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Chapter 5: 
 

Pre-organization, Formation and Stabilization of  
Small Sized Iridium Nanoparticles Inside a Nanosphere 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract: 
Forming a bridge between heterogeneous and homogeneous catalysis, small iridium(0) 

nanoparticles were made in a confined space. The small clusters were synthesized via post-

modification of pre-organized iridium complexes inside the confined space of a M12l24 sphere. The 

sphere around the iridium clusters stabilizes the nanoparticles and prevents the formation of 

thermodynamically more stable larger species. The nanoparticle catalyst proved to be more active in 

the hydrogenation of styrene than the analogues mononuclear complexes. Studies showed that the 

nanoparticles were capable of hydrogenating various double bonds and nitro groups.     
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5.1 Introduction 

 

In a world in which new chemicals need to be produced in an efficient, selective and 

sustainable manner, catalysis plays an important role. The use of catalysts results in 

the production of less waste and can induce different selectivity and reactivity as a 

result of changes in the kinetic profile of a reaction. Due to the broad applicability 

and interest in catalysis, different subfields have emerged like biocatalysis, which 

primarily uses enzymes, homogeneous catalysis in which the active species is in the 

same phase as the reaction mixture and heterogeneous catalysis where the active 

species is in a different phase from the reaction.1,2 Colloidal metal nanoparticles are 

small heterogeneous catalysts that can achieve high turnover numbers and turnover 

frequencies in different types of reactions. The particles can be formed via various 

methods,3-5 and thermodynamics state that, through Ostwald ripening, large colloidal 

nanoparticles are favored. This results in the formation of larger species via the 

agglomeration of small particles. The difficulty to obtain a narrow distribution of 

small nanoparticles (< 2 nm)5 motivated us to investigate whether supramolecular 

strategies can facilitate the controlled formation of small nanoparticles, thereby 

generating a bridge between heterogeneous and homogeneous catalysis. Confined 

spaces have already been demonstrated to stabilize catalysts and can prevent the 

dimerization of active catalytic species via encapsulation in a well-defined cavity, 

hence preventing individual catalysts to come in close contact with each other.6-8 

Furthermore, the confined space around a catalyst can impede new selectivity and 

reactivity in homogeneous catalysis by changing the possibilities of how a substrate 

can react at the metal center, generating bio-inspired homogeneous catalysts.9-11 It 

would therefore be interesting to investigate if the formation of nanoparticles can be 

controlled when its formation is performed inside a confined space. We envision that, 

due to the size and restrictions of a synthetic capsule around the nanoparticles, a 

certain amount of metal precursor can come in contact with each other and hence 

only particles of a certain size can be formed. Herein we demonstrate the 

combination of 24 iridium functionalized building blocks (L) with 12 square planar 

metal ions (M = Pd2+ or Pt2+) to form M12L24 spheres, that upon reduction lead to the 

formation of particles inside the sphere. The group of Fujita has already extensively 

demonstrated the functionalization of spheres via synthetic modifications of the 

building blocks.12-14 Alteration of the spheres after assembly has also been proven 

possible15-17 and our group has utilized the M12L24 type of spheres for catalysis. Via 

functionalization of the building block, different metal complexes can be located at 

the inside.18 The ability to embed 24 metal complexes at the inside of these spheres 

makes it interesting to investigate if it is possible to pre-organize metals in the sphere 

for nanoparticle formation. This could then lead to a new method to make 
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nanoparticles of a selective size of 24 atoms. The sphere around the metal cluster 

could then protect it, preventing further agglomeration into larger particles. 

 
5.2  Assembly of the Iridium functionalized spheres  
 
For the formation of the confined nanoparticles we started out with the synthesis of 

an iridium complex as a vast number of iridium nanoclusters have already been 

reported in literature.19-22 To prepare a sphere with 24 iridium complexes, our 

imidazolium bispyridinyl building block 1 (for synthesis and their sphere assembly, 

see chapter 4) was converted into the silver(I) carbene 2 with Ag2O (see Scheme 1). 

This compound was transmetallated with [Ir(cod)Cl]2 (cod = 1,5-cyclooctadiene) to 

yield an iridium chloride carbene functionalized with two pyridine functionalities. 

 

 
Scheme 1: Synthesis of the ditopic iridium complex A from the imidazolium salt 1. 

 

Stirring a solution of the iridium complex 3 at 70 °C with 0.5 equivalent of palladium 

precursor [Pd(CH3CN)4](OTf)2 resulted in a suspension and the sphere formation 

was not quantitative, according to 1H NMR spectroscopy. The formation of a 

suspension is an indication that insoluble palladium (di)chloride species are formed 

by abstraction of the chloride from the iridium complex. To prevent this, the chloride 

counterion was exchanged to a soft anion, in this case triflate (OTf), by adding one 

equivalent of AgOTf in a solution of acetonitrile to complex 3. This resulted in the 

isolation of iridium complex A (see Scheme 1).      
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Figure 1: a) Structure of iridium complex A and its assembly in the large spheres, on the right is a Spartan 

PM3 modeled structure of an M12A24 sphere (iridium atoms are displayed as orange spheres). The 1H NMR 

spectra of building block A and spheres 4a and 4b are displayed in b) to d) showing the indicative shift of the 

pyridine protons. e) Displays an overlay of two DOSY experiments demonstrating that the structure 4b is a 

significant larger structure compared to the free building block A in CD3CN. 

