)carbamate (10a) 

To a solution of 2-azido-N-benzylethanamine (92.1 mg; 0.5 mmol) in 

toluene (2 mL) was added di-tert-butyl dicarbonate (222 mg, 1.0 mmol). 

Upon addition gas evolution was observed and the progress of the 

reaction was monitored by TLC (SiO2; EtOAc). After 30 minutes the crude product was placed on 

a small silica column and washed extensively with hexane to remove all excess di-tert-butyl 

dicarbonate. The product 10a was collected with EtOAc to yield a light yellow oil (76.8 mg, 0.28 

mmol, 56%). 1H-NMR (300 MHz, CDCl3): 7.38-7.24 (m, 5H), 4.52 (s, 2H), 3.50-3.26 (m, 4H), 

1.48 (s, 9H). 13C-NMR (75.5 MHz, CDCl3, 60 °C): 155.5, 138.1, 128.5, 127.4, 127.3, 80.3, 51.4, 

49.8, 46.1, 28.4. IR (neat, cm-1): 2976, 2930, 2096 (N3), 1689, 1408, 1365, 1243, 1162, 1126, 699. 

FD-MS; Experimental mass (m/z): 276.15855, calculated mass (C14H20N4O2): 276.1586 ([M]+). 
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Synthesis of tert-butyl (2-azidoethyl)(4-methylbenzyl)carbamate (11c) 

To a solution of 2-azido-N-(4-methylbenzyl)ethanamine 11a (34.5 

mg, 0.181 mmol) in toluene (1.0 mL) was added Boc2O (89.2 mg, 

0.409 mmol) and the mixture was stirred for 16 hours. The crude 

product was purified by column chromatography (SiO2; PE40-60/MeOH 19:1  DCM/MeOH 

19:1 gradient) to yield the desired product 11c as light yellow oil (19.8 mg, 68.2 µmol, 38% 

yield). 1H-NMR (300 MHz, CDCl3): 7.13 (bs, 4H), 4.46 (s, 2H), 3.45-3.20 (m, 4H), 2.34 (s, 3H), 

1.48 (bs, 9H). 13C-NMR (75.5 MHz, CDCl3, 60 °C): 155.5, 137.0, 135.0, 129.2, 127.5, 80.3, 49.7, 

45.9, 28.4, 20.94. One of the carbons resulted in a very broad signal around δ = 52 which was not 

clearly resolved.  IR (neat, cm-1): 2976, 2929, 2097 (N3), 1690 (C=O), 1405, 1366, 1245, 1162, 

1126, 773. FD-MS; Experimental mass (m/z): 290.1740, calculated mass (C15H22N4O2): 290.1743 

([M]+). 

Synthesis of tert-butyl (2-azidoethyl)(4-methoxybenzyl)carbamate (12c) 

To a vial were added 2-azido-N-(4-phenhylbenzyl)ethanamine 12a 

(7.3 mg, 28.9 µmol) toluene (1.0 mL) and Boc2O (10.4 mg, 47.7 

µmol). The mixture was stirred at room temperature for 1h after 

which full conversion was observed by TLC. The product was purified by gradient column 

chromatography (SiO2, hexanes  hexanes/MeOH 19:1  DCM/MeOH 19:1) to yield the 

desired product 12c as a white solid (8.4 mg, 23.8 µmol, 82%). 1H-NMR (500 MHz, CDCl3, 60 

°C): 7.58 (t, J= 8.0 Hz, 4H), 7.43 (dd, J=8.4, 7.0 Hz, 2H),  7.34 (t, J=7.4 Hz, 1H), 7.31 (d, J=8.0 

Hz, 2H), 4.55 (s, 2H), 3.41 (s, 4H), 1.51 (s, 9H). 13C-NMR (126 MHz, CDCl3, 60 °C): 155.8, 

141.1, 140.7, 137.4, 128.9, 128.1, 127.6, 127.5, 127.2, 80.7, 51.5, 50.1, 46.4, 28.6. IR (neat, cm-

1): 2975, 2930, 2097 (N3), 1688 (C=O), 1404, 1365, 1163, 1129, 759, 698. FD-MS; Experimental 

mass (m/z): 352.1898, calculated mass (C20H24N4O2): 352.1899 ([M]+). 

Synthesis of tert-butyl (2-azidoethyl)(4-fluorobenzyl)carbamate (13c) 

To a solution of Boc2O (11.6 mg, 53.1 µmol) in toluene (1.0 mL) was 

added 2-azido-N-(4-fluorobenzyl)ethanamine 13a (9.6 mg, 49.4 

µmol) and the mixture was stirred for 1h. Additional Boc2O (8.0 mg, 

36.6 mg) was added and after 3h the mixture was purified by column chromatography (SiO2, 

toluene/MeOH 20:0 19:1) to obtain the product 13c as a colorless oil (6.6 mg, 22.4 µmol, 

45%). 1H-NMR (500 MHz, CDCl3, 60 °C): 7.21 (dd, J=8.5, 5.5 Hz, 2H), 7.02 (t, J = 8.7 Hz, 2H), 

4.47 (s, 2H), 3.36 (bs, 4H), 1.49 (s, 9H). 13C-NMR (126 MHz, CDCl3, 60 °C): 162.51 (d, J = 246 

Hz), 155.7, 134.2, 129.3, 115.7 (d, 21.4 Hz), 80.8, 51.1, 50.1, 46.4, 28.6. IR (neat, cm-1):2977, 

2931, 2097 (N3), 1688 (C=O), 1458, 1406, 1220, 1155, 1095, 815. FD-MS; Experimental mass 

(m/z): 294.1496, calculated mass (C14H19FN4O2): 294.1492 ([M]+). 
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Synthesis of tert-butyl (2-azidoethyl)(4-chlorobenzyl)carbamate (14c) 

To a solution of 2-azido-N-(4-chlorobenzyl)ethanamine 14a (23.7 

mg, 0.113 mmol) in toluene was added di-tert-butyl dicarbonate 

(25.8 mg, 0.118 mmol, 1.05 equivalents). After 1 h of reaction 

solvent was removed under reduced pressure to obtain the desired product 14c as light yellow oil 

(containing still 5% of Boc2O which can be removed by the work-up described for 10a). 1H-NMR 

(300 MHz, CDCl3, 60 °C): 7.30 (d, J = 7.9 Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 4.47 (s, 2H), 3.36 

(bs, 4H), 1.48 (s, 9H). 13C-NMR (75.5 MHz, CDCl3, 60 °C): 155.6, 136.9, 133.5, 129.0, 129.0, 

80.8, 51.1, 50.1, 46.5, 28.6. IR (neat, cm-1): 2977, 2932, 2098 (N3), 1692 (C=O), 1403, 1164, 

1129, 798. FD-MS; Experimental mass (m/z): 310.1224, calculated mass (C14H19ClN4O2): 

310.1197 ([M]+).  

Synthesis of tert-butyl (2-azidoethyl)(4-bromobenzyl)carbamate (15c) 

To a vial was added 2-azido-N-(4-bromobenzyl)ethanamine 15a 

(13.3 mg, 52.1 µmol), Boc2O (22.7 mg, 0.104 mmol) and toluene 

(1.0 mL). After 16 h of reaction the crude product was purified by 

column chromatography (SiO2, PE40-60  PE40-60/MeOH 19:1  DCM/MeOH 19:1) to yield 

the desired product 15c as a colorless oil (17.1 mg, 48.1 µmol, 92%). 1H-NMR (300 MHz, 

CDCl3): 7.46 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 8.0Hz, 2H), 4.45 (s, 2H), 3.36 (bs, 4H), 1.48 (s, 

9H).  13C-NMR (75.5 MHz, CDCl3, 60 °C): 155.4, 137.2, 131.7, 129.1, 121.2, 80.6, 51.1, 49.9, 

46.3, 28.3. IR (neat, cm-1): 2976, 2930, 2096 (N3), 1688 (C=O), 1400, 1366, 1161, 1128, 1011, 

824. FD-MS; Experimental mass (m/z): 354.0694, calculated mass (C14H19BrN4O2): 354.0691 

([M]+). 

Synthesis of tert-butyl (2-azidoethyl)(4-methoxybenzyl)carbamate (16c) 

To a solution of 2-azido-N-(4-methoxybenzyl)ethanamine 16a (13.1 

mg, 63.5 µmol) in toluene (1.0 mL) was added di-tert-butyl 

dicarbonate (25.0 mg, 0.115 mmol) and the mixture was stirred at 

room temperature for 16 hours. The crude product was purified by column chromatography (SiO2, 

hexanes  hexanes/MeOH 19:1  DCM/MeOH 19:1) to yield the product 16c as a colorless oil 

(14.0 mg, 45.7 µmol, 72%). 1H-NMR (500 MHz, CDCl3, 60 °C): 7.16 (d, J = 8.6 Hz, 2H), 6.87 

(d, J = 8.6 Hz, 2H), 4.44 (s, 2H), 3.80 (s, 3H), 3.34 (bs, 4H), 1.50 (s, 9H). 13C-NMR (126 MHz, 

CDCl3, 60 °C): 159.4, 155.7, 130.5, 129.1, 114.4, 80.5, 55.5, 51.1, 50.0, 46.1, 28.6. IR (neat, cm-

1): 2975, 2933, 2097 (N3), 1688 (C=O), 1512, 1407, 1243, 1161, 1126, 1034. FD-MS; 

Experimental mass (m/z): 306.1704, calculated mass (C15H22N4O3): 306.1692 ([M]+). 
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Synthesis of tert-butyl isoindoline-2-carboxylate (17c) 

1-(azidomethyl)-2-methylbenzene 17a (45.4 mg, 0.308 mmol), Boc2O (80.3 

mg, 0.368 mmol, 1.2 equivalents), dry toluene (3.0 mL) and [Co(TMP)] 

catalyst 3 (10.1 mg, 12.0 µmol, 3.9 mol%) were handled according to the 

general procedure to yield a mixture of tert-butyl isoindoline-2-carboxylate 17b50 (27%, TON= 7) 

and tert-butyl 2-methylbenzylcarbamate 17c51 (35%). The mass balance is incomplete due to the 

formation of oligomeric/polymeric material under the applied reaction conditions. In the absence 

of Boc2O the reaction still leads to full conversion however the expected isoindolene product was 

not observed. The characteristic peak at 6.32 ppm of 2H-isoindole was however observed (Figure 

5) which is known to readily polymerize.40 

Synthesis of 2-tert-Butoxycarbonyl-1,3-dihydro-1-methylisoindole (18b) 

To a dry Schlenk flask was added under nitrogen 1-(azidomethyl)-2-

ethylbenzene (32.0 mg, 0.199 mmol), di-tert-butyldicarbonate (51,6 mg, 0.236 

mmol, 1.19 equivalents) and [Co(TMP)] catalyst 3 (3.2 mg, 3.8 µmol, 1.9 

mol%). After addition of dry toluene (1.0 mL) the mixture was heated to 100 °C under nitrogen. 

After 16 h of reaction the mixture was poured over a silica plug and eluted with DCM containing 

1 vol% triethylamine. The mixture was purified by flash column chromatography (SiO2, 

DCM:TEA 99:1) to yield the product as a light yellow oil (43.6 mg, 0.187 mmol, 94%, TON=49). 

Analysis data was in agreement to previously reported spectra.52 

Synthesis of tert-butyl 3,4-dihydroisoquinoline-2-carboxylate (19b) 

1-(2-azidoethyl)-2-methylbenzene 19a (53.4 mg, 0.331 mmol), di-tert-

butyldicarbonate (92.0 mg, 0.422 mmol, 1.3 equivalents), [Co(TMP)] catalyst 

3 (11.4 mg, 13.6 µmol, 4.1 mol%) and dry toluene (3.0 mL) were handled 

according to the general procedure to yield a mixture of  tert-butyl 3,4-dihydroisoquinoline-2-

carboxylate (19b, 28%, TON = 7)53 and tert-butyl 2-methylphenethylcarbamate (19c, 37%).54 As 

previously described for substrate 17a when the reaction was performed in absence of Boc2O full 

conversion was observed however no products could be identified suggesting oligomer/polymer 

formation is a competing reaction for this cyclization. 
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Synthesis of tert-butyl 2-phenylpiperidine-1-carboxylate (20b) 

7-azidohept-1-ene (43.9 mg, 0.315 mmol), di-tert-butyldicarbonate (73.7 mg, 

0.338 mmol, 1.1 equivalents), [Co(TMP)] catalyst 3 (9.7 mg, 11.5 µmol, 3.7 

mol%) and dry tolene (3.0 mL) were handled according to the general procedure to 

yield a mixture of  tert-butyl 2-phenylpiperidine-1-carboxylate (20b, 38%, TON = 10) tert-butyl 

hept-6-en-1-ylcarbamate (20c, 12%), starting material (20a, 37%) and some unidentified 

decomposition products. The product 20b could be isolated by column chromatography (38%). 

