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Chapter 4: 
 

Variation of the Local Environment and Concentration  
of a Rhodium Catalyst Inside a Nanosphere 

 
Abstract: 
With the emergence of synthetic cavities through self-assembly, new classes of catalysts are 

accessible by simple mixing of building blocks. In this chapter we demonstrate that new M12L24 (M = 

Pd or Pt) spheres can be formed with different interiors. A new sphere, functionalized with rhodium 

carbene catalysts is reported. The local concentration of rhodium complexes inside the sphere can be 

controlled by mixing-in different building blocks. Depending on the building block that is used, a 

more polar or steric environment around the rhodium complexes can be formed. These different 

environments around the rhodium complex result in different reaction profiles in the cyclization of 4-

pentynoic acid. 
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4.1 Introduction 
 

The ability to control selectivity and reactivity in catalysis and organic synthesis plays 

an important role in chemistry. One way to influence these factors is by changing the 

electronic or steric factors of the ligand that is bound to the active species. This first 

coordination sphere of a catalyst allows for a straightforward way to change the 

sterics and electronics around a metal center.1 With the use of supramolecular 

chemistry it is possible to add new functionalities to the ligands via weak interactions. 

In this way, cofactor like molecules can be bound or even capsules can be formed 

around the catalyst, influencing the reactivity and selectivity of known catalysts. This 

results in the design of a catalyst that goes beyond the first coordination sphere by the 

construction of a second coordination sphere around a catalytic center, thereby 

resembling enzymes.2-5 Different ways can be used to form this second coordination 

sphere, e.g. using the ligand as a template to form a capsule6 or via a pre-assembled 

host and using its affinity to facilitate guest preorganization.7,8 Utilizing this strategy, 

our group has for example already demonstrated that a capsule around a rhodium 

catalyst can influence its regio-9 and enantio-selectivity10 in the hydroformylation 

reaction. These strategies can be used to introduce new reactivity and selectivity in 

catalysis by forming a confined space around the catalytic center and as such have 

contributed to the field of supramolecular catalysis. The confined spaces that are 

formed around the active site pre-organize the substrate around the catalyst thereby 

controlling the activity and selectivity. In literature already many different capsules, 

cavitands and molecular containers are known that can be applied for this 

purpose.11,12 Encapsulation of gold,13 rhodium14 or porphyrin15 moieties has been 

described and their applications in catalysis has been established. In this chapter we 

introduce a new ditopic pyridyl ligand (L) which forms M12L24 nanospheres, in 

combination with palladium or platinum ions (M).16-21 In the previous chapter it was 

demonstrated that functionalization of such a building block with a phosphorus 

ligand and subsequent ligation to a reactive metal, the inside of these M12L24 

nanospheres can be decorated with active sites. In this chapter we describe the 

preparation of an analogous building block with an N-heterocyclic carbene which is 

used to bind rhodium complexes inside the nanosphere. Through the easy assembly 

of these spheres, other non-functionalized ditopic ligands can be mixed in and the 

rhodium species can be diluted and placed in different environments, depending on 

the building blocks that are used. The effect of the local environment on the catalytic 

activity is reported.   
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4.2  Assembly of imidazolium functionalized spheres and their dilution with 
different building blocks 
	
N-heterocyclic carbenes (NHC) are interesting ligands capable of binding various 

metals. As a result, NHC-catalysis and -chemistry has been extensively developed in 

the last decades.22 An easy way to form the NHC functionality is either by 

deprotonation of an imidazolium precursor with a base or by formation of a silver 

carbene. The resulting free carbene or silver(I)-carbene can be reacted with a metal 

precursor, forming a carbene-metal bond. Both synthetic strategies make use of an 

imidazolium precursor and therefore a ditopic building block, functionalized with a 

imidazolium group and two pyridines was synthesized. This ligand, 3, was 

synthesized in three steps as depicted in Scheme 1, following the same approach as 

used previously in our group.23,24 First, a Williamson ether synthesis of 2,6-

dibromophenol with 1,4-dibromobutane resulted in compound 1 in 83% yield. Next, 

the pyridine functionalities were introduced via a Sonogashira reaction giving 

product 2 in 91% yield after column chromatography. This compound 2 was refluxed 

with 1-methylimidazole in acetonitrile to form 3, which was obtained as a stable solid 

via precipitation in diethyl ether. 

 

 
Scheme 1: Synthetic route for the bispyridine functionalized imidazolium building block A. 

 

This synthetic route yielded the bromide salt of the imidazolium building block, 3, 

which was combined with a palladium(II) precursor to investigate its sphere 
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formation. However, no quantitative conversion towards the large supramolecular 

assembly was observed by NMR spectroscopy. The formation of a precipitate suggests 

that PdBr2 species are formed. Therefore, the counterion of the ligand was changed to 

the soft and less coordinating triflate anion by adding one equivalent of silver triflate. 

This resulted in the formation of building block A, and upon addition of 0.5 

equivalent of [Pd(CH3CN)4](OTf)2 to a solution of this triflate salt, full conversion to 

the spheres was observed. Sphere formation was indicated by deshielding of the 

characteristic pyridine peaks (signals a and b, Figure 1b) of the imidazolium building 

block A in the 1H NMR spectrum.  

 

 
Figure 1: a) Self-assembly of 24 imidazolium building blocks A into a Pd12L24 sphere of which the PM3-

modelled structure is depicted on the top right (inside the imidazolium linker is depicted in space filling red 

spheres). b) 1H NMR spectra of free ligand A (top), Pd12A24 (middle) with indicated shifts and Pt12A24 sphere 

(bottom). c) Overlaid DOSY spectra of Pd12A24 sphere (band at -9.59) and free ligand in CD3CN (band at -8.97). 

The band at -8.39 corresponds to the solvent, acetonitrile. 

 

The formation of the spheres was also confirmed by diffusion NMR (DOSY) which 

gave a characteristic diffusion coefficient that is similar to previously formed spheres 

reported by our and Fujita’s group.24 As indicated in Figure 1c (which shows an 

overlay of a DOSY of Pd12A24 and mononuclear A), the sphere has a log D of -9.58 

m2/s which is representative for a species of 4.8 nm, significantly larger than the 

radius of the free ligand on DOSY (Figure 1c, band at log D = -8.97 m2/s). The sphere 
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formation was further unambiguously confirmed with cold spray ionization mass 

spectrometry (CSI-MS), indicating different highly charged species of the formula 

[M-x(OTf)]x+ (x = 5-11, Figure 2) that all correspond to the expected mass of a Pd12L24 

sphere. Similar to previously reported spheres containing functionalized guanidine 

moieties,23 this indicates that highly charged spheres can be formed bearing a total 

charge of 48+ with 48 counterions.  

 

 
Figure 2: CSI-MS spectrum (left) of Pd12A24 with indicated charge of the species and zoomed spectra (with 

simulations) of the 11+ and 5+ species on the right. 

 

Imidazolium salts are frequently used as ionic liquids,25,26 and as such these spheres 

containing 24 imidazolium moieties can be considered as a confined ionic liquid 

phase inside a sphere. With this in mind we were also wondering if these building 

blocks could be mixed-in with other building blocks, hence yielding statistical 

mixtures of spheres and different phases inside a sphere. To investigate mixtures of 

spheres, the previously reported methoxy (C)27 and guanidinium (B)23 functionalized 

building blocks were mixed with building block A in different ratios (18:6 or 6:18, see 

Figure 3). This resulted in spheres in which statistical mixtures of the type Pd12A6C18, 

Pd12A18C6, Pd12A6B18 and Pd12A18B6 are formed, which were analyzed with NMR 

spectroscopy and CSI-MS. Similar to previous dilutions of a gold catalyst with these 

spheres,24 the 1H NMR spectrum shows that a symmetrical species is formed by the 

indication of one, albeit broader, pyridine signal. Confirmation of the statistical 

mixtures was therefore investigated with CSI-MS, which displayed a complex 

spectrum for each species with many differently charged species. For each mixture, 

charged species ranging from 11+ to 6+ for the Pd12AxC24-x species and 14+ to 7+ for 

the Pd12AxB24-x species were observed with high resolution. For every charged species 

an array of peaks is observed and every peak has a different ratio of building blocks. 

Displayed in Figure 3 is a selection of multiple species having the same charge. Clear 
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from these experiments is that, depending on the ratio of the mixed building blocks in 

the solution, different spheres that reflect the ratio of used building blocks are 

identified in the mass spectrum. For the Pd12A6B18 mixture (Figure 3a) species 

ranging from Pd12A1B23 to Pd12A7B17 can be observed. For the Pd12A18B6 mixture 

(Figure 3b) this changes to species ranging from Pd12A3B11 to Pd12A18B6. Similar 

distributions of species are also observed with the Pd12A6C18 and Pd12A18C6 mixtures 

(Figure 3c and d). From these mass experiments we conclude that based on the ratio 

of building blocks that are mixed, different mixtures of spheres are formed. The 

possibility to use different types of buildings blocks results in an easy methodology to 

change the inside of these spheres.    