 

The sphere formation with complex A in presence of 0.5 equivalent of palladium(II) 

did not result in a suspension (see Figure 1a). An indicative downfield shift of the 

pyridine protons upon coordination of 0.5 equivalent of palladium complex was 

observed in the 1H NMR spectrum (Figure 1b and c). The log D established by DOSY, 

is indicative for the formation of a M12L24 sphere.18 In a similar experiment, a 

platinum precursor is utilized and a comparable shift is observed for the pyridine 

signals. In addition, a broadening of the signals occurs due to the slow tumbling of 

the pyridine platinum bond on NMR timescale.23 The formation of the large sphere 

was confirmed by DOSY of which a overlaid spectrum with the mononuclear iridium 

complex A is displayed in Figure 1e. The formation of the spheres was also 

investigated with cold spray ionization mass spectrometry (CSI-MS), and highly 

charged species (13+ to 7+) corresponding to a structure with a high molecular 

weight were observed. However, the exact determination of the species was not 

possible as, per charged species, different amounts of acetonitrile remained 

coordinated to the iridium atoms. This resulted in many species in the mass spectrum 
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and broadening of the observed peaks, making it impossible to determine the exact 

elemental composition of the spheres.   

 

5.3  Formation and characterization of small nanoparticles via reduction of the 

iridium nanospheres 

 

Based on 1H NMR and DOSY spectra, the iridium complexes were assembled in the 

large spheres. In order to obtain iridium clusters inside the spheres, the chemical 

reduction of the confined iridium complexes was performed with molecular 

hydrogen, which is a viable way to form nanoparticles.4,21,24,25 A solution of the 

palladium spheres (4a) was pressurized with 10 bars of hydrogen gas in an NMR 

tube. However, we observed that the palladium spheres are not stable under these 

conditions and with the formation of black particles it is likely that the palladium is 

also reduced under these conditions. The same experiment with more stable 

platinum analogues of the spheres (4b) displayed no decomposition under the 

reducing conditions showing the benefits of the stronger platinum pyridine bond. In 

order to convert all the confined iridium complexes into nanoparticles the solution 

was heated under 10 bars of hydrogen at 70 °C for 24 hours (see Scheme 2). 

Indication for the reduction of the 1,5-cyclooctadiene ligand to cyclooctane was 

observed by 1H NMR spectroscopy (δ = 1.58 ppm). A visual representation of the 

nanoparticle formation is depicted in Scheme 2, which we will refer to as the confined 

nanoparticle (4b*). 

  

 
Scheme 2: Visual representation of the formation of small active nanoparticles inside a M12L24 sphere. Models 

are made with Spartan. For catalyst 4b*, the imidazolium linkers are omitted for clarity.  

  

The analysis of the nanoparticles was performed with cryogenic transmission electron 

microscopy (Cryo-TEM) to prevent drying of the material.26,27 The cryo-TEM images 

are displayed in Figure 2 and show the formation of small nanoparticles. Although 
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some large species are observed of approximately 5 nm, the majority of the species 

are of approximately 1 nm in size. This is in line with the anticipated small 

nanoparticles consisting of 24 iridium atoms from the modeled system (4b* in 

Scheme 2) of which the longest iridium to iridium distance is 1.3 nm.  

  

 
Figure 2: Cryo-TEM images of the activated spheres 4b*. Different sizes of nanoparticles can be observed of 

which the majority of the particles are approximately 1 nm in size.  

 

Next, the confined nanoparticles were studied with dynamic light scattering (DLS) 

experiments, a non-invasive technique that can be used to determine the size of the 

particles in solution. Measurements of a solution of activated spheres, 4b*, resulted 

in no signal with DLS. The accuracy of the applied apparatus is the limiting factor in 

these measurements and was not high enough to determine the exact size of the 

particles. Therefore, these experiments only prove the absence of particles with a size 

between 10 and 600 nm, the window in which the DLS measurements are accurate. 

This therefore is in line with the cryo-TEM images of the expected particles with a 

size of 1 nm. Furthermore, the individual components (activated A and the platinum 

precursor) also showed no scattering. Only when a solution of 4b* was heated at 70 

°C for 7 days we observed the formation of large species, which are approximately 80 

nm in size (see experimental section). This indicates that, with a prolonged exposure 

to high temperature, the formation of large nanoparticles are observed as a result of 

sphere decomposition or nanoparticle leaching. The formation of the large particles 
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after extended times could also explain the observation of a small amount of larger 

nanoparticles (5-10 nm), which are observed with cryo-TEM (depicted in Figure 2). 

Subsequently, the activity of 4b* as catalyst in the hydrogenation of styrene (5) was 

investigated. Low conversion of styrene was observed at 40 °C with the pre-catalyst 

4b (containing 1 mol% of Ir, based on complex A), confirming that the confined 

iridium complexes must first be activated at high temperatures to reduce the 

cyclooctadiene ligand and form the active species. Raising the temperature to 70 °C 

resulted in a rapid conversion of the substrate with full conversion to ethylbenzene 

(6) after 5 hours (Table 1, entry 1). The rapid increase in conversion suggests that the 

high temperature is required to convert the iridium complexes into nanoparticles. 