Analysis was in agreement to previously reported data55 

Additional substrates used in the intramolecular C-H amination protocol. 

In order to guide scientists for the application of the described C–H amination reaction we 

examined several additional substrates containing less activated (or unactivated) C–H bonds 

(Table 3). Upon replacement of the phenyl ring with an ester the C–H bond dissociation energy 

(BDE) increases significantly (85 and 96 kcal mol-1, respectively). Using the substrate listed in 

entry 1 leads to formation of several unidentified side products in addition to the desired ring 

closing reaction. In a stoichiometric reaction it is possible to convert hexylazide. However, with 

this substrate a 1:1 mixture of tert-butyl hexylcarbamate 56 and hexane-nitrile was obtained.  

The high BDE of the unactivated C–H bonds at the delta postion apparently prevents ring-closure 

and the more reactive alpha C–H bond of the azide substrate reacts instead (entry 2). This likely 

involves an intermolecular HAT between the nitrene radical intermediate and an additional azide 

substrate molecule. Such pathways would also explain the formation of oligomers/polymers, as 

observed for some of the reactions shown in Scheme 1. The allylic C–H bond of 7-azidohept-1-

ene (83 kcal mol-1) can be activated to form the pyrrolidinone product (entry 3). The formation of 

six-membered heterocycles is however more challenging and the increased ring-strain in 

formation of a six-membered ring leads to a higher barrier for HAT. This leads to incomplete 

conversion (63%) and a moderate yield of the ring product (entry 3).55 In addition, formation of 

the linear Boc-protected amine product was observed in the crude 1H-NMR spectrum when using 

this substrate. The benzylic hydrogen atom of the substrate shown in entry 4 has a slightly higher 

BDE (85 kcal mol-1). This, in combination with the challenging formation of a six-membered 

ring product, again leads to low conversion of the substrate (<10%). Apparently, competing 

intermolecular reactions also lead to enhanced catalyst deactivation. Finally, activation of the 

benzylic C–H bond of the substrate shown in entry 5, which is further activated by the 

neighboring oxygen atom (BDE = 82 kcal mol-1), leads to the desired six-membered product, 

albeit in low yield (10%).  
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Table 3: Additional substrates studied in intramolecular C-H amination by [Co(TMP)] catalyst 3.
a 

Entry Substrate BDE
b Conversion

c Products Yield
d 

1 
 

96 74% 

 

26% 

2  98 72%
d + 

 

A 1:1 mixture of 

the linear and the 

nitrile product was 

obtained
e 

3 
 

83 63%  
+ 

 

38% 

+ 

12%
e
 

4 

 

85 <10% 

 

Traces 

5 

 

82 40%  
+

 

10% cyclic 
product 

+ 

15% linear 

product
e 

a) Conditions: Substrate (0.3 mmol), Boc2O (1.2 equivalent), [Co(TMP)] (4 mol%), and toluene (3.0 mL) 

were added and reacted for 16 h at 100 °C. b) Bond dissociation energy (kcal mol-1) of the C-H bond for 

cylization.57 c) isolated unless stated otherwise. d) stoichiometric reaction. e) not isolated 

 

The results shown in Table 3 indicate that if the ring-closing step requires breaking of a stronger 

CH bond (higher BDE), the reaction is partially driven to intermolecular HAT reactions, most 

likely involving the alpha position of another azide substrate. This is consistent with the formation 

of oligomeric/polymeric products (see main text), linear Boc protected amines as well as nitriles 

from substrates containing even stronger C–H bonds. Substrates with weaker benzylic C–H bonds 

at the delta position lead to selective formation of five-membered rings without indications for 

intermolecular HAT (see Table 1 and Table 2). 
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Abstract: Cobalt porphyrin catalyzed intramolecular ring-closing CH bond amination 

enables direct synthesis of various N-heterocycles from aliphatic azides. Information 

about the mechanism of this reaction was collected with the aim to improve the 

efficiency of the catalytic reaction, and to explore possibilities for enantioselective CH 

amination. Kinetic studies of the reaction in combination with DFT calculations reveal 

a metallo-radical-type mechanism involving rate limiting azide activation to form the 

key cobalt(III)-nitrene radical intermediate. Subsequent low barrier intramolecular 

hydrogen atom transfer (HAT) from a benzylic CH bond to the nitrene-radical 

intermediate followed by a radical rebound step leads to formation of the desired 

N-heterocyclic ring products. Kinetic isotope competition experiments are in agreement 

with a radical-type CH bond activation step (intramolecular KIE = 7), which occurs 

after the rate limiting azide activation step (intermolecular KIE = 1). The use of di-tert-

butyl dicarbonate (Boc2O) significantly enhances the reaction rate by preventing 

competitive binding of the formed amine product. Under these conditions, the reaction 

shows clean first order kinetics in both the [catalyst] and the [azide substrate], and is 

zero order in [Boc2O]. Modest enantioselectivities (29-46% ee in the temperature range 

between 100-80 C) could be achieved in the ring closure of (4-azidobutyl)benzene 

using a new chiral cobalt porphyrin catalyst equipped with four  

(1S)-()-camphanic-ester groups. This demonstrates for the first time the feasibility of 

enantioselective radical-type ring closure reactions from aliphatic azides using metallo-

radical catalysis, showing unambiguously that the CH bond activation and CN bond 

formation steps of the overall catalytic ring-closing reaction occur in the coordination 

sphere of cobalt. 

6.1 Introduction 

Saturated heterocycles are important substructures in many natural products and 

pharmaceuticals.
1,2 

In Chapter 5, a new CH amination protocol is described which 

enables the synthesis of a variety of N-heterocycles in a single reaction step in good to 

excellent yields with a cobalt(II) porphyrin catalyst (Co(TMP), 3, Figure 1). For 

application of this reaction in the synthesis of pharmaceuticals and other bio-active 

compounds it will, however, be important to understand the mechanistic features of this 

reaction and work towards the development of enantioselective protocols. Thus far, 

asymmetric versions of intramolecular ring-closing CH bond amination of aliphatic 

azides are unknown. 
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Figure 1: Direct intramolecular C–H amination of aliphatic azides described in Chapter 5. 

Additionally, the exact role of di-tert-butyl dicarboxylate (Boc2O, 2) in the described 

protocol is poorly understood. Furthermore, to eventually apply the described procedure 

it is required to further improve the turnover number (TON) of the catalysts to reduce 

catalyst cost (currently a TON of 35 was obtained under optimized conditions with (4-

azidobutyl)benzene 1 as substrate). Mechanistic information about this type of reactions 

could guide scientists in finding solutions for these remaining challenges. Additionally, 

detailed kinetic analysis of the reaction enables the optimization of reaction conditions 

in terms of concentration, temperature and stoichiometry.
3,4 

 

Several mechanisms have been reported for the activation of azides involving metal 

nitrene radical intermediates (Figure 2). Previous reports for the activation of aliphatic 

azides by iron
5,6

 and palladium
7,8

 catalysts suggest initial formation of the nitrene 

radical by loss of dinitrogen. For the iron system described by Betley and co-workers 

two pathways are postulated from the intermediate nitrene radical species (Figure 2, top 

left).
5
 Either a two-step H-atom abstraction and radical rebound mechanism is operative, 

or alternatively the observed product-bound iron complex is formed by direct nitrene 

insertion into the CH bond. Van der Vlugt and co-workers favor a similar stepwise 

radical mechanism in which CH abstraction is the rate-limiting step of the reaction 

(Figure 2, top right).
7
 In both reported mechanisms the nitrene (radical) moiety is 

proposed to remain coordinated to the metal center when involved in the CH bond 

amination steps. Alternatively, Peters and co-workers reported iron
9
 and ruthenium

10
 

complexes for which free triplet nitrenes are liberated from the metal of the catalyst, 

which are consequently involved in free nitrene reactivity (Figure 2, bottom left). 
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Figure 2: Proposed mechanisms for azide activation involving nitrene radicals. 

Recent reviews also emphasized on the prospects of performing selective amination 

reactions via nitrogen-centered radical chemistry in general.
11,12 

In this perspective, it 

should be mentioned that metallo-radical cobalt(II) porphyrin catalysts have previously 

been shown to be active in radical-type aziridination (including enantioselective 

examples) and intramolecular and intermolecular CH bond amination reactions (no 

enantioselective examples reported thus far). These reactions are also believed to 

proceed via cobalt(III) nitrene-radical intermediates (Co
III
N•Y) (Figure 2, bottom 

right).
13-15

 However, in all previously reported examples, activated azides such as aryl 

azides (ArN3), phosphoryl azides ((RO)2(O)PO-N3), sulfonyl azides (RSO2N3) and 

carbonazidates (RO(CO)N3) were used as the nitrene-precursor.
16-25

 To the best of our 

knowledge, no examples involving activation of aliphatic azides by cobalt(II) porphyrin 

catalysts leading to formation of Co
III
N•R intermediates have been reported to date. 

 



 

Mechanistic Investigation of the Intramolecular Ring-Closing CH Amination 

______________________________________________________________________ 

 

-155- 
 

By deducing the mechanism of the reaction it will be possible to determine whether 

enantioselective direct C-H amination reactions are accessible with cobalt porphyrin 

catalysts. As such, the development of an enantioselective ring closing reaction should 

be regarded in a much broader prospect, and represents a rare example of 

(enantio)selective catalytic conversions proceeding via one-electron substrate activation 

steps mediated by the metallo-radical cobalt(II) catalyst.  

In this chapter we combined kinetic analysis, deuterium labeling studies and DFT 

calculations to determine the mechanism for the intramolecular ring-closing CH bond 

amination reaction. Furthermore we used the obtained insights to improve the turnover 

number of the catalyst and to show, for the first time, the feasibility of enantioselective 

C-H amination of aliphatic azides with metallo-radical catalysis. 

6.2 Results and Discussion 
 

The mechanism of the intramolecular ring-closing CH bond amination reaction was 

explored experimentally by kinetic analysis of the reaction progress. The conversion of 

(4-azidobutyl)benzene substrate 1 into tert-butyl 2-phenylpyrrolidine-1-carboxylate 

product 4 was monitored by 1H-NMR using [Co(TMP)] catalyst 3 (1.6 mol%) in the 

presence of 1.2 equivalents of Boc2O (Figure 3).  

 

Figure 3: Kinetic analysis of intramolecular C-H amination of (4-azidobutyl)benzene with 

[Co(TMP)] catalyst 3. 
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Initially we evaluated the order of the substrate by plotting the logarithmic substrate 

concentration (ln[substrate 1]) versus time (Figure 4). No substrate saturation effects 

were detected over a broad concentration range of azide 1. The reaction revealed clean 

first order kinetics in the substrate concentration. The reaction was monitored at 

different concentrations of the catalyst to reveal also a first order in catalyst 

concentration (Figure 5). The observed reaction rate was, however, independent of the 

concentration of Boc2O (Figure 6). 

 

Figure 4: ln[A]t-ln[A]0 plots from kinetic experiments following the decrease of the substrate 

concentration ([A]t) in time using different [Co(TMP)] catalyst 3 loadings. 

 

Figure 5: Reaction rate kobs as a function of catalyst concentration (with kobs = k[3]). 
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Figure 6: Reaction rate kobs as a function of Boc2O concentration. 

This translates into the following empirical rate equation, with second order rate 

constant k = 12 M
-1

 h
-1

:  

Rate = -d[substrate]/dt = k[substrate 1][catalyst 3] 

These results are in agreement with a rate-limiting azide activation step of the substrate 

to form the intermediate nitrene radical complex. To exclude the alternative possibility 

of a rate limiting CH bond activation step we performed an inter- and intramolecular 

kinetic isotope competition experiments using the bis-deuterated (d2-1) and mono-

deuterated (d1-1) analogues of (4-azidobutyl)benzene substrate 1, respectively (see 

Scheme 1).  

In the intermolecular competition experiment (Scheme 1, top) no kinetic isotope effect 

(KIE = 1) was observed, thus showing that the CH bond activation step occurs after 

the rate limiting azide activation step.
26

 The intramolecular kinetic isotope competition 

experiment (Scheme 1, bottom) does reveal a substantial kinetic isotope effect (KIE = 

7), showing that the CH activation step is in itself not barrierless (see also Scheme 2). 