To further investigate the sphere formation with the bispyridyl imidazolium 

compound A, we looked into the formation of spheres, formed with a platinum 

triflate precursor [Pt(CH3CN)4](OTf)2. The formation of Pt12A24 spheres was 

indicated by shifts of the pyridine signals on 1H NMR spectroscopy (Figure 1). A 

distinctive broadening of the NMR signals was observed, similar to previously related 

systems,23,27 which is a result of the restricted tumbling of the platinum-pyridine 

bonds. Confirmation of the formation of the Pt sphere came from DOSY as a single 

diffusion band was observed at log D = -9.98 m2/s. 
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Figure 3: Formation of mixtures of spheres by mixing different amounts of building block B and C with 

building block A. 
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4.3  Rhodium functionalized spheres and their application in catalysis 
 

With the confirmation of the endohedrally functionalized imidazolium spheres, and 

mixtures of these spheres, we explored the related assemblies with the metal 

complexes based on the NHC’s of these type of building blocks. Formation of the 

silver carbene from the imidazolium bromide ligand was realized by stirring a 

solution of imidazolium salt 3 with silver(I) oxide overnight at room temperature. 

After filtration over Celite the silver(I) complex was isolated in 96% yield (Scheme 2). 

 

 

Scheme 2: Synthesis of rhodium carbene complex D for sphere formation. 
 

Transmetallation of the silver carbene was achieved using 0.5 equivalent of 

[Rh(cod)Cl]2 resulting in the rhodium carbene in 97% isolated yield. The presence of 

a coordinating chloride counterion (complex 5) turned out to again hamper the 

sphere formation. The chloride anion of complex 5 was therefore exchanged for a 

non-coordinating triflate. The rhodium triflate complex D was obtained by anion 

exchange with silver(I)triflate and could be isolated after filtration over Celite. Mixing 

complex D with 0.5 equivalent of [Pd(MeCN)4](OTf)2 resulted in sphere formation as 

evidenced by the downfield shifts of the pyridine protons in the 1H NMR spectrum 

(Figure 4). The DOSY of the spheres showed a log D of -9.54 m2/s which supports the 

formation of M12L24 species. 
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Figure 4: a) Assembly of palladium and platinum spheres with bispyridinyl-rhodium complex D and the 

modelled Pd12D24 in which the rhodium atoms are depicted as green spheres. b) 1H NMR spectra of non-

assembled ligand D (top), Pd12D24 sphere (middle) and platinum sphere of the rhodium carbene (bottom). c) 

DOSY spectrum of platinum spheres (band at log D = -9.81 m/s2).  

 

When investigating the sphere formation with CSI-MS, no clear peaks could be 

assigned. A closer look at the mass spectra indicated the coordination of various 

amounts of solvent (acetonitrile) to the sphere (most likely to the cationic rhodium), 

broadening the signals and making it impossible to accurately determine the 

molecular weight of the assemblies. 

Based on 1H NMR and DOSY spectra, nanospheres functionalized with rhodium 

complexes at the inside are formed and we investigated their reactivity in catalysis. 

Rhodium carbene complexes are known as active catalysts for a variety of 

transformations including borylation,28 silylation29 and cyclization reactions.30 We 

started exploring the sphere catalysts in the lactonization of 4-pentynoic acid (6) into 

enol lactone 7 (see Figure 5), which is also known to be feasible with rhodium(I).31,32 

Using the palladium sphere as catalyst (containing 5 mol% rhodium catalyst with 

respect to 6) gave conversion to lactone 7 as the only product. Although product 7 is 

formed, decomposition of the Pd12D24 sphere is also observed by 1H NMR 

spectroscopy, probably due to the labile pyridine-palladium bond (free ligand D was 

observed). Fortunately, the more stable platinum sphere proved to be active and 

stable under the applied reaction conditions and induced the intramolecular reaction 
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in 64% yield after 240 hours of reaction time (based on 1H NMR spectroscopy using 

an internal standard). The catalyst in the sphere is slower than the mononuclear 

complex D.  

Control experiments show that the rhodium complex is the active catalyst and 

platinum does not participate in the reaction. This is demonstrated by the non-

functionalized Pt12A24 sphere which showed no conversion under the same 

conditions (see experimental section for Table 1, which contains additional control 

experiments). Interestingly, the reaction rate could be significantly improved by 

adding a catalytic amount triethylamine (2.5 mol%, 0.5 equiv. compared to the 

rhodium catalyst). Under these conditions full conversion is obtained after 7 hours 

(see Figure 5). Higher amounts of base (5 or 10 mol%) increased the rate even further 

and resulted in full conversion after 3 and 1.5 hours when Pt12D24 was used as 

catalyst (see Figure 10 in the experimental section). To get a better understanding of 

the kinetic profiles, 2.5 mol% of base was utilized in further experiments. Control 

experiments reveal that experiments without rhodium gave no conversion in all 

combinations of spheres, building blocks and base (see Table 1, experimental 

section). 

 

OH

O
O

OCD3CN
rt

catalyst (5% Rh)
NEt3 (2.5%)

6 7  

 
Figure 5: Kinetic profile of the conversion of 6 to 7 catalyzed by different spheres and mononuclear 

complexes. In the presence of base the reaction is much faster. Reaction conditions: 100 μmol of substrate 6, 

10 μmol of internal standard (1,3,5-trimethoxybenzene), 2.5 μmol of NEt3 and catalyst (5 μmol of Rh) in a total 

volume of 0.7 mL of CD3CN. 

 

Only small differences between the reaction profile with catalyst Pt12D24, the sphere 

with the 24 rhodium complexes, and that of the mononuclear building block are 



Variation of the Local Environment and Concentration of a Rhodium Catalyst 
 

 
99 

observed. In the initial phase the sphere seems slightly more active, whereas after 

three hours the reaction becomes slower. At the end both reactions go to completion. 

Both reactions are carried out in the presence of base and we propose that there are 

two functions of the base: 1) It speeds up the reaction that occurs at the metal site, as 

for both the mononuclear complex and the sphere catalyst we see large 

enhancements. 2) The base deprotonates the substrate, giving it a high affinity for the 

sphere (that has a high polarity at the inside) when it is in its anionic form. 

Comparing the rates of catalysis it is observed that the 2.5 mol% of base 

(triethylamine) increases the rate for the formation of 7 (TOFini) by mononuclear 

complex D from 1.2 h-1 to 5.4 h-1, which corresponds with an increase of a factor of 

4.6. The increase of rate, facilitated by the base, with the supramolecular catalyst 

Pt12D24 is much higher and rises from 0.12 h-1 to 4.8 h-1 corresponding with a 39-fold 

increase. This big increase in rate can probably be ascribed to the more polar 

environment around the catalyst that is present inside the sphere. 

Interested by the effect of the base on the catalysis we wanted to demonstrate that the 

pyridines of complex D are a weak base and play no role in the conversion of 6. 

Hence, an analogue bearing phenyl groups instead of pyridines was synthesized (8, 

for synthetic route of this compound, see Scheme 3 in the experimental section). This 

complex shows the same kinetic profile as the rhodium complex (D) under basic 

conditions, demonstrating that the free pyridines have no effect on the catalysis when 

another base is present (see Figure 5). 

Next, we looked into the effect of the dilution of the rhodium catalyst inside the 

confined space which we demonstrated previously with gold(I) complexes (see 

reference [24] and chapter 3). By mixing-in an amount of non-functionalized 

building block, a statistical mixture of different spheres is obtained which lowers the 

effective local concentration of the rhodium catalyst while the overall concentration 

remains the same. As shown in Figure 6 the local concentration of the rhodium 

complex influences the kinetic profile of the conversion of 6.  
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Figure 6: a) Dilution of the active rhodium catalyst inside the nanosphere. Different non-functionalized 

building blocks were used to change the environment around the catalyst: b) methoxy building block C and 

c) imidazolium building block A. All dilutions have the same overall rhodium concentration and are 

performed in the presence of base. The kinetic profile changes depending on the local concentration and 

environment of the rhodium complex. 