The formed highly active species may be able to catalyze the hydrogenation at lower 

temperatures. Hence, we pressurized a solution containing only 4b with 10 bars of 

hydrogen and heated the solution at 70 °C for 24 hours. After cooling down, styrene 

was added under an nitrogen atmosphere, and the solution was pressurized again 

with 10 bars of hydrogen. This resulted in the fast reduction of substrate 5, leading to 

full conversion after six hours at 40 °C (Table 1, entry 2). Interestingly, the reactivity 

of the mononuclear complex A (1 mol%) is much lower than the confined iridium 

complexes under the same reaction conditions and only 35% conversion at high 

temperature (70 °C) is observed (entry 3). When the mononuclear catalyst was pre-

activated in a similar fashion as the catalyst in the confined space, only 5% conversion 

was observed after six hours at 40 °C (entry 4). 

 
Table 1: Hydrogenation of styrene (5) to ethylbenzene (6) with mononuclear complex A and assembly 4b. 

 

Entry Catalyst Temp (°C) Time (h) Conversion (%)[b] 

1 4b 70 5 100 

2[a] 4b* 40 6 100 

3 A 70 24 35 

4[a] A 40 6 5 
[a] Solution of catalyst was first heated under 10 bars of hydrogen at 70 °C for 24 hours, then cooled down, 5 

was added and pressurized again with 10 bar of H2. [b] Conversion is based on 1H NMR spectroscopy using 

1,3,5-trimethoxybenzene as internal standard. Reaction conditions: styrene (100 μmol), catalyst based on 1 

μmol of Ir and 1,3,5-trimethoxybenzene (10 μmol) as internal standard.  

 

Comparison of the mononuclear complex (A) to the activated confined complexes 

(4b*) suggests that, only inside the sphere, the high local concentration or pre-

organization of iridium complexes facilitates the formation of a more active species, 
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presumably nanoparticles. These nanoparticles are more active in the hydrogenation 

of styrene than the mononuclear complexes.  

To further proof that the activity is induced by the iridium nanoparticles, additional 

experiments were performed to investigate the active species in catalysis. Methods 

were applied as designed by the group of Crabtree28 and the group of Finke29 to 

determine if we have a heterogeneous or homogeneous catalyst. No single method is 

able to unambiguously determine the active species and thus we used a combination 

of mercury poisoning studies and partial poisoning studies with CS2. 

Mercury poisoning tests have already been demonstrated to give an indication for the 

presence of catalytically active colloidal metal particles via the formation of amalgam 

species.30-32 To look into the effect of mercury on our system, we first activated a 

solution of spheres (4b*) with 10 bars of hydrogen at 70 °C. After cooling down and 

addition of the substrate, the activity of the catalyst was compared in the presence 

and absence of an excess (30 fold) of mercury at 40 °C. A similar experiment was 

done with mononuclear complex A at 70 °C. From these experiments we observe that 

the addition of mercury has little effect on the mononuclear catalyst A. After 6 hours 

at 70 °C, 5% (A) and 6% (A+Hg) of conversion was observed. After 12 hours of 

reaction time the conversion, induced by the mononuclear complex is hardly affected 

by mercury (14 and 21% conversion, see Table 2 entry 1 and 2). This indicates that, 

for the mononuclear catalyst, a molecular or homogeneous catalyst is the active 

species. In contrast to these results, the mercury poisoning has a detrimental effect 

on the catalyst in the sphere (4b*, Table 2 entry 3 and 4). While without poison a 

conversion of more than 50% is observed after 2 hours at 40 °C, the presence of 

mercury inhibits the catalyst and induces low conversion (5%). Studies, based on 1H 

NMR spectroscopy, demonstrate that the spheres remain stable with the addition of 

mercury. This indicates that the active species involves a nanoparticle when the 

spheres are applied as catalyst and that these are inhibited by mercury via the 

formation of amalgam species. 

 

 

 

 

 

 

 



Pre-organization, Formation and Stabilization of Small Sized Iridium Nanoparticles 
 

 
125 

Table 2: Mercury poisoning experiments with iridium nanoparticles and mononuclear iridium complexes. 

 

Entry Catalyst Poison (30 eq. to Ir) Temp (°C) Time (h) Conversion (%)[a] 

1 A - 70 12 14 

2 A Hg 70 12 21 

3 4b* - 40 2 53 

4 4b* Hg 40 2 5 
[a] Conversion is based on 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. Reaction 

conditions: 100 μmol of styrene, 10 μmol of 1,3,5-trimethoxybenzene as internal standard, and 1 μmol of Ir 

catalyst.  

 

Further confirmation that small nanoparticles are the active species came from 

quantitative poisoning studies.28,29,33-35 The addition of various amounts of poison 

can give an indication of the number of iridium atoms that are active in a cluster. 

