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Chapter 3
Size-Selective Hydroformylation by 
a Rhodium Catalyst Confined in a 

Supramolecular Cage 
Abstract

In this study, size–selective hydroformylation of terminal alkenes is 
attained upon embedding a rhodium bisphosphine complex in a su-
pramolecular metal–organic cage that is formed by subcomponent 
self–assembly. The catalyst is bound in the cage via a template 
ligand approach in which pyridyl–zinc(II) porphyrin interactions 
lead to high association constants (>105 M–1) for the binding of 
the ligands and the corresponding rhodium complex. DFT calcu-
lations corroborate that the second coordination sphere forces the 
encapsulated active species to adopt the ee coordination geometry. 
This is in line with in situ high pressure IR studies of the host–
guest complex. The window aperture of the cage decreases slight-
ly upon binding the catalyst. As a result, the diffusion of larger 
substrates into the cage is slower compared to smaller substrates. 
Consequently, the encapsulated rhodium catalyst displays substrate 
selectivity, converting smaller substrates faster to the correspond-
ing aldehydes. 

* This chapter is in part adapted from: S. S. Nurttila, W. Brenner, J. Mosquera, K. 
M. van Vliet, J. R. Nitschke, and J. N. H. Reek, “Size-Selective Hydroformylation by 
a Rhodium Catalyst Confined in a Supramolecular Cage”, Chem. Eur. J. 2018, doi: 
10.1002/chem.201804333. 
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Introduction
Traditional homogeneous transition metal catalysis relies on the use of metal 
complexes, which are tuned by changing the metal and modifying the ligands 
that are coordinated to it.1–7 Nature’s catalysts, enzymes, use a larger toolbox 
to steer the outcome of catalytic reactions. As a result, they display unusually 
high control of both the activity and selectivity of catalytic transformations at 
ambient conditions. The detailed working principles of enzymes are still under 
dispute, but overall it is understood that steric confinement of the catalytically 
active center within the hydrophobic pocket of a bulky protein structure plays 
an important role in generating outstanding catalytic performance.8 Upon en-
capsulation of a substrate in the pocket near the active site of an enzyme by 
multiple weak, non–covalent interactions between the substrate and the hydro-
phobic surrounding, the local microenvironment created differs substantially 
from bulk solution.9

In analogy, synthetic metal catalysts have been docked into nanocages with 
the aim of controlling the catalyst performance by means of the second coordi-
nation sphere.10 Control of both the activity and selectivity of various organic 
transformations11–21 and several metal–catalyzed transformations14,22–26 has been 
demonstrated. For the latter the most common approach is to use an existing 
molecular cage and to bind a metal complex as the catalyst, which is difficult 
to do by design as it requires a sophisticated interplay between weak interac-
tions between the catalyst and the interior of the cage and entropic effects.27 As 
such, we previously reported a general strategy to encapsulate transition metal 
catalysts that is based on a ligand–template approach in which the interactions 
between the cage and the catalyst are present by design.28,29 The ligand acts 
as a template for capsule formation and coordinates to the active metal center, 
allowing for different types of catalysts to be encapsulated. For example, by 
coordination of the ligand to rhodium, efficient hydroformylation catalysts that 
show excellent product selectivity are obtained.28–38 

Most studies have focused on the use of nanocages to modify the activity and 
selectivity of catalytic reactions. In nature, however, the complexity of chemical 
systems requires enzymes to also be highly substrate–selective to allow for a 
single substrate to be converted in a ‘chemical concoction’.39 Some enzymes 
are also regulated by cofactors, rendering them inherently more dynamic and 
responsive than traditional homogeneous catalysts. In the context of transition 
metal catalysis in nanocages, limited attention has been dedicated to promoting 
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substrate selectivity of the catalysts. Furthermore, the majority of all reported 
examples describe organic transformations over transition metal–catalyzed re-
actions.25,39–48 As yet, no examples of size–selective hydroformylation catalysis 
have been reported by using catalysts in nanocages. 

We decided to explore size–selective hydroformylation of terminal alkenes by 
confining a rhodium bisphosphine catalyst in a metal–organic cage. Capsules 
formed by the ligand–template approach as previously reported are likely to 
be too dynamic to allow for substrate selectivity, necessitating a more rigid 
cage structure. Here, a new approach is presented in which the generality of 
the ligand–template approach is combined with the rigidity of a self–assem-
bled cage structure. The use of a zinc porphyrin analogue (Fe4(Zn–L)6) of a 
self–assembled tetrahedral cage reported by the group of Nitschke49 allows the 
strong binding of pyridine–functionalized phosphine ligands within its apolar 
cavity. By coordination of the encapsulated phosphine ligands to rhodium, a 
supramolecular catalyst capable of size–selective hydroformylation of terminal 
alkenes is obtained (Scheme 1). The non–encapsulated catalyst does not display 
such substrate discrimination, demonstrating that the selectivity stems from 
the steric bulk imposed by the second coordination sphere around the catalyst.