 

Mixing the methoxy building block C with rhodium complex D in a ratio of 3:21 

resulted in a slower conversion of 6 (Figure 6b). This demonstrates the effect of the 

dilution of the high local concentration. Spheres with a ratio of C:D of 6:18 and 12:12 

lead to similar rates and conversions, indicating that dilution with an apolar building 

block has a small influence on the catalysis. Only the sphere catalyst with the lowest 

local rhodium concentration (18:6 ratio of C:D) shows a much slower conversion to 

7, resulting in a mere 10% conversion after 8 hours of reaction time. The nonpolar 

group of C has a small influence on the reaction profile of the catalyst. The conversion 

of the deprotonated substrate, or carboxylate moiety thus isn’t significantly 
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influenced by these dilutions. Mixing in a polar group like imidazolium building block 

A is expected to have a different effect on the environment of the catalyst. Hence the 

same mixing experiments were repeated with A utilizing the same ratios of building 

blocks. These mixtures of spheres were applied under the same reaction conditions 

and the conversion over time for each mixture is depicted in Figure 6c. Interestingly, 

the ratio of building blocks A:D of 3:21 converts the substrate slower than the same 

ratio of C:D. The use of a mixture of spheres with a ratio of 6:18 (A:D) results in a 

slower rate of conversion. These dilutions with the polar building block A show a 

more pronounced effect on the reaction rate than similar dilutions with building 

block C. The ratio of 12:12 of the building blocks shows a slightly higher conversion of 

the substrate compared to 6:18, which we consider to be within the experimental 

error. The mixture in which the rhodium is the most diluted (18:6, A:D) resulted in a 

similar reaction profile, compared to the dilution with building block C. Looking at 

the different reaction profiles of the dilution of the rhodium complexes with A or C it 

is observed that the dilution with the polar imidazolium building block A has a bigger 

effect on the conversion of 6. In this case, depending on the amount of mixed polar 

building block, different kinetic profiles are observed. The local environment around 

the rhodium complex is thus different and the building blocks, C or A, have a 

different effect on the rates. Interested by the effect of a polar group around the 

catalyst, further dilution experiments were performed with guanidinium building 

block B, depicted in Figure 7. The guanidinium moiety is expected to have a strong 

affinity for the deprotonated form of substrate 6 and can pre-organize the substrate 

for catalysis, which has already been demonstrated by our group.23 The dilution with 

this building block in a ratio of 3:21 (B:D) results in the slowest conversion of 6, 

compared to other dilutions with the same ratio. 

 

 
Figure 7: Dilution of the active rhodium catalyst inside the nanosphere with building block B.  

 

Interestingly, further dilution with B seems to have no significant effect on the 

conversion of the substrate, indicated by similar kinetic profiles with both the 6:18 
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and 12:12 ratio of B:D. The largest dilution (ratio of 18:6) is a slower catalyst for the 

formation of 7, however the rate is higher compared to similar dilutions with A or C. 

This indicates that the affinity of the polar guanidinium functionality influences the 

catalysis differently than that of the polar imidazolium moiety. To make the effect of 

the different dilutions more clear, the turnover frequencies (TOFs) were calculated 

from these plots (see Figure 8). 

 

 
Figure 8: Comparison of the different turnover frequencies (TOFs) after 30% conversions (if applicable). On 

the x-axis are the different building blocks. The y-axis represents the TOF. On the z-axis the dilution of the 

effective concentration of rhodium is displayed. The amount of rhodium catalyst is the same in all 

experiments and the TOFs are calculated from Figure 6 and 7. 

 

From this it is observed that the dilution with methoxy (C) or imidazolium (A) 

building block result in different turnover frequencies, in which dilution with the 

imidazolium building block shows a faster decrease in TOF by dilution. This is in 

contrast with the methoxy building block in which the TOF only drastically decreases 

with a 6:18 (D:C) dilution. Addition of the guanidinium building block B results in 

similar TOFs, that are only slightly influenced by the local concentration of rhodium 

complex. The mixing of the different building blocks result in different effects on the 

rate of the conversion of the substrate. This demonstrates the ability to tune the 

catalyst by changing the local environment around the catalyst.  
   



Variation of the Local Environment and Concentration of a Rhodium Catalyst 
 

 
103 

4.4  Conclusions 
 

Concluding, herein we have shown that large supramolecular spheres can be 

functionalized at the inside with both imidazolium salts and N-heterocyclic carbenes. 

By mixing different ratios of two different building blocks, statistical mixtures of 

spheres with different environments at the inside can be formed in a facile way. The 

M12L24 supramolecular structures have a high local concentration of rhodium catalyst 

and are active in the cyclization of 4-pentynoic acid. By addition of non-

functionalized building blocks the environment and concentration of the catalyst can 

be changed, showing different reactivity patterns based on the amount and type of 

building blocks used. The different functionalities with which the rhodium complexes 

are diluted have a different effect on the kinetic profile of the conversion of the 

substrate, showing that the environment around the catalysts can be influenced by 

simple mixing-in of other building blocks. 
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4.6  Experimental Section 
 
General experimental section 
A general experimental section is already described in Chapter 2. [Pd(MeCN)4](OTf)2,33 
[Pt(MeCN)4](OTf)2,33 methoxy functionalized building block C34 and guanidinium functionalized 
building block B23 were prepared according to literature procedures. 
 
4.6.1 Synthesis of building blocks  

1,3-dibromo-2-(4-bromobutoxy)benzene (1) 
Synthesized according to a modified literature procedure35: 2,6-dibromophenol (5 g, 
20 mmol, 1 equiv.) was combined with potassium carbonate (3.3 g, 24 mmol, 1.2 
equiv.) in 250 mL of N,N-dimethylformamide and stirred at room temperature for 4 
hours. Then, 1,4-dibromobutane (21,5 g, 24 mL, 100 mmol, 10 equiv.) was added and 
the reaction mixture was stirred for overnight at room temperature. The solution was 
poured into ice cold water, extracted with diethyl ether (3 x 500 mL) and dried over 
MgSO4. After filtration and concentration in vacuo the excess of 1,4-dibromobutane 

was distilled by vacuum distillation (70 °C, 10-2 mbar). The crude product was then purified with 
column chromatography (SiO2, petroleum ether) affording the pure product as a colorless liquid in 
83% yield (6.4 g, 16.5 mmol). Spectral data are in correspondence with literature.35  
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Bispyridyl bromide (2) 
Synthesis was done according to a modified literature procedure35: A 
flame dried Schlenk was charged with 1 (3.28 g, 8.487 mmol, 1 equiv.), 
4-ethynylpyridine hydrochloride (3.10 g, 22.35 mmol, 2.6 equiv.), 
copper iodide (0.065 g, 0.3413 mmol, 0.04 equiv.) and dissolved in 
distilled dioxane (24 mL). A separate flame dried Schlenk was charged 
with HP(t-Bu)3BF4 (0.297 g, 1.024 mmol, 0.12 equiv.) and 
[PdCl2(PhCN)2] (0.195 g, 0.5084 mmol, 0.06 equiv.) and dissolved in 

dioxane (6 mL). To this solution, distilled NEt3 (12.4 mL) was added and the resulting solution was 
added to the Schlenk containing the substrate. The reaction was then heated overnight at 50 °C after 
which it was cooled down and diluted with EtOAc (900 mL). The dark brown solution was filtered over 
sand, dried with Na2SO4, filtered and concentrated in vacuo. The resulting residue was purified by 
column chromatography (SiO2, DCM/MeOH, 100 : 1) to yield the product as a brown liquid (3.34 g, 
7.746 mmol, 91% yield). 1H NMR (300 MHz, CDCl3) δ 8.64 (d, J = 4.8 Hz, 4H), 7.55 (d, J = 7.7 Hz, 
2H), 7.44 – 7.35 (m, 4H), 7.13 (t, J = 7.7 Hz, 1H), 4.35 (t, J = 5.9 Hz, 2H), 3.48 (t, J = 6.7 Hz, 2H), 2.35 
– 2.13 (m, 2H), 2.10 – 1.96 (m, 2H). 
  