Therefore this gives an indication of the ratio between surface atoms and atoms in the 

cluster. Most particle catalysts require only a small amount of poison to fully inhibit 

the catalysis as only a limited amount of active catalyst is on the surface.33,35-37 

Homogeneous catalysts generally require 1 equivalent with respect to the poison, 

because every metal complex is supposed to be active in catalysis. For small 

nanoparticles the number of surface atoms is high, and therefore also relatively a 

larger amount of poison is needed. Partial poisoning studies were carried out by 

adding various equivalents (0-1) of CS238 compared to the amount of iridium present 

and the activity after 2 hours was compared to the conversion without CS2 (see Figure 

3). We observed that, for our confined iridium cluster 4b*, a remarkable high amount 

of poison is needed to completely inhibit the conversion which is in line with very 

small clusters. In the presence of 0.7 equivalents of CS2 the catalyst is still active in 

the hydrogenation of styrene. Based on extrapolation, we estimate that 0.79 

equivalents of poison are needed to fully inhibit all the catalytic sites. Indeed, in the 

presence of 0.9 or 1.0 equivalents of CS2 no conversion of the substrate is obtained. 

The high amount of poison that is necessary to fully inhibit the reaction is a strong 

indication that small particles are the active species. The small nanoparticles within 

the spheres consist of 24 iridium atoms of which about 20 are at the surface (based 

on the model of 4b* in Scheme 2). 
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4b* (1% Ir)
CS2 (x equiv.)
H2 (10 bar)

40 °C, 2h
CD3CN5 6

 
Figure 3: Quantitative partial poisoning studies of confined nanoparticles (4b*) with CS2 showing the 

relative activity as a function of equivalents of poison compared to the amounts of iridium. Reaction 

conditions: 50 μmol of styrene, 5 μmol of 1,3,5-trimethoxybenzene as internal standard, and 0.5 μmol of Ir 

catalyst. The iridium catalyst was first heated for 24 hours at 70 °C under 10 bars of hydrogen after which 

styrene and poison was added. Conversion was determined utilizing the internal standard with 1H NMR 

spectroscopy.    

 

Once we established that the activity comes from the iridium nanoparticles, we 

explored if even smaller particles would give higher activities. Therefore, the local 

concentration of the iridium complexes inside the sphere were changed to see its 

effect on the activity. Our group has already demonstrated that by keeping the overall 

concentration of a gold catalyst the same, but by diluting it with a non-functionalized 

building block, spheres can be formed with a lower local concentration of metal 

complex.18 This strategy was applied to control the average number of iridium 

complexes inside the spheres, and as a result the size of the nanoparticles. Dilution of 

the local concentration of iridium was achieved by mixing of the non-functionalized 

building block (B), in different amounts, resulting in different local concentrations of 

iridium complex. These solutions with different local concentrations of iridium were 

all activated with 10 bars of hydrogen at 70 °C for 24 hours. The activated catalysts 

were then applied in the hydrogenation of styrene at 40 °C of which the conversion 

after 2 hours is given in Table 3.  

 



Pre-organization, Formation and Stabilization of Small Sized Iridium Nanoparticles 
 

 
127 

Table 3: Dilution of the local iridium concentration by using mixtures of building blocks A and B during 

sphere formation, resulting in smaller iridium nanoparticles. 

 

Entry Ratio A:B Calc. Local [Ir][a] Conversion (%)[b] 

1 0:1 0 0 

2 1:1 0.54 3 

3 7:3 0.76 33 

4 9:1 0.98 38 

5 1:0 1.07 53 
[a] Based on the average of iridium atoms in the sphere with a radius of 2.6 nm, previously reported by our 

group.18 [b] Conversion is based on 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. 

Conditions: 100 μmol of styrene, 10 μmol of 1,3,5-trimethoxybenzene as internal standard, and 1 μmol of Ir 

catalyst.  

 

From this table it can be seen that when the iridium complex is mixed in a 1:1 ratio 

with building block B, a low activity is observed, similar to mononuclear complex A 

(compare Table 3, entry 2 with Table 1, entry 4). This ratio corresponds with an 

statistical mixture of spheres having an average of 12 iridium atoms inside, which are 

not very active in catalysis. Raising the local concentration of the iridium complexes 

we observe that a ratio of 7:3 (A:B), and hence an average of 17 iridium atoms in the 

sphere, is much more active in the hydrogenation of styrene, resulting in 33% of 

ethylbenzene after 2 hours at 40 °C (Table 3, entry 3). With the total amount of 

iridium complex being the same in both cases, it is observed that a sudden increase in 

activity occurs at a higher local concentration of iridium complex. Further increase of 

the local concentration of iridium complex resulted in even faster conversion with the 
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maximum activity being achieved when the spheres are completely functionalized 

with iridium complexes (entry 5). As a control experiment, we also investigated a 

sphere which doesn’t contain any iridium complexes (entry 1). These non-

functionalized spheres, made of solely building block B, proved to be not active in the 

hydrogenation of styrene. This demonstrates that the platinum atoms are strongly 

bound by the pyridines and are not active in the hydrogenation reaction.  

All the results indicate that we form small iridium nanoparticles when the iridium 

containing sphere is subjected to reduction conditions, and that these nanoparticles 

are active hydrogenations catalysts. In the next section we explore the scope of the 

catalyst with different substrates. 