Scheme 1. Concept of size–selective hydroformylation of mixtures of substrates by an 
encapsulated rhodium phosphine catalyst.
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Results and discussion

Synthesis of the cage

The subcomponent self–assembly of tetrahedral nanocage Fe4(Zn–L)6 is sim-
ilar to the previously reported analogue based on nickel porphyrin building 
blocks (Scheme 2; for detailed synthetic procedures, see Experimental section).49 
The structure of the novel nanocage is confirmed by various spectroscopic 
techniques, including one and two–dimensional NMR and high–resolution mass 
spectrometry along with elemental analysis (For spectra, see Experimental sec-
tion). All analytical data are in line with the formation of a cage compound, 
identical to the previously reported cage based on nickel porphyrins.

Molecular modelling of the encapsulated 
catalyst

To confirm that Fe4(Zn–L)6 has the appropriate size to accommodate a hy-
droformylation catalyst, volume calculations on the empty cage and the pro-
spective guests were performed with the online utility Voss Volume Voxelator.50 
The structures of all the guests are shown in Figure 1 and the results of the 
volume calculations are presented in Table 1. 

Cage Fe4(Zn–L)6 has an inner cavity volume of about 1750 Å3, which is large 

Scheme 2. (a) Formation of the tetrahedral cage Fe4(Zn–L)6 through metal–directed 
self–assembly of the corresponding building blocks and a schematic representation of 
the resulting nanocage. For clarity only one of the six ligands occupying the edges of 
the cage is shown in the molecular structure. (b) xTB–optimized structure of cage 
Fe4(Zn–L)6.
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enough to encapsulate any of the guests 
shown in Figure 1. Volume calculations 
indicate that a rhodium complex with two 
phosphine ligands has the most suitable 
size for encapsulation in the cavity. The 
catalyst precursor Rh4 has a molecular 
volume of around 1000 Å3, resulting in an 
occupancy factor (the ratio between the 
guest volume and the host cavity volume) 
of 0.57. This is in good agreement with 
Rebek’s 55% rule and confirms that the 
complex has the proper size for encapsula-
tion.51 More importantly, the catalytically 
active rhodium complex Rh1 fills 53% of 
the cavity void. As a result, binding of the 
catalytically active species is possible, and there is sufficient space to also ac-
commodate the substrate. The mono–ligated rhodium complex Rh3 is smaller 
in volume (570 Å3) and therefore only fills 33% of the volume of the cage. For 

Figure 1. Schematic representation of the 
host and molecular structures of the various 
pyridine–functionalized guests.

Table 1. Volumes of the cage and the guests calculated with online utility Voss 
Volume Voxelator.50 The occupancy factor corresponds to the ratio between the guest 
volume and the host cavity volume. 1 eq = 1 equivalent of guest compared to cage, 2 
eq = 2 equivalents of guest compared to cage.

Entry Compound Volume [Å3] Occupancy factor
1 Fe4(Zn-L)6 1748 –
2 L1 422 0.23 (1 eq), 0.48 (2 eq)
3 L2 412 0.24 (1 eq), 0.47 (2 eq)
4 L3 405 0.23 (1 eq), 0.46 (2 eq)

5 Au1 498 0.28 (1 eq), 0.57 (2 eq)

6 Au2 918 0.53 (1 eq)

7 Rh4 1003 0.57 (1 eq)

8 Rh1 928 0.53 (1 eq)

9 Rh3 570 0.33 (1 eq), 0.65 (2 eq)
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the free phosphine ligands L1, L2 and L3 the calculated occupancy factors 
suggest that their binding will be most favorable in a 1:2 stoichiometry with 
respect to the cage.

To gain deeper insight into the geometry of the encapsulated active species, 
molecular modelling studies were performed using the ADF software (For cal-
culated structures, see Experimental section). The crystal structure of the pre-
viously published nickel porphyrin–based cage served as a starting point for 
the modelling. We calculated three possible geometries of the encapsulated 
trigonal bipyramidal active species HRh(CO)2(L3)2, namely Rh1 (ee, the 
complex with both phosphine ligands in the equatorial position), Rh2 (ea, 
equatorial–apical) and Rh5 (P–N, the complex with one of the phosphine li-
gands coordinating through the nitrogen atom). The complexes were separately 
docked inside the cage structure with a maximum number of zinc porphyrin–
pyridine interactions between the complex and the inner walls of the cage. 
Then a geometry optimization was undertaken using a tight–binding chemical 
method (GFN–xTB) that mimics DFT and is developed specifically for large 
molecular systems.52 We found that the encapsulated ee isomer is 28 kcal/mol 
lower in energy compared with the ea isomer and 45 kcal/mol lower than the 
P–N isomer. This difference is a result of geometric constraints imposed by 
the cage, and only in the ee isomer are the phosphine ligands oriented such 
that they can effectively fill the cavity and form zinc porphyrin–pyridine inter-
actions with each side of the cage (Figure 2). Moreover, after optimization, the 
coordination geometries of the ea and P–N isomers have converted from trigo-
nal bipyramidal to square pyramidal, further confirming suboptimal fit in the 
cage as compared to the ee isomer. The average pyridine–zinc porphyrin dis-
tance in the optimized catalyst (ee)–cage assembly is 2.2 Å, which is identical 
to the literature value of 2.2 Å for a slightly bent Npy–Zn bond.53 The P–Rh–P 
bond angle of the ee isomer decreased from 120° to 117° upon encapsulation 
due to the rigid second coordination sphere forcing the two phosphines closer 
to each other (Experimental section, Table 5). Typically, such a large bite an-
gle in rhodium bisphosphine complexes results in high selectivity for the linear 
aldehyde in hydroformylation catalysis.54 It was therefore anticipated that the 
encapsulated bidentate rhodium catalyst could similarly result in linear–selec-
tive hydroformylation of terminal alkenes. 
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Analysis of the cage by CSI–MS