The rather large intramolecular KIE suggests that some tunneling contribution to the 

CH activation step (see computational mechanistic studies in Section 6.3), as can be 

expected for a radical-type hydrogen atom transfer (HAT) process.
27,28,29 

Hence, the 

kinetic data point to a pre-equilibrium involving weak and reversible binding of azide 1 

to [Co(TMP)] catalyst 3, followed by rate limiting substrate activation involving 

dinitrogen loss from the coordinated azide.  
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Scheme 1: Intermolecular kinetic isotope competition experiment between non-deuterated 

(4-azidobutyl)benzene substrate 1 and its bis-deuterated analogue d2-1 (top) and 

intramolecular kinetic isotope competition experiment using mono-deuterated substrate d1-

1 (bottom). 

Subsequent CH activation leading to CN bond formation and ring closure is faster, 

but not barrierless (see also the proposed mechanism in Scheme 2). The reaction rate 

was further evaluated at various temperatures (80-115 °C) to obtain the activation 

parameters from the Arrhenius and Eyring equations.  

Arrhenius plot 

In order to determine the experimental activation energy (Ea) the reaction was 

monitored at 353K, 363K, 373K, 383K and 388K. The obtained data from the various 

experiments are depicted in Table 1 and graphically represented in Figure 7.  
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Table 1: Experimental rate constants (k) at varying temperatures. 

Temperature 

(K) 

kobs 

(h
-1

) 

[substrate]  

(M) 

[catalyst] 

(M) 

k 

(M
-1

 h
-1

) 

1/T 

(K
-1

) 

Ln(k/T) Ln(k) 

353 0,0086 0,1403 0,00238   3,611 0,002833 -4,582 1,2842 

363 0,0095 0,1335 0,00214   4,433 0,002755 -4,405 1,4891 

373 0,0295 0,1221 0,00214 13,766 0,002681 -3,299 2,6222 

383 0,0583 0,1449 0,00214 27,205 0,002611 -2,644 3,3034 

388 0,0678 0,1266 0,00214 31,638 0,002577 -2,506 3,4543 

 

 

Figure 7: Arrhenius plot of rate constants (k) versus temperature. 
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‡
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30

  

From Figure 7, –Ea
‡
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Eyring plot 

The Eyring equation strictly only holds for single step reactions, and multistep reactions 

are most reliably analyzed with the Arrhenius equation.
4
 However, substrate binding 

and subsequent azide activation can be approached as a one-step rate limiting process in 

evaluation of the activation parameters, as such the ΔH
‡
, ΔS

‡
 and ΔG

‡
 values 

determined from an Eyring plot (using the rates shown in Table 1) still provide useful 

information about the transition state relative to the resting state.  

 

Figure 8: Eyring plot of rate constants versus temperature. 
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‡
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‡
/R  
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mol
-1
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 mol
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(1.380 x 10
-23
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-1
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-34 
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 K
-1
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-1
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-1
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-1
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-1
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-1
 K

-1
. At the applied reaction 

temperature of 373K these data lead to the Gibbs energy of activation of ΔG
‡

373K = ΔH
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The rather large negative activation entropy (22.0  6.2 cal mol
-1

 K
-1

) points to an 

ordered, associative transition state, suggestive of an uphill substrate binding event 

preceding rate limiting azide activation (see the proposed mechanism in Scheme 2).   

Because product inhibition was observed in the reaction without Boc2O (see Chapter 5) 

we determined the association constant for 2-phenylpyrrolidine (5) binding to the 

[Co(TMP)] catalyst 3 with UV-Vis spectroscopy (Figure 9). By fitting the data of both 

wavelengths simultaneously, the equilibrium constant for the formation of five-

coordinate complex [Co(TMP)(5)] from [Co(TMP)] and 5 at room temperature, was 

found to be K1 = 1.3 x 10
3
 M

-1
, while binding of a second molecule 5 to [Co(TMP)(5)] 

to form six-coordinate complex [Co(TMP)(5)2] has a very low equilibrium constant of 

K2 = 8.1 x 10
1
 M

-1
 (Figure 10 and Figure 11). The fitting of both wavelengths was 

achieved with a low R
2
 value (0.998 and 0.996 for 528 nm and 590 nm respectively). 

 

Figure 9: UV-vis titration for 2-phenylpyrrolidine (6a) to [Co(TMP)] catalyst 3. 
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Figure 10: Experimental and calculated absorption decrease at 528 nm with  

K1=1303 M-1, K2=81 M-1. 

 

Figure 11: Experimental and calculated absorption increase at 590 nm with  

K1=1303 M-1, K2=81 M-1. 

We were unable to determine the binding constant for (4-azidobutyl)benzene 1 

coordination to 3 because the equilibrium is shifted towards the starting materials. This 

has previously also been observed for aromatic azide substrates.
28
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Assuming that substrate binding and activation requires the free four-coordinate 

[Co(TMP)] catalyst, and thus competes with product binding, the considerable binding 

constant K1 associated with formation of the product adduct [Co(TMP)(6a)] should 

indeed result in a significant additional energy penalty to the rate limiting step (also at 

373 K) when the reaction is performed in absence of Boc2O (see Scheme 2). 

 

Scheme 2: Proposed mechanism for [Co(por)] catalyzed intramolecular CH bond 

amination ring-closing reaction of 1 to 4 and the corresponding DFT computed energies 

(BP86, def2-TZVP, disp3).a 

6.3 Computational mechanistic studies 

The mechanism was further explored computationally (DFT, BP86, def2-TZVP, disp3), 

using a simplified model of the catalyst without substituents at the porphyrin ring 

(Scheme 2). Based on the kinetic studies described above, we anticipated that the initial 

steps of the mechanism involve coordination of the aliphatic azide 1 to cobalt(II), 

followed by dinitrogen loss to produce a nitrene-radical intermediate.  
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Similar rate limiting azide activation has also been proposed in the mechanisms for 

[Co(por)]-catalyzed aziridination and CH bond amination reactions using activated 

azides (carbonazidates [ROC(O)N3] or sulfonyl azides [RSO2N3]).
 16-25

 This indeed is a 

plausible pathway according to the DFT calculations (Scheme 2). Azide coordination is 

slightly endergonic (+3.2 kcal mol
-1

) and subsequent loss of dinitrogen from 

intermediate B via TS1 to produce the key nitrene-radical species C is also the rate 

limiting step in the computed mechanism, in good agreement with the experimental 

kinetic studies (vide supra). The energy profile as calculated by DFT (373K) for the rate 

limiting step is depicted in Figure 12. 

 

Figure 12: DFT calculated energy profile for the rate limiting azide activation step. 

A spin density plot of five-coordinate species C (Figure 13) shows 88% spin population 

at the nitrene moiety and only 6% at Co, thus confirming the nitrene-radical nature of 

this key-intermediate (see also Scheme 2).
13-15

 The computations further show a lower 

barrier for the rate-limiting azide activation step along the five-coordinate pathway 

(ΔG
‡
= +24.5 kcal mol

-1
; L = □ in Scheme 2) than along the six-coordinate pathway with 

an additional molecule of product 5 bound to cobalt as an axial ligand (ΔG
‡
= +28.5 kcal 

mol
-1

; L = 5 in Scheme 2). This is in agreement with the experimentally observed 

inhibiting effect of the unprotected amine product 5 on the reaction rates of catalytic 

reactions performed in absence of Boc2O (see Chapter 5). 
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Figure 13: Spin density plot of intermediate C present in Scheme 2. 

The computed activation parameters for TS1 (ΔG
‡
= +24.5 kcal mol

-1
, ΔH

‡
= +16.3 kcal 

mol
-1

, ΔS
‡
= 21.9 cal mol

-1
 K

-1
) are in excellent agreement with the experimental values 

determined from the Arrhenius and Eyring equations (Ea = +18.7  2.3 kcal mol
-1

,  

ΔG
‡
= +26.2  4.6 kcal mol

-1
, ΔH

‡
= +18.0  2.3 kcal mol

-1
 and ΔS

‡
= 22.0  6.2  

cal mol
-1

 K
-1

).  

Hydrogen atom transfer (HAT) from the benzylic position of the activated substrate to 

the nitrene-radical moiety (TS2) to produce amido-benzyl radical intermediate D and 

the subsequent radical rebound step (TS3) both have remarkably low barriers (+8.5 and 

+1.9 kcal mol
-1

 respectively). From the relative barriers of hydrogen and deuterium 

abstraction in the HAT step a KIE = 3.4 was calculated. Such calculations neglect any 

tunneling effects, as they take only differences in zero point energy (ZPE) into account, 

resulting from isotope exchange in the vibrational analysis. While the predicted KIE 

calculated as such is in good qualitative agreement with the experiments, the 

experimental value is larger (KIE = 7). This is suggestive of some tunneling 

contribution to the CH bond splitting process, as
 
can be expected for a radical-type 

HAT process.
27,28 

In good agreement with the experimental data, dissociation of amine 

product 5 from cobalt(II) species E is endergonic, resulting in product inhibition (i.e. 

slower reactions) in absence of Boc2O. Attack of Boc2O on radical intermediate D prior 

to radical rebound cannot be fully excluded on the basis of the available experimental 

data. However, due to the extremely low computed barrier for the radical rebound step 

(<2 kcal mol
-1

) this pathway is unlikely. 
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6.4 Additional experiments based on the mechanistic insights. 

The mechanistic information gathered above called for some additional experimental 

studies. First of all, binding of unprotected product 5 to the catalyst is substantial, but 

the magnitude of the experimentally determined binding constant (K1= 1303 M
-1

) at 

room temperature suggests that the activation barrier of the rate limiting azide activation 

step in absence of Boc2O is raised to a limited extend. As such, we argued that it should 

be possible to obtain the unprotected cyclic amine 5 by conversion of substrate 1 in the 

absence of Boc2O at elevated temperature. Indeed, full conversion of substrate 1 was 

observed when performing the catalytic reaction with 4 mol% of [Co(TMP)] catalyst 3 

at 140 °C in chlorobenzene. As expected, the desired 2-phenylpyrrolidine 5 was indeed 

formed, albeit in a low yield (19%, TON = 5). Several undesired and unidentified side 

products could be observed in 
1
H-NMR under these non-optimized reaction conditions 

(see Figure 14).  

 

Figure 14: Mixture of products obtained in absence of Boc2O, signals marked with * 

correspond to the desired product. 

The catalytic reactions (and kinetic studies) performed in the presence of Boc2O 

allowed clean conversion of azide 1 to the Boc-protected cyclic amine 5 at lower 

reaction temperatures (80-115 °C). Combined with clean first order kinetics in both the 

[catalyst] and the [azide substrate], the data suggest that catalyst deactivation processes 

are minor and slow under these low temperature conditions. As such we wondered if 

higher TONs would be attainable when performing the reaction at lower catalyst 

loading but at the same time at higher absolute concentration of both the substrate and 

the catalyst. Such conditions are expected to shift the pre-equilibrium for substrate 

binding somewhat further in the direction of the coordinated complex B (Scheme 2).  



 

Mechanistic Investigation of the Intramolecular Ring-Closing CH Amination 

______________________________________________________________________ 

 

-167- 
 

Performing the reaction at a high substrate concentration of 0.44 M, using 1 mol% of 

[Co(TMP)] catalyst 3, led to formation of product 4 in 58% yield (TON = 59) after 16 h. 

The yield further increased to 73% (TON = 76) after a prolonged reaction time of 72 h. 

These are the highest TONs for the cyclization of substrate 1 reported to date. 

Enantioselective intramolecular ring-closing CH bond amination  

In the proposed reaction mechanism shown in Scheme 2 the substrate remains 

coordinated to the cobalt center throughout the catalytic cycle. This should allow for 

enantioselective reactions when using a chiral cobalt porphyrin catalyst. We therefore 

performed the ring-closing CH bond amination reaction of substrate 1 with a new 

chiral cobalt porphyrin catalyst equipped with four (1S)-()-camphanic-ester 

substituents (6, Figure 15).  

 

Figure 15: Structure of (1S)-(-)-camphanic acid based chiral catalyst 6 (4 mol%) used in the 

enantioselective ring-closing CH bond amination reaction of substrate 1.  

The chiral catalyst 6 produces product 4 in lower yields (33% yield, TON = 8, at 

4 mol% catalyst loading) compared to [Co(TMP)] catalyst 3, but indeed allowed 

enantioselective product formation in 29% enantiomeric excess (ee) at 100 °C 

(enantiomeric ratio 35:65). The ee increased to 46% (enantiomeric ratio 27:73) by 

lowering the reaction temperature to 80 °C, although at the expense of the product yield 

(22%, TON = 6). Chirality transfer at these rather high reaction temperatures is quite 

remarkable, and the results demonstrate for the first time the feasibility of 
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enantioselective radical-type ring closure reactions from aliphatic azides using metallo-

radical catalysis (Figure 15).
31-34

 Perhaps most importantly, the result clearly shows that 

the reaction does not proceed via formation of free nitrenes in a metal-free CH bond 

activation pathway. This is an important observation, as in some Fe and Ru catalyzed 

nitrene transfer reactions, formation of free nitrenes (reacting outside the coordination 

sphere of the metal in an uncontrolled manner) has been observed.
9,10

 The observed 

chirality transfer thus holds important additional mechanistic information, and shows 

unambiguously that the CH bond activation and CN bond formation steps in the 

overall catalytic ring-closing reaction occur within the coordination sphere of cobalt. 