 

5.4  Application of the small nanoparticles in various hydrogenation reactions 
 
The reactive small nanoparticles were explored as catalysts in the hydrogenation of 

various substrates. Substrates with different substitutions on the double bond were 

studied and the conversion was monitored in time using 1H NMR spectroscopy (see 

Figure 4). 
4b* (1% Ir)
H2 (10 bar)

40 °C
CD3CN  

 

Entry Substrate TOFini (h-1) 

1 Styrene (5) 25.2 

2 1-Octene (7) 30.9 

3 c-Hexene (8) 16.9 

4 Methyl-c-hexene (9) 2.21 

5 2,3-Dimethylbutene (10) 1.34 

Figure 4: Hydrogenation of substituted double bonds with 4b*. Reaction conditions: 50 μmol of styrene, 5 

μmol of 1,3,5-trimethoxybenzene as internal standard, and 0.5 μmol of Ir catalyst. Conversion was 

determined by 1H NMR spectroscopy using an internal standard. TOFini is determined after 1 hour.  
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Mono-substituted double bonds like in styrene (5) and 1-octene (7) are rapidly 

hydrogenated. The initial turnover frequency (TOFini) of these substrates are slightly 

different and when looking more closely at the curves we observe that the conversion 

of 1-octene appears to be faster at the start but slows down after 2 hours. This is 

slightly different, compared to the conversion of styrene (5), which seems to be more 

constant over time. Both substrates reach about full conversion after 6 hours, 

indicating that mono-substituted olefins are easily hydrogenated. Cyclohexene (8), a 

less reactive substrate, is converted with a lower TOFini (16.9 h-1) and only 50% 

conversion is obtained after 6 hours. Tri- and tetra-substituted olefins were also 

investigated by looking into the reduction of methyl-cyclohexene (9) and 2,3-

dimethylbutene (10). For these double bonds, only slow hydrogenation is observed, 

which results in 10% and 5% of the hydrogenated product after 6 hours of reaction 

time.  

Confined spaces have been demonstrated to influence the reactivity of different 

sterically hindered styrene derivatives in cyclopropanation reactions with a caged 

cobalt catalyst.39 We anticipated that, along these lines, steric bulk close to the double 

bond may hamper the entrance of the substrates in the cavity of the sphere and this 

would result in a slower hydrogenation of more bulky styrene derivatives. Therefore 

the hydrogenation of styrene (5), 4-benzylhydrylstyrene (11) and a derivative with 

two tert-butyl groups (12) were investigated (Table 4). The smallest substrate, 5, 

resulted in 88% conversion after one hour at 60 °C with the confined nanoparticles 

(4b*). Increase of the steric bulk close to the olefin resulted in a lower conversion and 

11 and 12 are hydrogenated with respectively 67 and 27% conversion. While this 

seems like a clear effect of the confined space on the catalyst, we wanted to exclude 

any electronic effects of the different substrates. Therefore, the mononuclear complex 

A was also utilized as the catalyst under the same conditions (Table 4, entry 2).  
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Table 4: Hydrogenation of sterically hindered styrene derivatives at 60 °C with confined (4b*) and 

mononuclear (A) catalysts. 

 
Entry Catalyst[a] Time (h) Conversion of substrate (%)[b] 

 

 

 

 
1 4b* 1 88 67 27 

2 A* 25 28 11 2 
[a] Catalysts were activated with 10 bars of hydrogen for 24 hours at 70 °C. [b] Reaction conditions: 50 μmol of 

substrate, 5 μmol of 1,3,5-trimethoxybenzene as internal standard and 0.5 μmol of Ir catalyst. Conversion was 

determined by 1H NMR spectroscopy using an internal standard.  

 

The hydrogenation reaction is generally a lot slower for the mononuclear complex, 

when compared to the nanoparticle. A similar trend is observed for a homogeneous 

catalyst as for the nanoparticle, substrate 12 displayed the lowest conversion (2% 

after 25 hours). 4-Benzylhydrylstyrene was converted in 11% and again the highest 

conversion was observed for styrene (28%). From these results it cannot be 

concluded that the sphere gives rise to selective substrate catalysis based on the size. 

The performance of the iridium nanoparticle was further evaluated in the 

hydrogenation of other functional groups.  

To investigate the reduction of nitro groups, nitrobenzene (13) was added to a 

solution of 4b*. Rapid conversion of the substrate (13), was observed and only 8% of 

the starting material is remaining after 24 hours (see Figure 5). The substrate is not 

directly converted to the fully reduced product (aniline, 15), but instead, N-

phenylhydroxylamine (14) is formed as an intermediate. This intermediate has also 

been observed during the hydrogenation with platinum and palladium nanoparticle 

catalysts.40,41 For our catalyst, this intermediate is rapidly formed with a maximum of 

approximately 40% conversion, from which it reaches a steady state as it is further 

converted into the final product 15. Eventually, almost full conversion (93%) to 

aniline is observed after 72 hours at 40 °C. To the best of our knowledge, it is not 

possible to reduce nitro aromatics with homogeneous iridium catalysts, therefore this 

is another indication that an iridium nanoparticle is the active species.     
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NO2 NH2
H
N

OH
H2

13 14 15

4b* (1% Ir)
10 bar H2

40 °C
CD3CN  

 
Figure 5: Reduction of nitrobenzene (13) with the confined nanoparticle catalyst, monitored in time. 