Bispyridyl imidazolium bromide (3) 

A Schlenk flask was charged with bromide 2 (3.504 g, 8.124 mmol, 1 
equiv.) and dissolved in acetonitrile (40 mL). Then 1-methyl-imidazole 
(0.972 mL, 1.0 g, 12.19 mmol, 1.5 equiv.) was added and the solution 
was stirred under nitrogen to a reflux for 72 hours and cooled down. 
After concentration in vacuo the crude was taken up in a little amount 
of dichloromethane (approx. 20 mL), filtered and slowly added to a 
stirring solution of diethylether (approx. 1400 mL). The suspension 
was filtered and the solid was dried to give 2.429 g of light pink 
product (4.731 mmol, 58% yield). Rf (Al2O3, DCM: MeOH, 100 : 5) = 

0.13. 1H NMR (500 MHz, CD2Cl2) δ 10.31 (s, 1H; C-H), 8.72 – 8.44 (m, 4H; Py), 7.57 (d, J = 7.7 Hz, 
2H; Ar), 7.42 – 7.36 (m, 4H; Py), 7.17 (d, J = 7.7 Hz, 1H; Ar), 7.14 (q, J = 1.9 Hz, 2H; Im), 4.43 (t, J = 
7.6 Hz, 2H; CH2), 4.38 (t, J = 5.7 Hz, 2H; CH2), 3.98 (s, 3H; CH3), 2.30 – 2.20 (m, 2H; CH2), 2.00 – 
1.90 (m, 2H; CH2). DOSY (CD2Cl2, 25 °C): log D = -8.911 m2/s. 13C NMR, ATP (126 MHz, CD2Cl2) δ 
161.56 (Ar-C-O), 150.51 (Py-CH), 135.30 (Ar-CH), 131.32 (Py-C), 125.88 (Py-CH), 124.63 (Ar-CH), 
123.46 (Im-CH), 122.05 (Im-CH), 117.37 (Ar-C), 91.64 (C≡C), 89.91 (C≡C), 74.37 (CH2), 37.06 (CH3), 
28.18 (CH2), 27.45 (CH2). (Note: Imidazolium C-H is missing due to ATP) 13C NMR (75 MHz, CD2Cl2) 
δ 161.35, 150.37, 137.77 (Im-CH), 135.08, 130.95, 125.65, 124.40, 123.66, 122.28, 117.09, 91.47, 89.66, 
74.13, 49.88, 36.75, 27.91, 27.28. HRMS (CSI+): calc. for C28H25N4O 433.2028 [M-Br]+ found 
433.2044 (∆ppm = 3.7). Anal.: found (calcd.) for C28H25BrN4O+H2O: C, 63.54 (63.28); H, 4.79 (5,12); 
N, 10.59 (10.54). 
 
Bispyridyl imidazolium triflate (A) 

A flame dried Schlenk flask was charged with 3 (1.0 g, 1.948 mmol, 1 
equiv.) and AgOTf (500 mg, 1.948 mmol, 1 equiv.). The vial was purged 
with N2/vacuum for 3 times. Then CH2Cl2:CH3CN (40 mL, 1:1 ratio) 
was added and the suspension was stirred with exclusion from light for 
overnight. The suspension was then filtered over a small bed of Celite 
and concentrated in vacuo. Taken up again in a small amount of 
dichloromethane (5 mL) and added dropwise to a stirring solution of 
diethyl ether (1000 mL) and filtered. This was repeated with pentane 
as solvent and filtration yielded 878 mg of a brown oil/sticky foam. 

(1.506 mmol, 77%).1H NMR (400 MHz, CDCl3) δ 9.05 (s, 1H), 8.60 (dd, J = 4.4, 1.7 Hz, 4H), 7.54 (d, J 
= 7.8 Hz, 2H), 7.40 – 7.32 (m, 4H), 7.25 – 7.16 (m, 2H), 7.13 (t, J = 7.8 Hz, 1H), 4.38 – 4.30 (m, 2H), 
4.28 (t, J = 7.5 Hz, 2H), 3.86 (d, J = 1.3 Hz, 3H), 2.25 – 2.13 (m, 2H), 1.97 – 1.85 (m, 2H).1H NMR 
(500 MHz, CD3CN) δ 8.61 – 8.59 (m, 4H, Py), 8.45 (s, 1H, Im-H), 7.61 (d, J = 7.7 Hz, 2H, Ar), 7.42 – 
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7.37 (m, 4H, Py), 7.32 (t, J = 1.8 Hz, 1H, Im), 7.28 (t, J = 1.9 Hz, 1H, Im), 7.20 (t, J = 7.8 Hz, 1H, Ar), 
4.33 (t, J = 5.9 Hz, 2H, CH2), 4.20 (t, J = 7.4 Hz, 2H, CH2), 3.76 (s, 3H, CH3), 2.20 – 2.08 (m, 2H, 
CH2), 1.92 – 1.81 (m, 2H, CH2).13C NMR (126 MHz, CD3CN) δ 162.29 (Ar-C-O), 151.20 (Py-CH), 
137.19 (Im-CH), 136.05 (Ar-CH), 131.73 (Py-C), 126.35 (Py-CH), 125.41 (Ar-CH), 124.86 (Im-CH), 
123.39 (Im-C), 117.86 (Ar-C), 92.23 (C≡C), 90.30 (C≡C), 74.99 (CH2), 50.54 (CH2), 37.00 (CH3), 28.10 
(CH2), 27.85 (CH2). 19F NMR (282 MHz, CD3CN) δ -79.30. DOSY (CD3CN, 25 °C): log D = -8.968 
m2/s. HRMS (FD+): calc. for C29H25F3N4O4S 583.16268 [M+H]+ found 583.15687.  
 
Bispyridyl functionalized silver carbene (4) 

A flame dried Schlenk was charged with 3 (200 mg, 0.390 mmol, 1 
equiv.), Ag2O (100 mg, 0.467 mmol, 1.2 equiv.) and flushed with 
N2/vacuum for 3 times. Dichloromethane (10 mL) was added and the 
solution was stirred with exclusion from light overnight at room 
temperature. The suspension was then filtered over a thin pad of Celite 
and concentrated in vacuo to yield 233 mg (0.376 mmol) of a light 
brown foam corresponding to 96% yield. 1H NMR (500 MHz, CD2Cl2) 
δ 8.66 – 8.50 (m, 4H; Py), 7.54 (d, J = 7.7 Hz, 2H; Ar), 7.36 – 7.29 (m, 
4H; Py), 7.12 (t, J = 7.7 Hz, 1H; Ar), 6.95 – 6.90 (m, 2H; Im), 4.32 (t, J 

= 5.8 Hz, 2H; CH2), 4.13 (t, J = 7.5 Hz, 2H; CH2), 3.71 (s, 3H; CH3), 2.18 – 2.08 (m, 2H; CH2), 1.92 – 
1.83 (m, 2H; CH2). 13C NMR (126 MHz, CD2Cl2) δ 181.26 (s br; Ag-C), 161.92 (Ar-C-O), 150.65 (Py-
CH), 135.44 (Ar-CH), 131.54 (Py-C), 125.90 (Py-CH), 124.50 (Ar-CH), 122.84 (NHC-CH), 121.42 
(NHC-CH), 117.51 (Ar-C), 91.93 (C≡C), 90.23 (C≡C), 74.54 (CH2), 52.40 (CH2), 39.29 (CH3), 29.25 
(CH2), 28.08 (CH2). HRMS (CSI+): calc. for C28H24N4OAg 539.10010 [M-Br]+ found 539.0888. Calc. 
for C28H24N4OAgC28H24N4O 973.29595 [M]+ found 973.2904. 
 
Bispyridyl functionalized rhodium chloride carbene (5) 

A vial was charged with silver carbene 4 (47 mg, 0.0758 mmol, 1 
equiv.), [Rh(cod)Cl]2 (19 mg, 0.0379 mmol, 0.5 equiv.) and flushed 
with N2/vacuum for 3 times. Then dichloromethane (1 mL) was added 
and the resulting suspension was stirred for 2 hours at room 
temperature. After filtration over a syringe filter and concentration in 
vacuo, this yielded 50 mg of pure product as a brown foam (0.0736 
mmol, 97%). 1H NMR (500 MHz, CD2Cl2) δ 8.78 – 8.51 (m, 4H, Py), 
7.63 (d, J = 7.6 Hz, 2H, Ar), 7.47 – 7.40 (m, 4H, Py), 7.20 (t, J = 7.7 Hz, 
1H, Ar), 6.81 (s, 2H, NHC), 4.99 – 4.91 (s br, 2H, COD-CH), 4.78 – 
4.68 (m, 1H, CH2), 4.56 – 4.49 (m, 1H, CH2), 4.49 – 4.41 (m, 2H, CH2), 