6.5 Conclusions 

A cobalt catalyzed ring-closing CH amination protocol was developed for the 

synthesis of a variety of saturated N-heterocycles in synthetically useful yields. The 

applied air and moisture stable [Co(por)] catalysts give significantly higher turnover 

numbers (up to 76) than other reported homogeneous catalyst systems based on Fe and 

Pd for this type of reactions. The use of di-tert-butyl dicarbonate (Boc2O) prevents 

competitive binding of the formed amine product, thereby significantly enhancing the 

reaction rate. Detailed kinetic studies, kinetic isotope competition experiments and 

supporting DFT calculations reveal a metallo-radical-type mechanism involving rate 

limiting azide activation to form the key cobalt(III)-nitrene radical intermediate. 

Subsequent low barrier intramolecular HAT from a benzylic CH bond to the nitrene-

radical intermediate followed by a radical rebound step leads to formation of the desired 

N-heterocyclic ring products. Kinetic isotope competition experiments are in agreement 

with a radical-type CH bond activation step (intramolecular KIE = 7), which occurs 

after rate limiting azide activation (intermolecular KIE = 1). Enantioselective ring-

closing amination proved possible when using a new chiral cobalt porphyrin catalyst 

equipped with four (1S)-()-camphanic-ester substituents in the second coordination 

sphere. Modest enantioselectivities (up to 46% ee) were achieved in the ring closure of 

(4-azidobutyl)benzene, despite the high reaction temperature used (80 C). This 

demonstrates for the first time the feasibility of enantioselective radical-type ring 

closure of aliphatic azides using metallo-radical catalysis.
23

 The observed chirality 

transfer holds important additional mechanistic information, showing unambiguously 

that the CH bond activation and CN bond formation steps of the overall catalytic 

ring-closing reaction occur in the coordination sphere of cobalt. Therefore, the 

hypothetical involvement of free nitrenes in these reactions can be excluded.  
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6.6 Experimental section 

6.6.1 General information 

All reactions involving air- or moisture sensitive compounds were carried out under nitrogen 

using standard Schlenk and vacuum line techniques. Toluene was distilled over sodium prior to 

use. All chemicals not listed below were purchased from Alfa Aesar, Acros, Fluka Strem and 

Aldrich without purification prior to use. 1H-NMR and 13C-NMR spectra were measured on a 

Bruker Avance-II 300 MHz, Bruker Avance-I 400 MHz, Bruker DRX 300 or a Bruker 500 MHz 

spectrometer. 1H-NMR chemical shifts are given in ppm, and were calibrated by using the 

residual non-deuterated solvent as internal reference (CHCl3 (7.26 ppm)). 13C-NMR chemical 

shifts were recorded in ppm from the solvent peak employed as internal reference (CDCl3 (77.0 

ppm)). IR spectra were measured on a Bruker Alpha-P instrument as neat film. UV-Vis spectra 

were measured on a Hewlett Packard 8453. High resolution mass spectra were recorded on a 

HRMS JEOL AccuTOF GCv4g JMS-T 100 GCV and HRMS AccuTOF LCplus JMS-T 100 LP. 

Chiral GC analysis was performed on a Finigan Focus GC with CP-Chirasil-dex CB column. 

CAUTION: Azides are potentially explosive and should be handled with care! Although 

under the conditions and scale described here we did not encounter any problems, 

appropriate precautions should be taken when handling these compounds in general. All 

reactions were performed open to the nitrogen Schlenk line with an overpressure valve to 

avoid pressure build up or were performed behind a blast shield (high temperature 

reactions). 

Tetrakis(2,4,6-trimethylphenyl)porphyrin,35 (4-azidobutyl)benzene (1)5 and (4-azido-1-

deuterobutyl)benzene (d1-1)
7
  were prepared according to published procedures. 

6.6.2 General intramolecular CH bond amination procedure 

To a dry Schlenk flask was added catalyst (12 µmol), substrate (0.30 mmol) and di-tert-

butyldicarbonate (0.36 mmol) in dry toluene (3.0 mL). The stirred reaction mixture was heated to 

100 °C for 16 h. After cooling to room temperature the crude mixture was purified by flash 

chromatography (SiO2, DCM/hexanes/TEA 50:50:1). 
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6.6.3 Synthesis of catalysts described in this study 

Synthesis of Cobalt(II) tetra(2,4,6-trimethylphenyl)porphyrin ([Co(TMP)], 3) 

Tetra(2,4,6-trimethylphenyl)porphyrin (180 mg; 0.23 mmol) 

and anhydrous cobalt(II) chloride (0.20 g; 1.54 mmol) were 

dissolved in acetic acid (25 mL). After addition of sodium 

acetate (0.30 g; 3.64 mmol) the mixture was heated to reflux 

temperature. After 3 h of reaction the mixture was cooled to 

room temperature and solvent was removed under reduced 

pressure. The purple solid was washed with a saturated aqueous 

solution of sodium bicarbonate (50 mL) and water (2 x 50 mL). 

The product was collected with DCM (50 mL) and dried over magnesium sulfate. After filtration 

and removal of the solvent the product was obtained as a purple powder (71.6 mg, 85 µmol, 

38%). Analysis was in agreement with previously reported data.36  

Synthesis of 5,15-bis(2,6-dimethoxyphenyl)-10,20-dimesitylporphyrin (7) 

5-Mesityldipyrromethane (0.54 g; 1.89 mmol) and 2,6-

dimethoxybenzaldehyde (0.31 g, 1.89 mmol) were dissolved in 

CHCl3 (500 mL) and degassed with N2 for 20 minutes. BF3OEt2 

(0.12 mL, 0.14 g, 0.97 mmol) was added dropwise and the 

black mixture was stirred for 30 minutes. 2,3-Dichloro-5,6-

dicyano-1,4-benzoquinone (0.65 g, 2.86 mmol) was added and 

the mixture was stirred for one hour. Triethylamine (2.0 mL) was added, the mixture was filtered 

over silica and concentrated. The crude product was purified by column chromatography (SiO2, 

CHCl3) to yield the desired product 7 as a purple solid (0.25g, 0.30 mmol, 32%). 1H NMR: (400 

MHz, CDCl3): 8.68 (d, J = 4.7 Hz, 4H), 8.58 (d, J = 4.7 Hz, 4H), 7.71 (t, J = 8.4 Hz, 2H), 7.24 (s, 

4H), 7.00 (d, J=8.5 Hz, 4H), 3.51 (s, 12H), 2.61 (s, 6H), 1.86 (s, 12H), -2.48 (s, 2H). 13C NMR 

(75 MHz, CDCl3): 160.8, 139.7, 138.9, 137.5, 130.2, 127.7, 120.2, 117.0, 111.4, 104.5, 56.3, 

21.9, 21.6 (not all quaternary carbons were fully resolved). UV-Vis (λmax, nm) 419 (Soret), 514, 

547, 591, 644 (Q-bands). CSI-ESI-MS; calculated (C54H51N4O4): 819.3910, experimental mass 

(m/z): 819.3949 [M+H]+. 
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Synthesis of 5,15-bis(2,6-dihydroxyphenyl)-10,20-dimesitylporphyrin (8) 

To a stirred solution of 5,15-bis(2,6-dimethoxyphenyl)-10,20-

dimesitylporphyrin 7 (0.12 g, 0.15 mmol) in dry DCM (10 mL) 

under nitrogen was added dropwise boron tribromide (0.10 mL, 

0.9 mmol). After 19 hours, the mixture was quenched with 

MeOH (5.0 mL) and transferred into a separatory funnel with 

EtOAc (50 mL). The mixture was washed with saturated aqueous sodium bicarbonate solution 

(2x 50 mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered and the solvents 

were removed under reduced pressure (40 °C) to yield the product 8 as a purple solid (0.11g, 0.15 

mmol, quantitative). 1H NMR (300 MHz, CDCl3) 8.91 (d, J = 4.8 Hz, 4H), 8.78 (d, J = 4.8 Hz, 

4H), 7.64 (t, J = 8.2 Hz, 2H), 7.29 (s, 4H), 6.99 (d, J = 8.3 Hz, 4H), 4.68 (s, 4H), 2.63 (s, 6H), 

1.82 (s, 12H), -2.62 (bs, 2H). 13C NMR (300 MHz, CDCl3): 136.3, 139.4, 138.4, 137.5, 131.4, 

128.1, 119.9, 115.4, 108.1, 105.0, 21.9, 21.6. (not all quaternary carbons were fully resolved).  

UV-Vis (λmax, nm) 418 (Soret), 513, 546, 588, 642 (Q-band), CSI-ESI-MS; calculated 

(C50H43N4O4): 763.3284, experimental mass: 763.3306 [M+H]+.  

Synthesis of (1S)-(-)-camphanic-ester substituted porphyrin (9) 

A mixture of 5,15-bis(2,6-dihydroxyphenyl)-10,20-

dimesitylporphyrin 8 (50 mg; 66 µmol) and  

(1S)-(-)-camphanic chloride (83 mg; 396 mmol; 6 eq) 

was was placed under nitrogen and dissolved in dry THF 

(3.0 mL). Triethylamine (0.1 mL) was added and the 

mixture was stirred for 68 hours at room temperature.  

The mixture was transferred into a separatory funnel with 

DCM (20 mL) and washed with saturated aqueous 

sodium bicarbonate solution (3x 20 mL). The organic 

layer was dried over MgSO4, filtered and solvents were removed under reduced pressure. The 

crude product was washed with MeOH until a colorless filtrate was obtained and dried under 

vacuum to yield the product 9 as a purple solid (50 mg, 34 µmol, 51 %). 1H NMR (300 MHz, 

CDCl3): 8.77 (d, J = 4.6 Hz, 4H), 8.66 (d, J = 4.8Hz, 4H), 7.95 (t, J = 8.3 Hz, 2H), 7.53 (d, J = 8.3 

Hz, 4H), 7.26 (s, 4H), 2.62 (s, 6H), 1.73 (s, 12H), 1.30-1.16 (m, 4H), 1.08-0.94 (m, 4H), 0.94-

0.77 (m, 8H), 0.12 (s, 12H), -1.03 (s, 12H), -1.61 (bs, 12H), -2.84 (bs, 2H). 13C NMR (75 MHz, 

CDCl3): 176.6, 165.5,151.6, 138.8, 138.3, 137.7, 130.7, 128.8, 128.1, 121.0, 119.1, 107.3, 89.9, 

53.9, 52.8, 29.9, 28.0, 21.6, 21.5, 14.6, 13.9, 9.1, 1.2 UV-Vis (λmax, nm):  415 (Soret band), 510, 

541, 586, 640 (Q-bands). CSI-ESI-MS; calculated (C90H91N4O16): 1483.6430, found (m/z) 

1483.6428 [M+H]+. 
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Synthesis of cobalt(II)-5,15-bis(2,6-dihydroxyphenyl)-10,20-dimesitylporphyrin (10) 

To a pressure tube was added under nitrogen 5,15-bis(2,6-

dihydroxyphenyl)-10,20-dimesitylporphyrin 8 (30.0 mg, 39.3 

µmol), anhydrous CoCl2 (52 mg, 0.40 mmol, 10 equivalents) and 

2,6-lutidine (10 µL, 9.3 mg, 86 µmol). The mixture was 

dissolved in dry THF (2.0 mL) and the solution was heated to 70 

°C behind a blast shield. After 16 hours of reaction the mixture 

was cooled to room temperature, transferred into a separatory funnel with EtOAc (20 mL) and 

washed with water (3x 20 mL). The organic layer was dried over MgSO4, filtered and solvents 

removed under reduced pressure (40 °C) to yield the product 10 as a dark red solid (40 mg, 49 

µmol, 92%). UV-Vis (λmax, nm): 410 (Soret), 526, 554 (Q-band). CSI-ESI-MS; calculated: 

819.2382 (C50H40CoN4O4), found (m/z) 819.2364 [M]+. 