Reaction conditions: 50 μmol of 13, 5 μmol of 1,3,5-trimethoxybenzene as internal standard, and 0.5 μmol of 

Ir catalyst. Conversion was determined utilizing the internal standard with 1H NMR spectroscopy.  

 

The slower reduction of the nitro group, compared to the C=C double bond, suggests 

that it is possible to selectively reduce the olefin bond during the reduction of 3-

nitrostyrene (16, see Scheme 3) with 4b*.  

 

NO2 NH2
4b* (1% Ir)
10 bar H2

40 °C, 72 h
CD3CN

16 18
69%

H
N

OH

19
26%

NO2

17

 

Scheme 3: Reduction of 3-nitrostyrene, conversions given are those after 72 hours of reaction time 

 

From the 1H NMR spectra we observe that both the nitro and the olefin groups get 

hydrogenated from the start of the reaction leading to a complex mixture of products. 

Also, the nitro group is again first converted into the N-hydroxylamine, which is 

subsequently further reduced to the amine. After 7 hours almost all C=C double 

bonds are hydrogenated. At this reaction time, the mixture consists of 45% of nitro-

intermediate 17 and 46% of N-hydroxyl intermediate 19 (rest being the final product 

18). After that, the remaining nitro and hydroxylamine groups get hydrogenated 

which results in a mixture of 18 (69%) and 19 (26%) after 72 hours at 40 °C.  
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5.5  Conclusions 
 
New iridium complexes, functionalized with pyridine moieties self-assemble with a 

palladium or platinum precursor in large spheres. The spheres, that contain 24 

iridium complexes, can be reduced to form small iridium(0) nanoparticles. The 

formation of these nanoparticles, approximately 1 nm in size, have been characterized 

with various techniques. These systems are active catalysts in hydrogenation 

reactions. The sphere around the iridium clusters can act as a protective 

environment, hence preventing the formation of larger and thermodynamically more 

stable clusters. The confined nanoparticles were proven to be more active than the 

mononuclear complexes and could hydrogenate various substrates containing olefins 

and nitro groups. As such, pre-organization of metal complexes by self-assembly into 

a sphere provides a new way to selectively form small nanoparticles, bridging the 

fields of homogeneous and heterogeneous catalysis.  
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5.7  Experimental Section 
 
A general experimental section has already been described in chapter 2. In addition to this, Dynamic 
Light Scattering experiments were performed with an ALV/LSE 5003 light scattering electronics and 
multiple Tau digital correlator. Building block B,23 [Pd(CH3CN)4](OTf)2 and [Pt(CH3CN)4](OTf)2 were 
prepared according to literature procedures.42 The synthesis of silver carbene 2 has already been 
described in chapter 4. 
 
5.7.1 Synthesis of building blocks and assemblies 
 
Bispyridyl functionalized iridium chloride carbene 3 

A vial was charged with [Ir(cod)Cl]2 (55 mg, 0.082 mmol, 0.5 equiv.) 
and dissolved in 2 mL dichloromethane. A solution of silver carbene 2 
(101 mg, 0.163 mmol, 1 equiv.) in dichloromethane (5 mL) was added 
and the resulting suspension was stirred at room temperature for 3 
hours. The suspension was then filtered over a pad of celite and 
concentrated in vacuo. The crude product was then taken up again in a 
dichloromethane (1 mL) and flushed over a pad of basic Al2O3 using 
dichloromethane as the eluent. After elution of a black fraction the 
alumina was eluted with methanol to give a brown fraction. This was 
concentrated to yield 104 mg of a brown solid (0.135 mmol, 83%). 1H 

NMR (300 MHz, CD2Cl2) δ 8.58 (d, J = 5.2 Hz, 4H, Py), 7.56 (d, J = 7.8 Hz, 2H, Ar), 7.37 (d, J = 6.0 
Hz, 4H, Py), 7.14 (t, J = 7.7 Hz, 1H, Ar), 6.79 – 6.72 (m, 2H, NHC), 4.55 (dt, J = 13.4, 7.7 Hz, 1H, COD-
H), 4.49 – 4.20 (m, 5H), 3.89 (s, 3H), 3.00 – 2.86 (m, 1H), 2.86 – 2.69 (m, 1H), 2.39 – 2.01 (m, 5H), 
2.02 – 1.87 (m, 2H), 1.81 – 1.41 (m, 4H). 13C NMR (75 MHz, CD2Cl2) δ 180.61 (NHC-C), 161.96 (Ar-C), 
150.46 (Py-CH), 135.25 (Ar-CH), 131.38 (Ar-C), 125.89 (Py-CH), 124.38 (Ar-CH), 122.33 (NHC-CH), 
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120.17 (NHC-CH), 117.44 (Py-C), 91.63 (C≡C), 90.07 (C≡C), 84.31 (CH2), 84.08 (CH2), 74.74 (COD-
CH) , 52.13 (COD-CH), 51.60 (COD-CH), 50.38 (COD-CH), 37.81 (CH3), 34.29 (COD-CH2), 33.71 
(COD-CH2), 30.36 (COD-CH2), 29.75 (COD-CH2), 28.30 (CH2), 27.86 (CH2). HRMS (CSI+): calc. for 
C36H36N4OIr 733.2520 [M-Cl]+ found 733.2609. calc. for C72H72ClIr2N8O2 1501.4723 [2M-Cl]+ 
1501.5221. Anal.: found (calcd.) for C36H36ClN4OIr: C, 55.47 (56.27); H, 5.01 (4.72); N, 6.89 (7.29). 
 