4.08 (s, 3H, CH3), 3.42 – 3.28 (m, 1H, COD-CH), 3.28 – 3.16 (m, 1H, COD-CH), 2.47 (td, J = 7.3, 3.2 
Hz, 2H, COD-CH2), 2.42 – 2.26 (m, 4H, CH2+COD-CH2), 2.11 – 2.01 (m, 2H, COD-CH2), 2.01 – 1.83 
(m, 4H, CH2+COD-CH2). 13C NMR (75 MHz, CD2Cl2) δ 182.30 (d, J = 51.2 Hz, (NHC-C-Rh), 161.48 
(Ar-C), 149.98 (Py-CH), 134.75 (Ar-CH), 130.91 (Ar-C), 125.37 (Py-CH), 123.84 (Ar-CH), 122.07 (NHC-
CH), 119.93 (NHC-CH), 116.92 (Ar-C), 97.94 (d, J = 3.3 Hz, COD-CH), 97.85 (d, J = 4.1 Hz, COD-CH), 
91.11 (C≡C), 89.60 (C≡C), 74.29 (CH2), 68.16 (d, J = 13.8 Hz, COD-CH), 67.46 (d, J = 14.1 Hz, COD-
CH), 50.21 (CH2), 37.60 (CH3), 33.15 (COD-CH2), 32.59 (COD-CH2), 29.12 (CH2), 28.56 (CH2), 27.85 
(COD-CH2), 27.47 (COD-CH2). HRMS (FD+): calc. for C36H36ClN4ORh 678.16327 [M]+ found 
678.16996.   
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Bipyridyl functionalized rhodium triflate carbene (D) 
In a glovebox, a vial was charged with AgOTf (15 mg, 0.0571 mmol, 1 
equiv.). The vial was taken out, dissolved in acetonitrile (0.5 mL) and a 
solution of rhodium carbene 5 (39 mg, 0.0571 mmol, 1 equiv.) in 
dichloromethane (0.5 mL) was added. The resulting suspension was 
stirred at room temperature for overnight with exclusion from light, 
filtered over a syringe filter and concentrated in vacuo to yield 38 mg of 
an orange solid (0.0479 mmol, 84%). 1H NMR (300 MHz, CD3CN) δ 
8.71 – 8.56 (m, 4H, Py), 7.65 (d, J = 7.8 Hz, 2H, Ar), 7.46 – 7.35 (m, 
4H, Py), 7.34 – 7.20 (m, 1H, Ar), 7.12 – 7.01 (m, 2H, NHC), 4.78 – 4.66 
(m, 2H, COD-CH), 4.66 – 4.57 (m, 1H, CH2), 4.51 – 4.33 (m, 3H, CH2), 

4.07 (s, 3H, CH3), 3.89 – 3.64 (m, 2H, COD-CH), 2.63 – 2.21 (m, 3H), 2.06- 2.00 (m, 8H). (NOTE: 
CH2 of alkyl chain and COD are overlapping with CD3CN peaks and water) 13C NMR (126 MHz, 
CD3CN) δ 177.48 (d, J = 51.1 Hz, NHC-C-Rh), 162.31 (Ar-C), 151.38 (Py-CH), 136.21 (Ar-CH), 132.19 
(Ar-C), 129.47 (Ar-CH), 126.78 (Py-CH), 125.40 (NHC-CH), 124.48 (NHC-CH), 122.24 (Ar-C), 117.54 
(C≡C), 98.10 (d, J = 6.7 Hz, COD-CH), 97.77 (d, J = 6.9 Hz, COD-CH), 91.57 (C≡C), 91.30 (d, COD-
CH2) 86.13 (d, J = 12.01 Hz, COD-CH) , 78.52 (d, J = 11.8 Hz, COD-CH), 75.23 (CH2), 51.10 (CH3), 
38.28 (COD-CH2), 32.87 (COD-CH2), 32.28 (COD-CH2), 31.15 (COD-CH2), 29.97 (COD-CH2), 29.95 
(COD-CH2), 29.49 (COD-CH2), 29.03 (COD-CH2), 28.60 (CH2), 28.21 (CH2). 19F NMR (282 MHz, 
CD3CN) δ -79.18. DOSY (CD3CN, 24 °C): log D = -9.10 m2/s. HRMS (FD+): calc. for C36H36N4ORh 
643.1944 [M-OTf]+ found 643.18785. Anal.: found (calcd.) for C36H36F3N4O4RhS+CD2Cl2: C, 52.78 
(51.89); H, 5.08 (4.58); N, 6.21 (6.37). 
 

 
Scheme 3: Synthetic route for the phenyl analogue 8. 

 
((2-(4-bromobutoxy)-1,3-phenylene)bis(ethyne-2,1-diyl))dibenzene (9) 

A flame dried Schlenk flask, equipped with a stirring bar, was charged 
with 1 (2.1 g, 5.169 mmol, 1 equiv.), phenylacetylene (1.4 g, 1.5 mL, 
13.44 mmol, 2.6 equiv.), CuI (39 mg, 0.207 mmol, 0.04 equiv.) and 
dissolved in distilled dioxane (15 mL). A separate Schlenk flask was 
charged with triethylamine (7.6 mL, 10.5 equiv.), (tBu)PHBF4 (180 
mg, 0.620 mmol, 0.12 equiv.), [Pd(MeCN)2Cl2] (119 mg, 0.310 mmol, 
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0.06 equiv.) and dissolved in 3.6 mL dioxane. This solution was stirred for 1 hour under nitrogen after 
which it was transferred to the Schlenk with substrate. The resulting reaction mixture was stirred for 
overnight at 50 °C. The black solution was then diluted with ethylacetate (150 mL) and filtered over a 
pad of sand. After concentration in vacuo the crude product was purified by column chromatography 
(SiO2, 1:80  1:60 (EtOAc : cyclo-hexane). The product was taken up in a minimum amount of hot n-
hexane and crystallized from at -80 °C to yield 1.47 g of a pale yellow solid (3.438 mmol, 67%). 1H 
NMR (400 MHz, CDCl3) δ 7.65 – 7.54 (m, 4H), 7.51 (d, J = 7.7 Hz, 2H), 7.47 – 7.34 (m, 6H), 7.10 (t, J 
= 7.7 Hz, 1H), 4.39 (t, J = 5.9 Hz, 2H), 3.51 (t, J = 6.7 Hz, 2H), 2.34 – 2.22 (m, 2H), 2.14 – 1.99 (m, 
2H). 13C NMR (75 MHz, CDCl3) δ 160.92 (Ar-O), 133.69 (Ar-CH, 2x), 131.65 (Ar-CH,4x), 128.64 (Ar-
CH,2x), 128.59 (Ar-CH, 4x), 123.73 (Ar-CH, 1x), 123.25(Ar-C), 117.94 (Ar-C), 93.94 (C≡C), 85.49 
(C≡C), 73.23 (CH2), 33.99 (CH2), 29.77 (CH2), 29.20 (CH2). HRMS (FD+): calc. for C26H21BrO 
428.07758 [M]+ found 428.07830. Anal.: found (calcd.) for C26H21BrO: C, 72.76 (72.73); H, 4.91 (4.93). 
 
1-(4-(2,6-bis(phenylethynyl)phenoxy)butyl)-3-methyl-1H-imidazol-3-ium bromide (10) 

A flame dried Schlenk flask was charged with 9 (1474 mg, 3.433 mmol, 1 
equiv.) and dissolved in acetonitrile (11 mL). Then 1-methylimidazole 
(423 mg, 410 μL, 1.5 equiv.) was added and the resulting solution was 
refluxed for 2 days under nitrogen. The reaction mixture was then 
concentrated in vacuo and purified by column chromatography (SiO2, 
pure DCM  5:100 MeOH : DCM) to yield a pale yellow liquid. A gray 
solid was obtained by azeotrope co-evaporation with toluene to yield 
pure product ( 1235 mg, 2.414 mmol, 70 %). 1H NMR (400 MHz, 
CD2Cl2) δ 10.02 (s, 1H, C-H Im), 7.48 – 7.40 (m, 6H, Ar), 7.40 (d, J = 7.7 

Hz, 2H, CH-Im), 7.37 – 7.25 (m, 6H, Ar), 7.01 (t, J = 7.7 Hz, 1H, Ar), 4.28 (dt, J = 9.6, 6.6 Hz, 4H, 
CH2), 3.83 (s, 3H, CH3) 2.14 (p, J = 7.6 Hz, 2H, CH2), 1.82 (p, J = 5.9 Hz, 2H, CH2). 13C NMR (101 
MHz, CD2Cl2) δ 160.43 (Ar-C-O), 136.95 (Im-CH), 133.67 (Ar-CH), 131.46 (Ar-CH), 128.76(Ar-CH), 
128.72 (Ar-CH), 124.00 (Im-CH), 123.47 (Im-CH), 122.75 (Ar-CH), 121.90 (Ar-C), 117.61 (Ar-C), 93.79 
(C≡C), 85.32 (C≡C), 73.48 (CH2), 49.43 (CH2), 36.35 (CH3), 27.63 (CH2), 26.89 (CH2). HRMS (CSI+): 
calc. for C30H27N2O 431.21234 [M]+ found 431.21025. Anal.: found (calcd.) for C30H27BrN2O: C, 68.31 
(70.45); H, 5.29 (5.32); N, 5.33 (5.48). 
 