Synthesis of (1S)-()-camphanic-ester substituted cobalt(II)-porphyrin (6) 

To a dried Schlenk flask was added (subsequently, under 

dinitrogen) cobalt(II)-5,15-bis(2,6-dihydroxyphenyl)-10,20-

dimesitylporphyrin 10 (40 mg, 48.8 µmol), (1S)-()-

camphanic chloride (65 mg, 0.30 mmol) and triethylamine 

(0.1 mL, 71.6 µmol). The mixture was dissolved in dry THF 

(3.0 mL) and stirred for 64 hours at room temperature. The 

mixture was transferred in a seperatory funnel with DCM (20 

mL) and washed with a saturated aqueous sodium bicarbonate 

solution (3 x 20 mL). The organic layer was dried over 

MgSO4, filtered and solvents removed under reduced pressure 

to yield the product 6 as a dark red solid (46 mg, 30 µmol, 61%). UV-Vis (λmax, nm): 406 (Soret) 

523, 553 (Q-band). CSI-ESI-MS; calculated (C90H88CoN4O16): 1539.5527, found 1539.5483 

[M]+, calculated (C90H88CoN4NaO16): 1563.544, experimental mass (m/z): 1563.546 [M+Na]+. 

Synthesis of 4-azido-1,1-bisdeutero-1-phenylbutane (D2-1). 

 

The regioselective benzylic deuteration was performed based on a modified literature procedure.37 

A mixture of (4-bromobutyl)benzene (0.53 g, 2.5 mmol) and Pd/C (10 wt%, 0.33 g, 60 mol%) in 

CD3OD (5 mL) was placed under nitrogen and equipped with a deuterium balloon. After 20h of 

reaction the mixture was filtered over celite and the product diluted with diethyl ether (20 mL). 
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The solution was washed with water (20 mL) and a saturated aqueous solution of sodium 

bicarbonate (2 x 20 mL). The organic fraction was dried over magnesium sulfate filtered and 

solvent removed to yield 4-bromo-1,1-bisdeutero-1-phenylbutane 11 as a colorless oil (0.40 g, 

1.85 mmol, 74%) which was used in the next step without additional purification. 1H-NMR (300 

MHz, CDCl3): 7.34-7.13 (m, 5H), 3.42 (t, J= 6.6 Hz, 2H), 1.97-1.68 (m, 4H). 2H-NMR (300 

MHz, CDCl3): 2.61. 13C-NMR (75.5 MHz, CDCl3): 141.9, 128.5, 126.0, 33.8, 32.3, 29.8. IR 

(neat, cm-1): 3059, 3023, 2960, 2929, 2862, 2194, 1495, 1447, 1253, 733, 698. FD-MS; 

Experimental mass (m/z): 214.032, 216.031, calculated mass (C10H11BrD2): 214.033, 216.031. 

The obtained 4-bromo-1,1-bisdeutero-1-phenylbutane (11, 0.35 g, 1.6 mmol)  was dissolved in 

DMF (10 mL) and sodium azide (0.30 g, 4.6 mmol) was added to the stirred solution. After 

heating at 80 °C for 16 hours the mixture was cooled to room temperature and water (20 mL) was 

added. The product was extracted with diethyl ether (20 mL) and the organic fraction was washed 

with water (5x30 mL), dried over MgSO4, filtered and solvent removed to yield the desired 

product as a colorless oil (0.26 g, 1.46 mmol, 90%). 1H-NMR (300 MHz, CDCl3): 7.40-7.21 (m, 

5H), 3.35 (t, J=6.5 Hz, 2H), 1.83-1.62 (m, 4H). 2H-NMR (300 MHz, CDCl3): 2.67 (s). 13C-NMR 

(75.5 MHz, CDCl3): 141.9, 128.5, 128.5, 126.1, 51.5, 28.5, 28.4. IR (neat, cm-1): 3025, 2931, 

2863, 2088 (N3), 1495, 1448, 1258, 734, 698. GC-EI; Experimental mass (m/z): 148.1078, 

calculated mass: 148.1080 [C10H13N, M-N2+H]+ 

6.6.4 Kinetic studies 

To a dried NMR pressure tube was added (4-azidobutyl)benzene (11.5 mg, 65.6 µmol) and Boc2O 

(18.2 mg, 83.4 µmol, 1.3 equivalents). The tube was placed under nitrogen and [Co(TMP)] 

catalyst 3 was added (1.8 mol% (0.9 mg, 1.1 µmol,), 3.2 mol% (1.8 mg, 2.1 µmol,) or 6.5 mol% 

(3.6 mg, 4.3 µmol). After addition of toluene-d8 (0.5 mL) and triphenylmethane (4.7 mg, 19.2 

µmol) as internal standard the NMR tube was closed and heated in the NMR spectrometer at 100 

°C. A 1H-NMR spectrum was recorded every 10 minutes and the amount of substrate and product 

with respect to the standard was determined (Figure 3). Following the decrease of the substrate 

concentration ([A]t) in time using different catalyst loadings and plotting the data as ln[A]t-ln[A0] 

versus time plot reveal linear regression lines with R2 values >0.99 showing first order kinetics in 

the [substrate] (Figure 4). The rate also increases linearly with the catalyst concentration (or 

loading), thus showing first order kinetics in [catalyst 3] (Figure 5). Following the decrease of the 

substrate concentration ([A]t) in time using different amounts of Boc2O and plotting the observed 

rate Kobs (h
-1) versus the concentration of Boc2O (Figure 6) shows zero order kinetics in [Boc2O]. 
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6.6.5 Isotopic labeling studies 

Intermolecular kinetic isotope effect 

 

A mixture of (4-azidobutyl)benzene 1 (27.2 mg, 0.155 mmol) and 4-azido-1,1-bisdeutero-1-

phenylbutane (31.7 mg, 0.179 mmol) was analyzed by 1H-NMR (CDCl3, Figure 16) to show a H2 

to D2 ratio of 1.00:1.00. The mixture was transferred quantitatively to a Schlenk flask and solvent 

was removed. The mixture was placed under nitrogen and Boc2O (108.0 mg, 0.495 mmol, 1.5 

equiv.) and [Co(TMP)] catalyst 3 (2.8 mg, 3.3µmol, 1.0 mol%) were added followed by dry 

toluene (3.0 mL). The mixture was heated to 100 °C for 16h and the crude product purified by 

column chromatography (SiO2, Hexanes/DCM/TEA; 50/50/1) to yield a light yellow oil (12.5 mg, 

51µmol, 15%). The kH/kD ratio was determined from the ratio of the methylene and methine 

protons at the 2- and 4-position in the 1H-NMR spectrum. The reaction was performed in duplo 

resulting in a kH/kD ratio of 0.99, which corresponds to a KIE of 1 within the error-limits of NMR 

integrations. In Figure 17 a representative 1H-NMR spectrum is shown. 

 

Figure 16: 1H-NMR spectrum of the ratio of starting materials for the intermolecular 

kinetic isotope effect. 
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Figure 17: Representative 1H-NMR spectrum of the product mixture after flash column 

chromatography. 

Intramolecular kinetic isotope effect 

 

(4-azido-1-deuterobutyl)benzene (8.2 mg, 47 µmol), Boc2O (12.9 mg, 59 µmol, 1.26 equiv.), 

[Co(TMP)] catalyst 3 (0.9 mg, 1.1µmol, 2.3 mol%) and dry toluene (0.5 mL) were handled 

according to the general procedure. The kH/kD ratio was determined from the ratio of the 

methylene and methine protons at the 2- and 4-position in the 1H-NMR spectrum. The reaction 

was performed in duplo resulting in a kH/kD ratio of 7.0 which corresponds to a KIE of 7. In 

Figure 18 a representative 1H-NMR spectrum is shown. 

 

Figure 18: Representative 1H-NMR spectrum of the product mixture after flash column 

chromatography. 
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6.6.6 Determination of the binding constant for 2-phenylpyrrolidine (5). 

A stock solution [Co(TMP)] catalyst 3 (2.51 mg, 2.99 µmol) in dry toluene (25 mL) was prepared 

and diluted to obtain a concentration of 23.9 µM. 2-phenylpyrrolidine (5, 57.8 mg, 0.393 mmol) 

was dissolved in the catalyst stock solution (1.0 mL) to obtain the titration stock solution. Under 

nitrogen the stock solution of the guest (5) was titrated to the host solution (3) at 298K and the 

changes in absorption was monitored at 528 nm and 590 nm. The titration scheme is reported in 

Table 2 and the UV-vis spectra are shown in Figure 9. 

Table 2: Titration data for binding of 2-phenylpyrrolidine (5) to [Co(TMP)] catalyst 3. 

stock solution 5 

(µL) 

Concentration 5 

(mM) 

Equivalents 5 

 

Absorbtion 

 (528 nm) 

Absorption 

 (590 nm) 

0 0,00 0 0,360 0,020 

2 0,39 16 0,331 0,028 

4 0,78 33 0,315 0,032 

6 1,17 49 0,303 0,034 

10 1,95 82 0,292 0,037 

15 2,92 122 0,284 0,040 

20 3,89 163 0,277 0,042 

30 5,80 243 0,269 0,044 

40 7,70 322 0,265 0,045 

50 9,58 401 0,261 0,048 

60 11,44 478 0,260 0,049 

70 13,28 555 0,255 0,051 

80 15,10 632 0,256 0,053 

90 16,91 707 0,252 0,051 

100 18,70 782 0,251 0,053 

200 35,69 1493 0,242 0,056 

400 65,43 2737 0,241 0,058 

800 112,17 4692 0,240 0,060 
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6.6.7 Computational details 

The mechanism of the [Co(por)] catalyzed intramolecular CH amination ring-closing reaction of 

1 to 4 was explored computationally, using DFT. A simplified model porphyrin without meso-

substituents was used to reduce computation time. Geometry optimizations were carried out with 

the Turbomole program package38 coupled to the PQS Baker optimizer39 via the BOpt package.40 

We used unrestricted ri-DFT-D3 calculations at the BP86 level,41,42 in combination with the def2-

TZVP basis set,43,44 and a small (m4) grid size. Grimme’s dispersion corrections45 (version 3, 

disp3, ‘zero damping’) were used to include Van der Waals interactions. All minima (no 

imaginary frequencies) and transition states (one imaginary frequency) were characterized by 

calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy and enthalpy, 298 

K, 1 bar) from these analyses were calculated. The nature of the transition states was confirmed 

by following the intrinsic reaction coordinate. The relative free energies (ΔG°298K in kcal mol-1) 

obtained from these calculations are reported in Scheme 2.  

DFT calculations without dispersion corrections strongly underestimate the metal-ligand 

interactions, as was clear from a series of test calculations. We therefore employed Grimme’s 

version 3 (disp3) dispersion corrections. Used as such, the computed dispersion corrected metal-

ligand association/dissociation energies to/from the non-solvated [Co(por)] catalyst A are 

overestimated. This is due to neglected dispersion interactions between the metal binding site of 

the catalyst and a solvent molecule in solution. We therefore used the Van der Waals -complex 

between [Co(por)] catalyst A and a discrete toluene solvent molecule (interacting with the catalyst 

at the metal binding site) as the energetic reference point in our calculations to prevent 

overestimation of the metal-ligand interactions as a result of such uncompensated dispersion 

forces. However, this approach also leads to an erroneous cancelation of all translational entropy 

contributions to the computed free energies. This is because the translational entropy 

contributions to substrate/product association/dissociation are fully counterbalanced by the 

translational entropy contributions resulting from dissociation/association of the involved solvent 

molecule in the DFT calculated thermodynamics (A-solv + L  
  A-L + solv). This is not realistic 

in comparison to actual solution phase chemistry, for which the translational entropy 

contributions associated with substrate/product association/dissociation steps can of course not be 

neglected. In solution the catalyst is completely surrounded by solvent molecules, leading to small 

translational entropy contributions to the toluene molecule association/dissociation steps. These 

are of little influence on the translational entropy contributions associated with substrate/product 

association/dissociation. Hence, the latter are not canceled by the former in toluene solution.  

Therefore we applied a translational entropy contribution of 20 cal mol-1 K-1 to the computed free 

energies of all substrate/product binding/dissociation steps in the catalytic cycle. This leads to 

realistic metal-ligand binding entropies comparable to those reported for related systems in 

toluene.46  
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6.6.8 Enantioselective intramolecular ring-closing C–H amination 

(4-azidobutyl)benzene 1 (30.0 mg, 0.171 mmol), di-tert-butyldicarbonate (45.0 mg, 0.206 mmol, 

1.2 equivalents), chiral porphyrin cobalt catalyst 6 (10.5 mg, 6.8 µmol, 4.0 mol%) and dry toluene 

(3.0 mL) were handled according to the general procedure (see main text) at 80 °C to yield the 

desired product 4 as a light yellow oil (9.4 mg, 38.0 µmol, 22%, TON = 6). The enantiomeric 

ratio was analyzed by chiral GC to yield the two enantiomers in a ratio of 73:27 (enantiomeric 

excess = 46%). The chromatogram is shown in Figure 15. The signals were compared with a 

racemic sample of the product to verify the retention time of the two enantiomers.  
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In this thesis, approaches to gain control over radical-type reactivity are described. 