Iridium functionalized building block A 

A flask was charged with iridium chloride carbene 3 (95 mg, 0.123 
mmol, 1 equiv.) and purged with N2/vacuum for 3 times. The 
compound was then dissolved in dry dichloromethane (3 mL). In a 
glovebox, a vial was charged with AgOTf (32 mg, 0.123 mmol, 1 equiv.). 
The vial was taken out and the compound was dissolved in acetonitrile 
(3 mL). The solution was added to the iridium carbene and stirred at 
room temperature for 6 hours. The formed suspension was filtered over 
a short pad of celite and concentrated in vacuo. Then dissolved in 
acetonitrile and filtered over a syringe filer. After concentration in 
vacuo and washing with pentane (3x) 82 mg of an orange solid was 

obtained (0.0930 mmol, 76%). 1H NMR (400 MHz, CD3CN) δ 8.59 (dd, J = 4.8, 1.6 Hz, 4H, Py), 7.61 
(d, J = 7.8 Hz, 2H, Ar), 7.37 (dd, J = 5.0, 1.4 Hz, 4H, Py), 7.22 (t, J = 7.7 Hz, 1H, Ar), 7.04 (dd, J = 11.5, 
2.0 Hz, 2H, NHC), 4.58 – 4.43 (m, 1H, COD), 4.43 – 4.33 (m, 2H, CH2), 4.34 – 4.23 (m, 1H, CH2), 4.23 
– 4.09 (m, 1H, CH2), 4.02 (s, 3H, CH3), 3.98 – 3.87 (m, 1H, COD), 3.67 – 3.49 (m, 2H, COD), 2.42 – 
2.23 (m, 3H, COD+CH2), 2.08 – 2.01 (m, 9H, COD+CH2), 1.84 – 1.69 (m, 2H, CH2). 13C NMR (75 
MHz, CD3CN) δ 175.89 (NHC), 162.41 (Ar-C), 151.29 (Py-CH), 136.33 (Ar-CH), 132.42 (Ar-C), 127.45 
(Py-CH), 125.43 (NHC-CH), 124.32 (NHC-CH), 121.82 (Ar-C), 117.43 (Ar-CH), 91.97 (COD-CH), 91.41 
(COD-CH), 84.49 (C≡C), 83.83 (C≡C), 75.25 (CH2), 65.54 (COD-CH), 64.69 (COD-CH), 50.86 (CH2), 
38.04 (CH3), 33.73 (CH2), 32.40 (CH2), 31.12 (COD-CH2), 29.91 (COD-CH2), 29.09 (COD-CH2), 28.19 
(COD-CH2). 19F NMR (282 MHz, CD3CN) δ -79.28. DOSY (CD3CN, 25 °C): log D = -9.07 m2/s. 
HRMS (CSI+): calc. for C36H36N4OIr 733.2520 [M-OTf]+ found 733.2609. calc. for C73H72F3Ir2N8O5S 

1615.4566 [2M-OTf]+ 1615.4874. Anal.: found (calcd.) for C37H36F3N4O4SIr+CD2Cl2: C, 45.85 (47.10); 
H, 3.99 (4.16); N, 5.37 (5.78).  
 
[(Pd)12(A)24(OTf)48] spheres (4a) 

A vial, equipped with a stirring bar, was charged with 
iridium complex A (8.8 mg, 1 equiv., 10 µmol) and 
flushed with N2/vacuum for 3 times. The solid was 
dissolved in CD3CN (0.7 mL) by sonication and heating 
after which a solution of [Pd(CH3CN)4](OTf)2 (2.84 mg 
in 0.3 mL CD3CN, 0.5 equiv., 5 µmol) was added. The 
resulting orange solution was heated for 1 hour at 60 °C 
to yield quantitative sphere formation. 1H NMR (400 
MHz, CD3CN) δ 9.12 (s, 4H, Py), 7.87 – 7.45 (m, 6H, 
Py+Ar), 7.27 – 7.18 (m, 1H, Ar), 7.04 (d, J = 24.8 Hz, 