Bisphenyl functionalized silver carbene (11) 

A vial with a stirring bar was charged with imidazolium salt 10 (100 mg, 
0.196 mmol, 1 equiv.), Ag2O (54 mg, 0.235 mmol, 1.2 equiv.) and purged 
with N2/vacuum for 3 times. Then dichloromethane (2 mL) was added 
and the suspension was stirred without light for overnight. The 
suspension was filtered over a small pad of Celite and concentrated in 
vacuo to yield the pure product as a yellow foam (100 mg, 0.162 mmol, 
83%). 1H NMR (400 MHz,CD2Cl2) δ 7.55 – 7.42 (m, 6H, Ar), 7.41 – 
7.30 (m, 6H, Ar), 7.07 (t, J = 7.7 Hz, 1H, Ar), 6.84 (d, J = 8.2 Hz, 2H, 
NHC), 4.33 (t, J = 5.8 Hz, 2H, CH2), 4.12 (t, J = 7.4 Hz, 2H, CH2), 3.67 

(s, 3H, CH3), 2.15 (p, J = 8.7 Hz, 2H, CH2), 1.92 – 1.80 (m, 2H, CH2). 13C NMR (101 MHz, CD2Cl2) δ 
181.29 (NHC-Ag), 161.03 (Ar-C-O), 134.08 (Ar-CH), 131.87 (Ar-CH), 129.10 (Ar-CH), 129.03 (Ar-CH), 
124.26 (Ar-C), 123.42 (Ar-CH), 122.55 (NHC-CH), 121.31 (NHC-CH), 118.19 (Ar-C), 94.19 (C≡C), 85.80 
(C≡C), 74.04 (CH2), 52.09 (CH2), 39.05 (CH3), 29.17 (CH2), 27.70 (CH2). HRMS (CSI+): calc. for 
C60H52N4O2Ag (dimer) 967.3151 [2xM-AgBr2]+ found 969.3183. Anal.: found (calcd.) for 
C30H26AgBrN2O: C, 58.43 (58.27); H, 4.16 (4.24); N, 4.58 (4.53). 
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Bisphenyl functionalized rhodium chloride carbene (12) 
A vial with a stirring bar was charged with silver carbene 11 (88 mg, 
0.143 mmol, 1 equiv.) and [Rh(cod)Cl]2 (35 mg, 0.0714 mmol, 0.5 
equiv.). The vial was purged 3 times with N2/vacuum and 
dichloromethane (1 mL) was added. The immediate resulting 
suspension was stirred for 1 hour. After filtration over Celite the solution 
was concentrated to yield 84 mg of yellow foam as pure product (0.124 
mmol, 87%). 1H NMR (400 MHz, CD2Cl2) δ 7.53 (dd, J = 4.9, 2.6 Hz, 
6H, Ar), 7.44 – 7.27 (m, 6H, Ar), 7.10 (t, J = 7.7 Hz, 1H, Ar), 6.80 – 6.68 
(m, 2H, NHC), 4.88 (s, 2H, CH2), 4.63 – 4.48 (m, 2H, COD-CH), 4.51 – 

4.36 (m, 2H, CH2), 3.99 (s, 3H, CH3), 3.26 (s br, 1H, COD-CH), 3.19 (s br, 1H, COD-CH), 2.50 – 2.34 
(m, 2H, COD-CH2), 2.36 – 2.20 (m, 4H, CH2+COD-CH2), 2.08 – 1.96 (m, 2H, CH2), 1.97 – 1.74 (m, 
4H, COD-CH2). 13C NMR (101 MHz, CD2Cl2) δ 182.70 (d, J = 51.2 Hz, NHC), 161.40 (Ar), 134.13 (Ar-
CH), 131.99 (Ar-CH), 129.06 (Ar-CH), 129.03 (Ar-CH), 124.17 (Ar), 123.59 (NHC), 122.41 (Ar), 120.62 
(Ar), 118.33 (NHC), 98.42 (d, J = 7.0 Hz, COD-CH), 98.27 (d, J = 6.9 Hz (COD-CH)), 94.24 (C≡C), 
85.92 (C≡C), 74.40 (CH2), 68.61 (d, J = 14.5 Hz, COD-CH), 67.97 (d, J = 14.3 Hz, COD-CH)), 50.78 
(CH2), 38.06 (CH3) , 33.41 (d, J = 63.8 Hz, COD-CH2), 29.63 (CH2), 29.07 (CH2), 28.19 (d, J = 31.1 Hz, 
COD-CH2). HRMS (FD+): calc. for C38H38N2O1RhCl 676.17277 [M]+ found 676.17657. Anal.: found 
(calcd.) for C38H38ClN2ORh: C, 67.22 (67.41); H, 5.70 (5.66); N, 4.12 (4.14). 
 
Bisphenyl functionalized rhodium triflate carbene (8)  

In a glovebox a vial with a stirring bar was charged with AgOTf (28 mg, 
0.109 mmol, 0.9 equiv.). the vial was taken out and acetonitrile was 
added (1mL). A solution of rhodium carbene 12 (82 mg, 0.121 mmol, 1 
equiv. in 1 mL dichloromethane) was added to the AgOTf solution and 
the resulting suspension was stirred at room temperature for one hour. 
After filtration over a pad of Celite and concentration in vacuo the 
product was obtained as a yellow foam (89 mg, 0.113 mmol, 93%). 1H 
NMR (400 MHz, CD2Cl2) δ 7.56 – 7.45 (m, 6H, Ar), 7.42 – 7.33 (m, 6H, 
Ar), 7.12 (t, J = 7.7 Hz, 1H, Ar), 6.95 (d, J = 2.0 Hz, 1H, NHC), 6.90 (d, J 

= 2.1 Hz, 1H, NHC), 4.86 – 4.67 (m, 2H, CH2), 4.67 – 4.52 (m, 1H, COD-CH), 4.48 – 4.39 (m, 2H. 
CH2), 4.40 – 4.30 (m, 1H, COD-CH), 4.00 (s, 3H, CH3), 3.78 – 3.67 (m, 1H, COD-CH), 3.70 – 3.59 (m, 
1H, COD-CH), 2.52 – 2.33 (m, 2H, CH2), 2.36 – 2.19 (m, 4H, COD-CH2), 2.05 – 1.91 (m, 6H, COD-
CH2+CH2). 13C NMR (101 MHz, CD2Cl2) δ 175.35 (d, J = 50.2 Hz, NHC-Rh), 160.37 (Ar-C-O), 133.67 
(Ar-CH), 131.21 (Ar-CH), 128.68 (Ar-CH), 128.48 (Ar-CH), 123.88 (Ar-C), 123.23 (Ar-C), 122.82 
(NHC-CH), 121.24 (NHC-CH), 117.64 (Ar-CH), 97.38 (d, J = 7.2 Hz COD-CH), 97.10 (d, J = 7.1 Hz, 
COD-CH), 93.59 (C≡C), 85.19 (C≡), 78.09 (d, J = 13.5 Hz, COD-CH), 77.06 (d, J = 13.4 Hz, COD-CH), 
73.40 (CH2), 50.38 (CH2), 37.53 (CH3), 31.95 (d, J = 40.7 Hz, COD-CH2), 28.82 (d, J = 35.4 Hz COD-
CH2), 28.12 (CH2), 27.43 (CH2). HRMS (FD+): calc. for C39H38N2O4RhS 790.15594 [M]+ found 
790.16764. Anal.: found (calcd.) for C39H38F3N2O4RhS+CH3CN: C, 57.93 (59.21); H, 4.55 (4.97); N, 
4.71 (5.05). 
 
4.6.2 Sphere assemblies 
 
(Pd)12(A)24(OTf)48 

A vial, equipped with a stirring bar, was charged with 
ligand A (10 mg, 0.0172 mmol, 1 equiv.) and purged with 
N2/vacuum for 3 times. Then, it was dissolved in CD3CN 
(0.5 mL) and a solution of [Pd(MeCN)4](OTf)2 in CD3CN 
was added (0.176 M, 0.00858 mmol, 49 μL). The 
resulting clear solution was stirred at 70 °C for overnight 
after which it showed quantitative formation of the 
assembly on NMR spectroscopy. 1H NMR (500 MHz, 
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CD3CN) δ 9.02 (d, J = 6.1 Hz, 4H Py), 8.72 (s, 1H C-H), 7.70 – 7.59 (m, 6H Py+Ar), 7.52 (s br, J = 1.9 
Hz, 1H Im), 7.43 (s br, J = 1.9 Hz, 1H Im), 7.22 (t, J = 7.8 Hz, 1H Ar), 4.38 – 4.23 (m, 4H 2xCH2), 3.84 
(s, 3H CH3), 2.12 (m, J = 7.6 Hz, 2H CH2), 1.91 – 1.81 (m, 2H CH2). DOSY (CD3CN, 25 °C): log D = -
9.58 m2/s. 13C NMR (75 MHz, CD3CN) δ 163.28 (Ar-C-O), 152.15 (Py-CH), 146.20 (Py-C), 137.44 (Py-
CH), 137.33 (Im-CH), 136.28 (Ar-CH), 129.67 (Ar-CH), 124.67 (Im-CH), 123.34 (Im-CH), 116.66 (Ar-
C), 95.24 (C≡C), 90.52 (C≡C), 75.41 (CH2), 50.18 (CH3), 36.83 (CH2), 27.68 (CH2), 27.61 (CH2). HRMS 
(CSI+): 
Species Charge Found [m/z] Calculated [m/z]
Pd12Im24(OTf)37 11+ 1563.3608 1563.3597 
Pd12Im24(OTf)38 10+ 1734.5916 1734.5909 
Pd12Im24(OTf)39 9+ 1943.8741 1943.8735 
Pd12Im24(OTf)40 8+ 2205.4777 2205.4768 
Pd12Im24(OTf)41 7+ 2541.8257 2551.8238 
Pd12Im24(OTf)42 6+ 2990.2922 2990.2865 
Pd12im24(OTf)43 5+ 3618.1525 3618.1343 
 