Through encapsulation of metallo-radical catalysts in a supramolecular cage the lifetime 

of the catalysts could be improved. Furthermore, the encapsulated catalysts show size-

selective reactions with electronically similar substrates. An important issue still 

encountered under catalytic conditions is the deactivation of the catalyst over time. 

Cage decomposition results in loss of the protective environment which subsequently 

leads to a decreased turnover number (TON). Additionally, the application of the 

described cages is limited due to their poor solubility in apolar solvents commonly used 

in radical-type reactions. This leaves room for improvement. It could have been useful 

to perform the CH amination reactions as described in Chapter 5 and 6 with the 

encapsulated catalysts described in Chapter 2 and 3, as this could potentially slow-down 

unwanted amine or imine formation (see Chapter 5).  

For substrates with high bond dissociation energies (BDE)
2
 we noticed that 

intermolecular reactions leading to amine and imine formation become competitive 

under the reaction conditions described in Chapter 5 and 6. As such, these processes 

could be decelerated by performing the CH amination reaction in a supramolecular 

cage. Some attempts to use the caged catalysts described in Chapter 2 and 3 for these 

reactions were already explored, but failed, most likely due to the use of polar solvents 

to dissolve the 16+ charged cages. Indeed, attempts to perform these same reactions 

with [Co(TMP)] or [Co(TPP)] catalysts in polar solvents or solvent mixtures such as 

acetone, acetone/water, acetonitrile and DMF also resulted in very low conversion of 

the azide substrate in all cases. Hence, the poor solubility of the cages described in this 

thesis in apolar solvents leads to solvent incompatibility in using the caged-catalysts for 

CH amination. This is unfortunate, as encapsulation of chiral catalysts in a 

supramolecular cage would also be an interesting approach to obtain higher 

enantioselectivities. After all, the local chiral environment should be more rigid in the 

cage, and thus, more efficient chirality transfer can be expected.
3
  

As such, increasing the stability and solubility of the cages described in Chapter 2-4 

would be highly desirable. Apart from these obvious challenges, the investigations 

described in this thesis actually call for several additional experiments in future studies. 

An outlook towards such future investigations, involving radical-type reactivity with 

both transition metals and supramolecular cages, is provided here. 
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Cage instability and decomposition. 

After prolonged reaction times of the supramolecular cages described in this thesis, free 

aldehyde could be observed, indicative of cage decomposition. Furthermore, size-

selectivities are moderate, which could be caused by reversible cage-opening and/or 

(partial) loss of the protective environment over time. To determine whether cage 

decomposition is responsible for selectivity loss, direct competition experiments should 

be monitored over time. In the manganese catalyzed oxidation reactions described in 

Chapter 4 we also observed a decrease in product formation after approximately 30 

minutes of reaction. If strong encapsulation was indeed achieved for the manganese 

porphyrin, bimetallic deactivation pathways should be blocked resulting in much larger 

TON enhancements than observed in our systems. Therefore, it seems clear that 

significant cage decomposition occurs under the applied reaction conditions, and this 

issue should be addressed in future research. The instability of the cage could be caused 

by either hydrolysis of the imine functionalities and/or oxidation of the iron corners in 

presence of a strong oxidant.
4
 To avoid problems with cage decomposition due to 

hydrolysis of the imine functionalities in the cage structure, the imine linker could be 

replaced by other, more stable, linkers in future studies. 

Replacing the imine linker by an amine linker 

The imine linker could directly be changed to an amine linker by hydrogenation or 

reduction of the imines in the cage planes. This approach has the advantage that the 

cage formation step is not changed, which would most likely result in the same 

geometry of the cage (Figure 1, top pathway). The obtained amine linkers are no longer 

sensitive towards hydrolysis. 

Unfortunately, initial attempts to reduce the imine linkers using sodium borohydride as 

a reducing agent resulted in zinc demetallation from the cage planes. Additionally, the 

fluoride signals from the counter ions could no longer be observed in 
19

F-NMR. An 

alternative route (Figure 1, bottom route) involving reductive amination might enable 

subsequent cage formation from the reduced plane precursor. Zinc could be introduced 

after reductive amination to circumvent the previously observed demetallation reaction.  
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Figure 1: Synthetic approaches to replace the imine linker by an amine linker in the  

cage structure. 

The reduced plane precursors are obtained, however, they appear very insoluble in 

common organic solvents, which resulted in troublesome purification and low-yielding 

synthesis steps. Functionalization of the building blocks with aliphatic chains or tert-

butyl groups will likely solve these solubility issues. In addition to the previously 

discussed routes to increase the stability of the cage (Figure 1) several alternative 

building blocks could be constructed to obtain new, potentially more stable cages 

(Figure 2). 
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Figure 2: Approaches to replace the imine linker by other linkers in the supramolecular cage. 

To obtain a similar size and geometry of the current cage structure, an amide linker 

could be used to synthesize the cage, which could be prepared from the original zinc 

tetrakis(4-aminophenyl)porphyrin building block and a bipyridine functionalized 

carboxylic acid.
5
 Other stable connections (depending on the conditions for the catalytic 

reactions) might be obtained through a CC linker using a Wittig reaction
6
 or a 

palladium catalyzed cross-coupling reaction (i.e. Heck,
7
 Suzuki

8
 or Sonogashira

9
 

coupling). Although the length and the exact geometry differs between the various 

linkers, initial molecular modelling studies suggest that the corresponding cages should 

still allow encapsulation of tetrakis(4-pyridyl)porphyrin guests. 

Solubility of the supramolecular cage 

Apart from increasing the stability of the supramolecular cage, it will also be important 

to enhance the solubility of the cage in organic solvents for future application in 

catalysis. In Chapter 2 we described the influence of the counter ion on the solubility of 

our cages. However, using other metal precursors such as iron(II) tetrafluoroborate or 

iron(II) sulfate only yielded insoluble material or very broad 
1
H-NMR signals after cage 

forming conditions.
10

 The highly charged nature of the cage results in poor solubility in 

apolar solvents commonly employed for radical reactions. The overall charge of the 

cage could be reduced by replacing the bipyridine or iminopyridine ligands for 

monoanionic ligands. For instance, phenylpyridine complexes of iridium(III) or 

rhodium(III) would result in the formation of neutral capsules (Figure 3, top middle). 

Procedures for preparing the facial cyclometallated iridium complex selectively have 

been reported previously.
11
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Also the use of picolinate complexes of iridium(III), cobalt(III) and iron(III) could 

result in neutral supramolecular cages (Figure 3, top right). To prepare the facial 

complex selectively might be more challenging in this case, which perhaps requires 

additional studies.
12

   

 

Figure 3: Approaches to replace the iron bipyridine corners by other corners in the 

supramolecular cage. 

Alternatively, organic cages of similar size that are soluble in apolar solvents such as 

toluene or dichloromethane could be prepared, to expand the scope of encapsulated 

catalysts.
13,14 

Removing the metal from the corners of the supramolecular cage has the 

additional advantage that oxidation of the corner metal is no longer a decomposition 

pathway and potential metal catalyzed background reactions can also not occur. The 

solubility of the cages could further be increased through the introduction of aliphatic 

side-chains or tert-butyl groups at the linkers and/or corners.
10

 Once these issues of 

stability and solubility are solved, the obtained supramolecular cages can be used in the 

reported reactions to achieve more active and selective catalysts. Furthermore the 

catalytic assemblies could also be tuned further through additives to influence the 

encapsulated catalysts.  
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Tuning reactivity inside the supramolecular assembly 

The supramolecular cages discussed in this thesis contain six zinc porphyrin planes in 

the cubic cage structure of which four are used for encapsulation of the pyridyl 

porphyrins. This leaves two additional zinc centers with an open coordination site 

available. In future studies this can be exploited to change the environment around the 

catalytically active site in the supramolecular cage. For example, the addition of 

functionalized pyridines will place the functionality close to the catalytically active 

metal center. This could lead to efficient chiral induction using chiral additives inside 

the supramolecular assembly (Figure 4, left). As such, investigations along these lines in 

future studies might result in interesting new applications of these supramolecular 

cages.  

 

Figure 4: Tuning of the encapsulated metal complex by coordination of additives. 

Zinc porphyrins generally prefer to obtain a 5-coordinate geometry.
15

 Therefore, 

competition between coordination of the functionalized pyridine inside and outside the 

supramolecular cage is expected. To circumvent this issue, it might be possible to 

replace two of the zinc porphyrin planes for tin porphyrins which selectively bind 

carboxylates. Tin porphyrins are capable of forming 6-coordinate complexes, which 

would avoid the competition between outside and inside coordination (Figure 4, right).
16

 

The most interesting application of this intriguing possibility is probably to induce 

chiral induction by employing chiral additives in the second coordination sphere of the 

encapsulated catalyst. This approach provides a new strategy to provide chiral 

information to the catalyst, and therefore delivers complementary tools to arrive at 

selective catalysis.  
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Exploiting self-organization of tetrakis(4-pyridyl)porphyrins 

Tetrakis(4-pyridyl) porphyrin (TPyP) complexes of both cobalt (Chapter 2) and 

manganese (Chapter 4) showed self-assembly behavior. The cobalt complex 

[Co(TPyP)] displayed a broad featureless EPR spectrum, which is indicative for axial 

coordination of pyridines. The complex, however, showed only marginal activity in the 

cyclopropanation reactions as reported in Chapters 2 and 3. On the contrary, the 

manganese complex [Mn(TPyP)Cl] showed a remarkably high activity and even size-

selectivity in epoxidation reactions. It would be interesting to further study the structure 

of these self-assembled structures to understand their catalytic behavior (Figure 5).   

Figure 5: Possible self-assembled structures for tetrakis(4-pyridyl)porphyrins.17 

By determining the structure of the assembly it might be possible to increase the amount 

of accessible catalytic centers.
18

 In Figure 5 the central porphyrin is accessible for 

catalysis however the orange and/or blue ones are only used for protection of the active 

site. When more complex manganese porphyrins are used it is undesired to only use a 

fraction of the porphyrins in catalysis. Therefore, replacing the porphyrins labeled in 

orange with zinc or ruthenium porphyrins (which can form six-coordinate species) 

could lead to efficient assemblies in which all manganese porphyrins are catalytically 

accessible. Also the application in other catalytic transformations is interesting to 

determine why the cobalt assembly is inactive whereas the manganese assembly shows 

activity and selectivity enhancements.  
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Further developments for our direct CH amination protocol 

In Chapter 5 and 6 we developed a new direct CH amination protocol starting from 

aliphatic azides. Initial optimization studies (Chapter 5) and mechanistic investigation 

(Chapter 6) revealed that electron donating substituents on the porphyrin resulted in 

more efficient catalysts for this reaction. Other electron-rich cobalt porphyrins could 

therefore be evaluated in the reaction (Figure 6). 

 

Figure 6: Alternative porphyrin and nitrogen-heterocycle complexes for CH amination. 

The electron-donating ability of the ligand could be further tuned by the use of 

octaethylporphyrin and/or a para-methoxy substituted porphyrin complex (Figure 6, top 

left and middle respectively).
19

 The steric nature around the metal center could further 

be evaluated by changing the substituents on the ortho substituents on the phenyl groups 

(Figure 6, top right). In addition, several alternative macrocycles have been reported in 

literature which could be used to further improve the reported reaction (i.e. 

phthalocyanines
20

, N-confused porphyrins
21

 or subporphyrins
22

 (Figure 6, bottom). 

More active catalysts, especially at lower temperatures, could lead to more efficient 

chirality transfer for chiral analogs. Finally, the currently reported chiral catalyst could 

be improved through evaluation of various chiral groups at the porphyrin (Figure 7).  
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Figure 7: Chiral catalysts for the chiral CH amination reaction. 

Various chiral acids are commercially available and could be evaluated in the synthesis 

of new chiral catalysts for application in enantioselective CH amination reactions. 

Alternatively chiral catalysts based on phosphoric acids could be interesting to study 

due to the additional hydrogen bonding moiety available. The remaining two meso-

positions could be used to further control the electronic and steric properties of the 

obtained catalysts (Figure 7). 