2H, NHC), 4.49 – 4.27 (m, 2H), 4.27 – 4.10 (m, 2H), 3.71 (s, 2H), 3.42 (q, J = 7.0 Hz, 0H), 3.21 (s, 1H), 
1.89 – 1.74 (m, 23H), 1.52 (s, 0H), 1.38 (t, J = 7.2 Hz, 0H), 1.27 (s, 1H). 13C NMR spectrum could not be 
obtained due to the low intensities of the signals. DOSY (CD3CN, 25 °C): log D = -9.45 m2/s. 
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[(Pt)12(A)24(OTf)48] spheres (4b) 
A vial, equipped with a stirring bar, was charged with 
iridium complex A (8.8 mg, 1 equiv., 10 µmol) and 
flushed with N2/vacuum for 3 times. The solid was 
dissolved in CD3CN (0.7 mL) by sonication and heating 
after which a solution of [Pt(CH3CN)4](OTf)2 (3.28 mg 
in 0.3 mL CD3CN, 0.5 equiv., 5 µmol) was added. The 
resulting orange solution was heated for 24 hour at 70 
°C after which is was filtered over a syringe filter. 1H 
NMR (300 MHz, CD3CN) δ 8.96 (s, br), 7.69 (s, br), 
7.31 (s, br), 4.74 (s, br), 4.53 – 4.13 (m, 1H), 3.96 (s, br). 

Peaks at lower than 2 ppm could not be assigned due to broadening out. 13C NMR spectrum could not 
be obtained due to broadening of the peaks. DOSY (CD3CN, 25 °C): log D = -9.74 m2/s. 
 
Formation of confined nanoparticles 4b* 
A high pressure NMR tube was flushed 3 times with N2/vacuum. Under a nitrogen atmosphere, a 
solution of 4b (0.5 µmol of Ir in 50 µL CD3CN), internal standard 1,3,5-trimethoxybenzene (5 µmol in 
50 µL CD3CN made from 16.8 mg in 1 mL) and CD3CN (400 µL) were added. The tube was closed, 
shaken and pressurized with 10 bars of H2. After gentle shaking of the NMR tube, the tube was heated 
at 70 °C for 24 hours. The tube was cooled down and depressurized under nitrogen. Based on 1H NMR 
spectroscopy cyclooctane was formed, indicated by a peak at δ=1.58 ppm.  
 
5.7.2 Determination of the active species 
 
Cryogenic transmission electron microscopy (Cryo-TEM) 
Samples were vitrified on R2/2 Quantifoil TEM grids (Quantifoil Micro Tools GmbH, Jena, Germany) 
using an automated vitrification robot (FEI VitrobotTM Mark III, FEI company). Graphene oxide layers 
were applied by diluting a 0.01 mg/ml solution 2 times prior to vigorous stirring. Before application of 
the GOx solution, the TEM grids were hydrophilized by glow discharge using a Cerssington 208 
carbon-coater for 40 seconds. 
A 3 µL drop of the solution was applied to these grids in the environmental chamber of the vitrobot at 
22 oC and the grid was blotted with 2 filterpapers to remove the excess of liquid. Subsequently, the grid 
was plunged in liquid nitrogen and transferred to the autoloader of the TU/e cryoTITAN (FEI, FEG, 
300kV, Gatan energy Filter, 2k x 2k Gatan CCD camera). 
The grids were dried in the autoloader by warming up the autoloader overnight to room temperature 
at high vacuum and imaged at room temperature.  
 
Dynamic light scattering studies 
Dynamic Light Scattering experiments were done in duplo and control experiments were done of the 
individual components. The spheres and building blocks showed scattering below 10 nm. At this range, 
the scattering studies are not accurate and hence no sizes could be determined. Only when the sphere 
solution (4b*) was heated for 7 days at 70 °C species were observed corresponding with a size which is 
bigger than 40 nm (see Figure 6), indicating that leeching of the nanoparticles occurs at prolonged 
times at high temperatures. 
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Figure 6: DLS spectrum of the spheres 4b*, heated for 7 days at 70 °C. 
 
Mercury poisoning studies 
To a solution of 4b* or A (1 µmol and 10 µmol internal standard), first styrene (100 µmol) and then Hg 
(one droplet via syringe) were added. The tube was sealed, shaken and pressurized with 10 bars of 
hydrogen. The NMR tube was heated at 40 °C (for 4b*) or 70° C (for A) for the indicated time and 
measured with 1H NMR spectroscopy. 
 
Quantitative poisoning studies with CS2 
To a solution of 4b*, first styrene (50 µmol) and then CS2 (0.5, 0.7 , 0.9 or 1 equiv.) were added. The 
tube was sealed, shaken and pressurized with 10 bars of hydrogen. The NMR tube was heated at 40 °C 
for the indicated time and measured with 1H NMR spectroscopy. 

Equivalents of CS2 Conversion after 2 hours (%) Relative activity 
0 57.6 1

0.5 22.8 0.396
0.7 6.0 0.104
0.9 0 0

1 0 0
 
5.7.3  Catalysis 
 
Standard procedure for the catalysis experiments 
After the formation of 4b*, a solution of substrate (50 µmol) in 100 µL CD3CN was added under a 
nitrogen atmosphere. The NMR tube was then pressurized with 10 bars of hydrogen, shaken and 
heated at 40 °C for the indicated time. The conversion of the substrate was calculated based on the 
internal standard. Spectra of the products corresponded with those commercially available or reported 
in literature. 
Figure 4 was made by following the reaction in a preheated NMR spectrometer (300 MHz), when 
possible the product peaks were followed in time, if this was not possible (for example with 1-octene) 
the decline of the double bond peaks was followed in time.  
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