(Pt)12(A)24(OTf)48 

 A vial, equipped with a stirring bar, was charged with 
ligand A (10 mg, 0.0172 mmol, 1 equiv.) and purged with 
N2/vacuum for 3 times. Then, it was dissolved in CD3CN 
(0.5 mL) and a solution of [Pt(MeCN)4](OTf)2 in CD3CN 
was added (0.176 M, 0.00858 mmol, 49 μL). The 
resulting clear solution was stirred at 70 °C for 24 hours 
after which it showed quantitative formation of the 
assembly on 1H NMR spectroscopy. 1H NMR (500 MHz, 
CD3CN) δ 9.03 (s br, 4H), 8.72 (s br, 1H), 7.67 (s br 6H), 

7.45 – 7.27 (m, 3H), 4.31 (s br, 4H), 3.85 (s br, 3H). COSY reveals that other CH2 groups are 
overlapping with solvent. 13C NMR is not possible due to the broadness of the peaks. DOSY (CD3CN, 
25 °C): log D = -9.98 m2/s. 
 
(Pd)12(A)18(C)6(OTf)42 

A vial was charged with building block C (1.03 mg, 3.33 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.3 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (3.79 mg, 6.67 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+):  

Species  Charge Found [m/z] Calculated [m/z]
Pd12A11C13(OTf)25 10+ 1380.6355 1380.6332 
Pd12A12C12(OTf)26 10+ 1407.9400 1407.9377 
Pd12A13C11(OTf)27 10+ 1435.0448 1435.0421 
Pd12A16C8(OTf)31 9+ 1701.8366 1701.8341 
Pd12A17C7(OTf)32 9+ 1732.0631 1732.0612 
Pd12A16C8(OTf)32 8+ 1933.3100 1933.3074 
Pd12A17C7(OTf)33 8+ 1967.3158 1967.3130 
Pd12A15C9(OTf)32 7+ 2191.7690 2191.7667 
Pd12A16C8(OTf)33 7+ 2230.7759 2230.7731 
Pd12A17C7(OTf)34 7+ 2269.7820 2269.7795 
Pd12A15C9(OTf)33 6+ 2581.8880 2581.8866 
Pd12A16C8(OTf)34 6+ 2627.3949 2627.3940 
Pd12A17C7(OTf)35 6+ 2672.7354 2672.7348 
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(Pd)12(A)6(C)18(OTf)30 

A vial was charged with building block C (9.31 mg, 30 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.8 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (11.38 mg, 20 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+): 

Species  Charge Found [m/z] Calculated [m/z]
Pd12AC23(OTf)14 11+ 994.0861 994.0851 
Pd12A2C22(OTf)15 11+ 1018.8177 1018.8164 
Pd12A3C21(OTf)16 11+ 1043.6400 1043.6387 
Pd12A4C20(OTf)17 11+ 1068.3713 1068.3700 
Pd12A5C19(OTf)18 11+ 1093.1021 1093.1013 
Pd12A6C18(OTf)19 11+ 1117.8338 1117.8326 
Pd12A4C20(OTf)18 10+ 1190.1034 1190.1022 
Pd12A5C19(OTf)19 10+ 1217.3086 1217.3066 
Pd12A5C19(OTf)20 9+ 1369.1142 1369.1132 
Pd12A6C18(OTf)21 9+ 1399.4528 1399.4515 
Pd12A5C19(OTf)21 8+ 1558.8725 1558.8714 
Pd12A6C18(OTf)22 8+ 1592.8782 1592.8769 
Pd12A5C19(OTf)22 7+ 1802.8473 1802.8462 
Pd12A6C18(OTf)23 7+ 1841.8536 1841.8526 
Pd12A5C19(OTf)23 6+ 2128.3133 2128.3127 
Pd12A6C18(OTf)24 6+ 2173.6539 2173.6534 

 
(Pd)12(A)18(B)6(OTf)48 

A vial was charged with building block B (1.77 mg, 3.33 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.3 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (3.79 mg, 6.67 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+): 

Species  Charge Found [m/z] Calculated [m/z]
Pd12A12B12(OTf)34 14+ 1152.6940 1152.6903 
Pd12A13B11(OTf)34 14+ 1156.2676 1156.2643 
Pd12A14B10(OTf)34 14+ 1159.9123 1159.9098 
Pd12A15B9(OTf)34 14+ 1163.5573 1163.5552 
Pd12A16B8(OTf)34 14+ 1167.2023 1167.2007 
Pd12A17B7(OTf)34 14+ 1170.9196 1170.9176 
Pd12A18B6(OTf)34 14+ 1174.5653 1174.5630 
Pd12A17B7(OTf)35 13+ 1272.3707 1272.3691 
Pd12A18B6(OTf)35 13+ 1276.2960 1276.2950 
Pd12A17B7(OTf)36 12+ 1390.8975 1390.8959 
Pd12A18B6(OTf)36 12+ 1395.1501 1395.1489 
Pd12A17B7(OTf)38 10+ 1698.8673 1698.8656 
Pd12A18B6(OTf)38 10+ 1704.0708 1704.0692 
Pd12A17B7(OTf)39 9+ 1904.1802 1904.1787 
Pd12A18B6(OTf)39 9+ 1909.9616 1909.9605 
Pd12A17B7(OTf)40 8+ 2160.8214 2160.8201 
Pd12A18B6(OTf)40 8+ 2167.2003 2167.1996 
Pd12A17B7(OTf)41 7+ 2490.7877 2490.7876 
Pd12A18B6(OTf)41 7+ 2498.0783 2498.0785 
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(Pd)12(A)6(B)18(OTf)48 

A vial was charged with building block B (15.95 mg, 30 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.8 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (11.38 mg, 20 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+): 

Species  Charge Found [m/z] Calculated [m/z]
Pd12A2B22(OTf)35 13+ 1213.4831 1213.4811 
Pd12A3B21(OTf)35 13+ 1217.4856 1217.4839 
Pd12A4B20(OTf)35 13+ 1221.3345 1221.3329 
Pd12A5B19(OTf)35 13+ 1225.2601 1225.2587 
Pd12A6B18(OTf)35 13+ 1229.1858 1229.1846 
Pd12A7B17(OTf)35 13+ 1233.0348 1233.0335 
Pd12A6B18(OTf)36 12+ 1344.1138 1344.1127 
Pd12A7B17(OTf)36 12+ 1348.1167 1348.1157 
Pd12A6B18(OTf)37 11+ 1479.7561 1479.7550 
Pd12A7B17(OTf)37 11+ 1484.3961 1484.3946 
Pd12A6B18(OTf)38 10+ 1642.7268 1642.7257 
Pd12A7B17(OTf)38 10+ 1647.6302 1647.6293 
Pd12A6B18(OTf)39 9+ 1841.8020 1841.8011 
Pd12A7B17(OTf)39 9+ 1847.4726 1847.4718 
Pd12A6B18(OTf)40 8+ 2090.5207 2090.5202 
Pd12A7B17(OTf)40 8+ 2096.9004 2096.8998 
Pd12A2B22(OTf)41 7+ 2381.2817 2381.2813 
Pd12A3B21(OTf)41 7+ 2388.7149 2388.7151 

 
(Pd)12(D)24(OTf)48 

A vial was charged with rhodium carbene D (7.9 mg, 1 
equiv., 0.01 mmol) and flushed with N2/vacuum for 3 
times. Then, it was dissolved in 0.5 mL of CD3CN. To 
this solution was added a solution of 
[Pd(MeCN)4](OTf)2 (2.8 mg, 0.5 equiv., 0.005 mmol) in 
CD3CN (0.2 mL). The resulting solution was stirred at 
60 °C for 1 hour to give quantitative sphere formation. 
1H NMR (500 MHz, CD3CN) δ 9.16 (s br, 4H, Py), 7.98 
– 7.49 (m, 6H, Py+Ar), 7.26 (t, J = 7.8 Hz, 1H, Ar), 7.05 
(d, J = 27.6 Hz, 2H, NHC-H), 4.61 (d, J = 20.5 Hz, 2H), 

4.56 – 4.18 (m, 4H), 4.03 – 3.38 (m, 5H). NOTE: CH2 of cod and linker could not be determined due 
to broadening of peaks and overlap with MeCN. 19F NMR (282 MHz, CD3CN) δ -78.90. DOSY 
(CD3CN, 25 °C): log D = -9.54 m2/s. 13C NMR was note possible as not all signals could be resolved. 
HRMS of this species was not possible due to broadening of the charge species due to coordination of 
acetonitrile. 
 