Finally the obtained cobalt catalysts could be used in late stage functionalization of 

pharmaceuticals and to develop more challenging enantioselective intermolecular CH 

amination reactions from aliphatic azides. Also the synthesis of CC bonds through 

selective direct CH activation with aliphatic diazo compounds might be accessible. As 

such, the investigations described in this Thesis call for several follow-up studies, and 

hopefully form the basis for several breakthrough studies in (enantioselective) catalytic 

radical-type reactions in the near future. 
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Summary: 

Controlling Radical-Type Reactivity with  

Transition Metals and Supramolecular Cages 

In modern society transition metal catalysis plays an important role in a wide variety of 

chemical transformations. In the context of sustainable chemistry it is desirable to move 

from precious metals (such as palladium, platinum, iridium, etc.) to base metal catalysts 

(cobalt, iron, manganese, etc.), which are found in natural metallo-enzymes. These 

complexes mainly react through one-electron pathways involving (coordinated) 

radicals. Although it is difficult to tune the reactivity of free radicals, highly selective 

reactions can be performed in close proximity of a transition metal. Especially cobalt 

porphyrin complexes have been studied in detail to develop a broad range of radical-

type transformations with exceptional selectivity and activity. Controlled formation of 

‘substrate radicals’ in low concentrations is a key feature of these metallo-radical 

catalysts. 

The mechanisms by which these catalysts operate are similar to the one-electron 

pathways followed by many metallo-enzymes. As such the controlled radical-type 

reactions discussed in this thesis are ‘bio-inspired’. Metallo-enzymes not only exert 

control of radical-type intermediates by binding the substrates directly to the metal 

center. Also the second coordination sphere plays a significant role in tuning their 

reactivity. In order to functionally mimic the (protective) second coordination sphere of 

metallo-enzymes, several supramolecular cages have been developed. Examples have 

been reported in which bimolecular decomposition pathways, frequently encountered in 

metallo-radical catalysis, are effectively suppressed through encapsulation of the 

catalyst by a supramolecular cage. In a way, these cages thus mimic the protective 

protein matrix around the active site of a metallo-enzyme. In addition to their protective 

function, supramolecular cages also enable pre-organization of the substrate and can 

induce selectivity for specific substrates and products in competitive reactions. In 

Chapter 1 several illustrative examples are discussed in which these concepts are 

highlighted. 
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To improve the activity of cobalt porphyrin catalysts, a new supramolecular cage was 

developed in Chapter 2 to efficiently encapsulate a cobalt-porphyrin catalyst. Initially 

the cubic M8L6 cage developed by Nitschke and co-workers was studied for the 

encapsulation of tetrakis(4-pyridyl)porphyrins. Unfortunately, however, this 

supramolecular cage proved to be too small to encapsulate the envisioned cobalt 

porphyrin catalysts. Therefore, a new supramolecular assembly was designed and 

synthesized by modification of one of the building blocks. The new supramolecular 

M8L6 cage was characterized by NMR spectroscopy, DOSY, Cryo-UHR-ESI-ToF mass 

spectrometry and molecular modelling techniques. The increased cavity size of this new 

supramolecular assembly compared to the previously described cubic cage compound 

allows the selective encapsulation of tetrakis(4-pyridyl)porphyrins ([M(TPyP)], M=H2, 

Zn, Co, Scheme 1).  

 

Scheme 1: Encapsulation of tetrakis(4-pyridyl)porphyrins in a new cubic M8L6 cage. 

The substrate accessibility of this system was demonstrated through radical-trapping 

experiments and its catalytic activity was studied in intermolecular cyclopropanation 

(Scheme 2, top) and intramolecular olefin formation (Scheme 2, bottom). The reactivity 

of the encapsulated [Co
II
(TPyP)] complex is significantly increased compared to the 

free [Co
II
(TPyP)] catalyst. Additionally, the encapsulated complex has an increased 

lifetime compared to a benchmark catalyst. The reactions catalyzed by this system are 

the first examples of cobalt-porphyrin catalyzed radical-type transformations involving 

diazo compounds that occur inside a supramolecular cage. 
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Scheme 2: Catalytic reactions examined with the encapsulated catalyst. Cyclopropanation 

(top) and alkene formation (bottom). 

An important disadvantage of the cage described in Chapter 2 is the poor solubility in 

solvents other than  DMF or DMSO, which are not optimal for most of the reactions 

catalyzed by cobalt porphyrins. Hence, to further exploit the protective environment of 

the encapsulated catalyst, a related supramolecular cage was synthesized bearing 

triflimide counter ions instead of triflates. As described in Chapter 3 this new cage 

proved soluble in solvents and solvent mixtures which are more convenient to work 

with, and are also better compatible with the radical-type reactions for which the cage 

was designed. The new supramolecular cage is still capable of encapsulating porphyrin 

complexes even in water/acetone mixtures. Furthermore, the assembly proved to be an 

active and size-selective cyclopropanation catalyst. Employing water/acetone mixtures 

as the solvent increased the catalytic performance of the encapsulated catalyst in styrene 

cyclopropanation reactions dramatically. The caged catalyst shows a preference for 

cyclopropanation of styrenes over other vinylic substrates. While exploring the substrate 

scope, it became clear that the encapsulated catalyst is a size-selective catalyst, showing 

preference for cyclopropanation of smaller styrene and diazo substrates. Bulkier 

substrates react slower than smaller ones, thus allowing size-selective competition 

reactions (Figure 1).  
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Figure 1: Schematic representation of the proposed pore-size controlled, size-selective 

transformations catalyzed by the encapsulated catalyst. 

In addition to the cobalt(II) porphyrin complexes described above, manganese 

porphyrin catalyzed epoxidation reactions are also known to suffer from bimetallic 

deactivation pathways. Therefore in Chapter 4 we studied the encapsulation of a 

manganese porphyrin in the cubic M8L6 cage. It was shown that it is possible to stabilize 

the manganese porphyrin catalyst in a cubic self-assembled molecular cage (Figure 2).  

 

Figure 2: Following the epoxidation of styrene (left) over time with the encapsulated  

(red squares) and free (blue diamonds) manganese catalysts. 

The encapsulated catalyst (red squares) has a longer lifetime, which results in a higher 

turnover number compared to the free catalyst (bleu diamonds). The obtained catalyst is 

active in aqueous media for the epoxidation of a variety of alkenes to reach up to 319 

turnover numbers towards the desired epoxide product. Furthermore, like in the cobalt 

catalyzed cyclopranation reactions described in Chapter 3, the encapsulated catalysts 

could be used as a size-selective epoxidation catalyst for a mixture of bulky and smaller 

substrates.  
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The free manganese tetrakis(4-pyridyl)porphyrin catalyst also self-aggregates to form 

even more size-selective assemblies (Figure 3). However, in these aggregates fewer 

catalytic centers are accessible to the substrates, leading to a decrease in activity as 

compared to the cage-encapsulated catalyst.  

 

Figure 3: Schematic representations of porphyrin self-aggregation to form protective capsules.  

For intramolecular ring-closing reactions bimolecular catalyst deactivation is considered 

to be less of an issue. To expand the concepts of radical reactivity, in Chapter 5 a new 

cobalt porphyrin catalyzed intramolecular ring-closing CH bond amination reaction 

was developed, which enables direct synthesis of various N-heterocycles from aliphatic 

azides. Pyrrolidines, oxazolidines imidazolidines, isoindolines and 

tetrahydroisoquinoline can be obtained in good to excellent yields in a single reaction 

step with commercially available catalysts (see Figure 4).  

 

Figure 4: N-heterocylces accessible through the new intramolecular C-H amination protocol. 
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The use of di-tert-butyl dicarbonate (Boc2O) significantly enhances the reaction rate by 

preventing competitive binding of the formed amine product through trapping of the 

heterocycles as their Boc-protected analogues. The highest turnover numbers reported 

to date for the intramolecular C-H amination of (4-azidobutyl)benzene could be 

obtained with cobalt(II) tetrakis(mesityl)porphyrin [Co(TMP)] as the catalyst. 

Furthermore, in marked contrast to all previously reported systems, the catalyst is bench 

stable and tolerates significant amounts of water during the reaction.  

Information about the mechanism of this reaction was collected with the aim to improve 

the efficiency of the catalytic reaction, and to explore possibilities for enantioselective 

CH amination. Kinetic analysis of the reaction in combination with DFT calculations, 

as described in Chapter 6, reveals a metallo-radical-type mechanism involving rate 

limiting azide activation to form the key cobalt(III)-nitrene radical intermediate 

(Scheme 3). Subsequent low barrier intramolecular hydrogen atom transfer (HAT) from 

a benzylic CH bond to the nitrene-radical intermediate followed by a radical rebound 

step leads to formation of the desired N-heterocyclic ring products.  

 

Scheme 3: Mechanism for the direct C-H amination from aliphatic azides. 
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Kinetic isotope competition experiments are in agreement with a radical-type CH bond 

activation step (intramolecular KIE = 7), which occurs after the rate limiting azide 

activation step (intermolecular KIE = 1). The use of di-tert-butyl dicarbonate (Boc2O) 

significantly enhances the reaction rate by preventing competitive binding of the formed 

amine product. Under these conditions, the reaction shows clean first order kinetics in 

both the [catalyst], and the [azide substrate], and is zero order in [Boc2O]. Interestingly, 

modest enantioselectivities (29-46% ee in the temperature range between 100-80 C) 

could be achieved in the ring closure of (4-azidobutyl)benzene using a new chiral cobalt 

porphyrin catalyst equipped with four (1S)-()-camphanic-ester groups (Figure 5).  

  

Figure 5: Chiral cobalt porphyrin (left) used in the enantioselective CH amination  

reaction (right). 

This demonstrates for the first time the feasibility of enantioselective radical-type ring 

closure reactions from aliphatic azides using metallo-radical catalysis, showing 

unambiguously that the C–H bond activation and CN bond formation steps of the 

overall catalytic ring-closing reaction occur in the coordination sphere of cobalt. No free 

nitrenes are thus involved in this reaction.  

By encapsulation of metallo-porphyrins in supramolecular cages, improved selectivities 

and turnover numbers were obtained in radical-type catalysis. In addition, new 

reactivity of cobalt porphyrins was explored in the direct CH amination of aliphatic 

azides. The described system showed the highest turnover numbers obtained to date, 

and the first example of an enantioselective intramolecular CH amination of aliphatic 

azides. 
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Samenvatting: 

Controleren van Radicaal-Type reactiviteit met  

Overgangsmetalen en Supramoleculaire Capsules 

In de moderne samenleving speelt overgangsmetaal katalyse een belangrijke rol in een 

groot aantal verschillende chemische reacties. In de context van duurzame scheikunde is 

het gewenst om van zeldzame metalen (zoals palladium, platina, iridium enz.) over te 

stappen naar onedele metalen (kobalt, ijzer, mangaan, enz.), die gevonden worden in 

natuurlijke metallo-enzymen. Deze complexen reageren vooral door één-elektron 

reacties door middel van (gecoördineerde) radicalen. Hoewel het moeilijk is om de 

reactiviteit van vrije radicalen te controleren, kunnen zeer selectieve reacties gedaan 

worden in de nabijheid van een overgangsmetaal. Vooral kobalt porfyrine complexen 

zijn in detail onderzocht om een breed scala aan radicaal-type transformaties te 

verrichten met uitzonderlijke selectiviteit en activiteit. Gecontroleerde vorming van 

substraat radicalen in lage concentraties is een belangrijke eigenschap van deze metallo-

radicaal katalysatoren. 

De mechanismes waaronder deze katalysatoren opereren zijn vergelijkbaar aan de één-

elektron reacties die in veel metallo-enzymen plaatsvinden. Op deze manier zijn de 

gecontroleerde radicaal-type reacties besproken in dit proefschrift ‘biologisch-

geïnspireerd’. Metallo-enzymen oefenen niet alleen controle uit over radicaal-type 

reacties door het direct binden van het substraat aan het metaal centrum. Ook de tweede 

coördinatie schil speelt een belangrijke rol in het controleren van de reactiviteit. Om de 

(beschermende) tweede coördinatie schil van metallo-enzymen functioneel na te 

bootsen, zijn verschillende supramoleculaire capsules ontwikkelt. Voorbeelden zijn 

gerapporteerd waarin bi-moleculaire destructieve routes, zoals vaak voorkomt in 

metaal-radicaal katalyse, effectief onderdrukt worden door het opsluiten van de 

katalysator in een supramoleculaire capsule. Deze capsules bootsen dus, op deze 

manier, de beschermende proteïne schil rond het actieve centrum in metallo-enzymen 

na. Naast de beschermende functie maken supramoleculaire capsules het ook mogelijk 

om substraten te pre-organiseren en kunnen selectiviteit veroorzaken voor bepaalde 

substraten en producten in competitieve reacties. In Hoofdstuk 1 worden verschillende 

voorbeelden besproken waarin deze concepten behandeld worden. 
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Om de activiteit van kobalt porfyrine katalysatoren te verbeteren is een nieuwe 

supramoleculaire capsule ontwikkeld in hoofdstuk 2 om een kobalt porfyrine 

katalysator efficiënt op te sluiten. In eerste instantie is de kubische M8L6 capsule, 

ontwikkeld door Nischke en collega’s, onderzocht voor de opsluiting van tetrakis(4-

pyridyl)porfyrines.  Helaas bleek de capsule te klein om de beoogde kobalt katalysator 

in op te sluiten. Daarom werd een nieuwe capsule ontworpen en gemaakt door het 

aanpassen van een van de bouwstenen. De nieuwe supramoleculaire M8L6 capsule werd 

geanalyseerd door middel van NMR spectroscopie, DOSY, Cryo-UhR-ESI-ToF massa 

spectrometrie en moleculaire model technieken. Het grotere formaat van de holte 

binnenin de nieuwe supramoleculaire capsule in vergelijking met de bekende kleinere 

capsule maakt selectieve opsluiting van tetrakis(4-pyridyl)porfyrines ([M(TPyP)], 

M=H2, zink, kobalt, Schema 1) mogelijk. 