(Pt)12(D)24(OTf)48 

A vial was charged with rhodium carbene D (7.9 mg, 1 
equiv., 0.01 mmol) and flushed with N2/vacuum for 3 
times. Then it was dissolved in 0.5 mL of CD3CN. To this 
solution was added a solution of [Pt(MeCN)4](OTf)2 (3.3 
mg, 0.5 equiv., 0.005 mmol) in CD3CN (0.2 mL). The 
resulting solution was stirred at 70 °C for 24 hours to 
give a clear orange solution which showed quantitative 
sphere formation on NMR. NOTE! As described in 

literature27 signals broadened out therefore no 
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integration was done and CNMR was not possible. 1H NMR :(300 MHz, CD3CN) δ 8.91, 7.67, 7.30, 
4.51, 4.38, 4.03, 1.99, 1.99, 1.97. 19F NMR (282 MHz, CD3CN) δ -78.96. DOSY (CD3CN, 25 °C): log D 
= -9.81 m2/s.  
 
(Pt)12(D)24(OTf)48 

A vial was charged with 7.9 mg of Rh complex D (10 µmol) and dissolved in 0.3 mL of CD3CN. A 
separate vial was charged with 3.3 mg of [Pt(MeCN)4](OTf)2 (5 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)21(C)3(OTf)45 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 0.44 mg of OMe building block C (1.4 
µmol) and dissolved in 0.3 mL of CD3CN. A separate vial was charged with 3.8 mg of 
[Pt(MeCN)4](OTf)2 (5.78 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to 
the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)18(C)6(OTf)42 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 1.03 mg of OMe building block C (3.33 
µmol) and dissolved in 0.3 mL of CD3CN. A separate vial was charged with 4.4 mg of 
[Pt(MeCN)4](OTf)2 (6.66 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to 
the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)12(C)12(OTf)36 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 3.10 mg of OMe building block C (10 µmol) 
and dissolved in 0.3 mL of CD3CN. A separate vial was charged with 6.57 mg of [Pt(MeCN)4](OTf)2 (10 
µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to the rhodium solution and 
stirred at 70 °C for 24h.   
 
(Pt)12(D)6(C)18(OTf)30 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 9.31 mg of OMe building block C (30 
µmol) and dissolved in 3 mL of CD3CN. A separate vial was charged with 13.1 mg of [Pt(MeCN)4](OTf)2 

(20 µmol) and dissolved in 2 mL of CD3CN. The platinum solution was transferred to the rhodium 
solution and stirred at 70 °C for 24h. The solution was then concentrated to 0.5 mL and used in 
catalysis. 
 
(Pt)12(D)21(A)3(OTf)48 

A vial was charged with 1.42 µmol of building block A (27.6 µl of stock solution: 30 mg, 51.4 µmol in 1 
mL CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL 
CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A separate vial was charged with 
3.8 mg of [Pt(MeCN)4](OTf)2 (5.78 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was 
transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)18(A)6(OTf)48 

A vial was charged with 3.33 µmol of building block A (64.6 µl of stock solution: 30 mg, 51.4 µmol in 1 
mL CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL 
CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A separate vial was charged with 
4.4 mg of [Pt(MeCN)4](OTf)2 (6.66 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was 
transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)12(A)12(OTf)48 

A vial was charged with 10 µmol of building block A (194 µl of stock solution: 30 mg, 51.4 µmol in 1 mL 
CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL CD3CN 
µmol) and further diluted to a total of 0.3 mL with CD3CN. A separate vial was charged with 6.6 mg of 
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[Pt(MeCN)4](OTf)2 (10 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to the 
rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)6(A)18(OTf)48 

A vial was charged with 30 µmol of building block A (583 µl of stock solution: 30 mg, 51.4 µmol in 1 
mL CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL 
CD3CN µmol) and further diluted to a total of 3 mL with CD3CN. A separate vial was charged with 13.1 
mg of [Pt(MeCN)4](OTf)2 (20 µmol) and dissolved in 2 mL of CD3CN. The Pt solution was transferred 
to the rhodium solution and stirred at 70 °C for 24h. The solution was then concentrated to 0.5 mL 
and used in catalysis. 
 
(Pt)12(D)21(B)3(OTf)48 

A vial was charged with 1.42 µmol of building block B (0.76 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A 
separate vial was charged with 3.8 mg of [Pt(MeCN)4](OTf)2 (5.78 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)18(B)6(OTf)48 

A vial was charged with 3.33 µmol of building block B (1.77 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A 
separate vial was charged with 4.4 mg of [Pt(MeCN)4](OTf)2 (6.66 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)12(B)12(OTf)48 

A vial was charged with 10 µmol of building block B (5.31 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A 
separate vial was charged with 6.6 mg of [Pt(MeCN)4](OTf)2 (10 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)6(B)18(OTf)48 

A vial was charged with 30 µmol of building block B (15.94 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 3 mL with CD3CN. A 
separate vial was charged with 13.1 mg of [Pt(MeCN)4](OTf)2 (20 µmol) and dissolved in 2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h. The 
solution was then concentrated to 0.5 mL and used in catalysis. 
 
4.6.3 Catalysis 
 
Standard procedure for the cyclization of 4-pentynoic acid 
A vial was charged with 9.8 mg (0.1 mmol) of 4-pentynoic acid 6 and 100 µL (=0.01 mmol) of a 
solution of internal standard (1,3,5-trimethoxy benzene, 0.100 mmol, 16.8 mg in 1 mL CD3CN) was 
added. Then 50 µL of a solution of NEt3 (7 µl, 0.05 mmol in 1 mL CD3CN) and CD3CN (0.2 mL) were 
added. The solution was transferred to a NMR tube with screw cap under nitrogen and catalyst was 
added (250 µL, 5 µmol of rhodium). The NMR tube was quickly closed, shaken and measured over 
time at 25 °C in the NMR spectrometer. The spectrometer was set to measure every 20 minutes. 
Processing was done at the same integration intervals and yields are determined via the internal 
standard. 
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Figure 9: Example of an catalysis run with Pt12D24 and 2.5% NEt3 in CD3CN. Reactions are followed with 1H 
NMR (300 MHz) measuring at certain intervals, here shown are 0h (0% conv.) , 2h (65%) and 8h (100%). 
 
Table with additional control experiments: 
Table 1: Table with conversions after 3 hours showing the effect of base on the catalysis and additional 
control experiments (entry 7 to 12). 

Entry Conditions[a] Amount of NEt3 (µmol) Conversion after 3 h (%)[b]

1 D 0 29

2 D + base 2.5 88

3 8 0 22

4 8 + base 2.5 76

5 Pt12D24 0 5

6 Pt12D24 + base 2.5 79

7 Pt12A24 0 0

8 Pt12A24 + base 2.5 2

9 Pt12C24 + base 2.5 1

10 [Pt(CH3CN)4](OTf)2 + base 2.5 1

11 C ligand + base 2.5 0

12 base 2.5 0
[a] Reaction conditions: 100 μmol of substrate 6, 10 μmol of internal standard (1,3,5 trimethoxybenzene), 2.5 
μmol of NEt3 and catalyst (5 μmol of Rh, if added) in a total volume of 0.7 mL of MeCN-d3. [b] Conversion is 
calculated based on 1H NMR by using 1,3,5-trimethoxybenzene as internal standard.  
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Influence of base on catalysis: 

 

Figure 10: Effect of the base concentration as co-catalyst on the formation of 7 using Pt12D24 spheres. 
Reaction conditions: 100 μmol of substrate 6, 10 μmol of internal standard (1,3,5 trimethoxybenzene), 
indicated amount of NEt3 and catalyst (5 μmol of Rh) in a total volume of 0.7 mL of CD3CN. 
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