 

Schema 1: Opsluiten van tetrakis(4-pyridyl)porfyrines in een nieuwe kubische M8L6 capsule. 

De toegankelijkheid voor het substraat in dit systeem is aangetoond door het radicaal af 

te vangen met een reactant. De katalytische activiteit werd bestudeerd in een 

intermoleculaire cyclopropanerings (Schema 2, boven) en intramoleculaire vorming 

van alkenen reactie (Schema 2, onder). De reactiviteit van het opgesloten [Co(TPyP)] 

complex is significant verbeterd ten opzichte van de vrije [Co(TPyP)] katalysator. Het 

opgesloten complex heeft ook een langere levensduur in vergelijking met een referentie 

katalysator. The reacties gekatalyseerd door dit systeem zijn de eerste voorbeelden van 

kobalt-porfyrine gekatalyseerde transformaties met diazo verbindingen die plaatsvinden 

in een supramoleculaire capsule. 
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Schema 2: Katalytische reacties onderzocht met de opgesloten katalysator. 

Cyclopropanering (boven) en alkeen vorming (onder). 

Een belangrijk nadeel van de capsules beschreven in Hoofdstuk 2 is de slechte 

oplosbaarheid in oplosmiddelen anders dan DMF of DMSO, welke niet optimaal zijn 

voor de meeste reacties die gekatalyseerd worden door kobalt porfyrines. Om meer 

gebruik te maken van de beschermende omgeving van de opgesloten katalysator is een 

gerelateerde capsule gemaakt die triflimide tegenionen bevat in plaats van triflaten. 

Zoals beschreven in Hoofdstuk 3 is deze nieuwe capsule oplosbaar in oplosmiddelen en 

mengsels waarmee gemakkelijker om te gaan is, en die ook beter te gebruiken zijn in de 

radicaal-type reacties waarvoor de capsule ontworpen is. De nieuwe capsule is nog 

steeds in staat om porfyrine complexen op te sluiten zelfs in water/aceton mengsels. 

Bovendien bleek de combinatie een actieve en grootte-specifieke cyclopropanerings 

katalysator. Het gebruik van water/aceton mengsels als oplosmiddel verbeterde de 

katalytische activiteit van de opgesloten katalysator in styreen cyclopropanering 

drastisch. De opgesloten katalysator liet een voorkeur zien voor cyclopropanering van 

styreen derivaten ten opzichte van vinylische substraten. Tijdens het onderzoeken van 

de toegestane substraten werd het duidelijk dat de opgesloten katalysator een grootte-

specifieke katalysator is die de conversie van kleinere styreen- en diazo verbindingen 

gemakkelijker omzet. Grotere substraten reageren langzamer dan kleinere wat het 

onderscheid maken op basis van grootte mogelijk maakt (Figuur 1). 
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Figuur 1: Schematische weergave van de voorgestelde selectiviteit op basis van de substraat 

grootte met de opgesloten katalysator.  

Naast de kobalt(II) porfyrine complexen zoals hierboven beschreven, is voor mangaan 

porfyrine gekatalyseerde epoxidatie reacties ook bekend dat ze lijden onder 

bimoleculaire deactiverings routes. Daarom is in Hoofdstuk 4 bestudeerd om mangaan 

porfyrines op te sluiten in de supramoleculaire M8L6 capsule. Er is aangetoond dat het 

mogelijk is om de mangaan porfyrine katalysator op te sluiten in een kubische capsule 

(Figuur 2). De opgesloten katalysator (rode vierkanten) heeft een langere levensduur 

dan de vrije katalysator (blauwe ruiten). De verkregen katalysator is actief in waterige 

oplossingen voor de epoxidatie van verschillende alkenen en kan tot 319 equivalenten 

van het epoxide product vormen. Bovendien, net als voor de opgesloten kobalt 

complexen beschreven in Hoofdstuk 3, kon de opgesloten mangaan katalysator gebruikt 

worden om in een mengsel van grote en kleine substraten de kleinere selectief om te 

zetten naar het epoxide. 

 

Figuur 2: Het volgen van de epoxidatie van styreen (links) over de tijd met de opgesloten 

(rode vierkanten) en de vrije (blauwe ruiten) mangaan katalysator.  
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De vrije mangaan tetrakis(4-pyridyl)porfyrine katalysator zelf-assembleert naar nog 

selectievere aggregaten (Figuur 3). In deze aggregaten zijn echter minder katalytisch 

actieve centra toegankelijk voor de substraten wat lijdt tot een lagere activiteit ten 

opzichte van de opgesloten katalysator. 

 
Figuur 3: Schematische weergave van porfyrine zelf-assemblage om beschermende 

capsules te vormen.  

Voor intramoleculaire ringsluitings reacties zijn bimoleculaire deactiverings routes 

minder relevant. Om het concept van radicaal reactiviteit uit te breiden is in  

Hoofdstuk 5 een nieuwe kobalt porfyrine gekatalyseerde intramoleculaire ringsluitings 

CH aminerings protocol ontwikkeld. Deze methode maakt het mogelijk om direct 

verschillende N-hetereocyclische producten te maken uit alifatische azides. 

Pyrrolidines, oxazolidines, isoindolen en tetrahydroisocholines kunnen verkregen 

worden in goede opbrengsten in een enkele stap met commercieel verkrijgbare 

katalysatoren (zie Figuur 4).  
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Figuur 4: N-heterocycli toegankelijk door het nieuwe C-H aminerings protocol. 

Het gebruik van di-tert-butyl dicarbonaat (Boc2O) verhoogt de reactiesnelheid 

significant door het voorkomen van competitieve binding van het product door deze om 

te zetten naar de Boc-beschermde analogen. Het hoogste omzet getal tot dusver 

gerapporteerd voor de intramoleculaire CH aminering van (4-azidobutyl)benzeen kon 

behaald worden met kobalt(II) tetrakis(mesityl)porfyrine [Co(TMP)] als katalysator. 

Bovendien, in tegenstelling tot alle hiervoor gerapporteerde systemen, is de gebruikte 

katalysator stabiel onder normale omstandigheden en verdraagt significante 

hoeveelheden water tijdens de reactie.  

Informatie over het mechanisme van deze reactie was verkregen met het doel om de 

efficiency van de katalytische reactie te verbeteren. Ook de mogelijkheid om de reactie 

enantioselectief te doen is onderzocht. Kinetische bestudering van de reactie in 

combinatie met dichtheids functionaal theorie (DFT), zoals beschreven in Hoofdstuk 6, 

onthult een metaal-radicaal-type mechanisme met snelheidsbepalende activering van het 

azide om het cruciale kobalt(III)-nitreen radicaal intermediair te vormen (Schema 3). De 

daaropvolgende intramoleculaire waterstof atoom verplaatsing (HAT) vanuit een 

benzylische CH binding heeft een lage barrière. De HAT leidt tot de vorming van het 

nitreen-radicaal intermediair die, na een radicaal terugkaatsings reactie, het gewenste N-

heterocyclisch product geeft. 
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Schema 3: Mechanisme voor de directe C-H aminering vanuit alifatische azides. 

Kinetisch isotoop competitie experimenten (KIE) zijn in overeenstemming met een 

radicaal-type activering van de CH binding (intramoleculair KIE = 7), die plaatsvindt 

na de snelheidsbepalende activering van het azide (intermoleculaire KIE = 1). Het 

gebruik van di-tert-butyl dicarbonaat (Boc2O) verhoogt de reactiesnelheid door het 

voorkomen van competitieve binding van het product aan de katalysator. Onder deze 

condities laat de reactie eerste orde kinetiek in zowel de [katalysator] als het [azide 

substraat], en een nulde orde in [Boc2O] zien. Het is belangwekkend dat een bescheiden 

enantiomere overmaat (29-46% ee in het temperatuur bereik tussen 100-80 °C) bereikt 

is in de ringsluitings reactie van (4-azidobutyl)benzeen met een nieuwe chirale kobalt 

porfyrine (Figuur 5).  
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Figuur 5: Chirale kobalt katalysator (links) gebruikt in de enantioselectieve C-H  

aminering (rechts). 

Dit bewijst voor de eerste keer dat het mogelijk is om enantioselectief radicaal-type 

ringsluitings reacties vanuit alifatische azides te verrichten met metallo-radicaal 

katalyse. Dit laat onomstotelijk zien dat de activering van de CH binding en de 

vorming van de CN binding plaatsvinden in de omgeving van het kobalt centrum. 

Vrije nitrenen spelen dus geen rol in deze reactie. 

 

Door het opsluiten van metallo-porfyrines in supramoleculaire capsules kunnen 

verbeterde selectiviteit en omzet getallen verkregen worden in radicaal-type katalyse. 

Daarnaast is nieuwe reactiviteit van kobalt porfyrines onderzocht in de directe CH 

aminering van alifatische azides. Het beschreven systeem heeft de grootste omzettings 

getallen die tot dusver gerapporteerd zijn. Ook het eerste voorbeeld van een 

enantioselectieve intramoleculaire CH aminering van alifatische azides is in dit 

proefschrift beschreven. 
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List of abreviations: 

Å Ångström (1 x 10
-10 

m) 

AIBN 2,2′-Azobis(2-methylpropionitrile) 

bipy 2,2’-bipyridine 

Boc2O di-tert-butyl dicarbonate 

Co Cobalt 

COSY Correlation Spectroscopy 

Cu Copper 

d (nmr) doublet 

d.r. Diastereomeric ratio 

DFT Density Functional Theory 

DMF Dimethylformamide 

DOSY Diffusion Ordered Spectroscopy 

e.e. enantiomeric excess 

Ea
‡
 Activation energy 

EPR Electron Paramagnetic Resonance 

EtOAc Ethyl acetate 

Fe Iron 

FWHM Full-Width Half-Maximum 

h hour 

HAT Hydrogen Atom Transfer 

Hz Hertz 

IR Infrared 

k reaction rate constant 

k’ Bolzmann constant 

KIE Kinetic Isotope Effect 

kobs observed reaction rate constant 

m (nmr) multiplet 

MeOH Methanol 

MM Molecular Mechanics 

MOF Metal Organic Framework 

MS Mass Spectrometry 

Ni Nickel 
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NMR Nuclear Magnetic Resonance 

N(Tf)2 Triflimide, bis(trifluoromethanesulfonyl)imide 

OTf Triflate, trifluoromethanesulfonate 

PCET Proton Coupled Electron Transfer 

Pd  Palladium 

por Porphyrin 

ppm Parts per million 

R Universal gas constant 

s (nmr) singlet 

T  temperature 

t (nmr) triplet 

TAPP 5,10,15,20-tetrakis(4-aminophenyl)porphyrin 

TMePyP 5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin 

TMP 5,10,15,20-tetramesitylporphyrin 

TOF  Turnover Frequency 

TON Turnover Number 

TPF20P 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin 

TPP 5,10,15,20-tetraphenylporphyrin 

TPPS 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin 

TPyP 5,10,15,20-Tetra(4-pyridyl)porphyrin 

UHR-ESI-ToF Ultra High Resolution-Electron Spray Ionisation-Time of Flight 

UV Ultraviolet 

vis visible 

XAS X-ray Absorbtion Spectroscopy 

XRD X-ray diffraction 

Zn Zinc 

ZPE Zero Point Energy 

ΔG
‡
 Gibbs free energy of activation 

ΔH
‡
 Enthalpy of activation 

ΔS
‡
 Entropy of activation 
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