Modelling studies clearly showed that cage Fe4(Zn–L)6 should have a suitable 
size and geometry to host the Rh1 catalyst. Confirmation of encapsulation 
of the catalyst came from high resolution mass spectrometric analysis of the 
assembly (For mass spectra, see Experimental section). Cold–spray ionization 
mass spectrometry (CSI–MS) of a solution of the empty host in dry acetonitrile 
gave a clean spectrum with signals corresponding to the expected molecular 
weight of the cage (Figure 3, top spectrum). Charge states 8+, 5+, 4+ and 
3+ were visible in the spectrum, corresponding to different numbers of CF-

3SO3
– counter–ions lost during ionization.  Some fragmentation of the cage was 

observed even though ionization was performed at –40°C, as is evident from 
the signal with m/z ratio of 900 that belongs to a single ligand of the cage. In 
addition, the signal with m/z ratio of 993 most likely stemmed from a symmet-
rical fragmentation of the cage during ionization. 

Next, a solution of equimolar amounts of the catalyst precursor Rh4 (pre–
formed by mixing 1 eq Rh(acac)(CO)2 and 2 eq L3) and Fe4(Zn–L)6 in dry 
acetonitrile was analyzed using the same method. The sample gave a clean 

Figure 2. (a) A shift in equilibrium from a mixture of ee and ea isomers in bulk 
solution to solely ee isomer occurred during encapsulation of the active species. (b) 
xTB–optimized structure of the encapsulated active species Rh1·Fe4(Zn–L)6.



Chapter 3

— 94 —

spectrum with signals corresponding to a different elemental composition than 
the empty host (Figure 3, bottom spectrum). The signals agreed with the mo-
lecular formula Rh(CO)(Cl)(L3)2·Fe4(Zn–L)6. The CO ligand stemmed from 

Figure 3. High resolution CSI–MS spectra of the empty host and the catalyst–cage 
assembly. (top) Full mass spectrum of Fe4(Zn–L)6 showing the different charged spe-
cies, with an inset showing the theoretical and experimental isotopic distribution of the 
8+ signal. The peak with m/z ratio of 900 belongs to a single ligand of the cage and 
m/z ratio of 993 belongs to a symmetrically fragmented cage. (bottom) Full mass spec-
trum of Rh4·Fe4(Zn–L)6 showing the different charged species, with an inset showing 
the theoretical and experimental isotopic distribution of the 5+ signal. The peak with 
m/z ratio of 661 belongs to the fragment [Rh(CO)(L3)2]1+.
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incomplete ligand displacement during the formation of Rh4, with CO being 
known to coordinate as a fifth ligand to these types of complexes.55 Chloride is 
inferred to have been introduced as an impurity in Fe(OTf)2, which was used 
for the cage self–assembly.56–58 The acac ligand decoordinated upon ionization 
and was replaced by chloride in the mass spectrometer to preserve neutrality 
of the rhodium complex. A signal with m/z ratio of 661 is also observed in 
the spectrum of the assembly and it corresponds to the fragment [Rh(CO)
(L3)2]1+. Most importantly, these results unambiguously confirm that the rho-
dium pre–catalyst selectively bound in the cage.

Mass spectra were also obtained for the free ligands L1, L2 and L3 along with 
gold complex Au1, all in a 1:2 stoichiometry with respect to the cage. The 
measurements confirmed the selective formation of a 1:2 host–guest complex for 
multitopic ligands L2 and L3. For monotopic ligand L1, on the other hand, a 
statistical mixture of 1:1, 1:2, 1:3 and 1:4 host–guest complexes was formed. In 
the case of Au1, the spectrum showed signals corresponding to the molecular 
formula Au2·Fe4(Zn–L)6. Hence, the Au–Cl bond was broken upon ionization 
in the mass spectrometer. These control experiments confirm the ability of 
multitopic guests to bind optimally in Fe4(Zn–L)6.

Determination of binding constants of the 
ligands to the cage

Having established by mass spectrometry and NMR spectroscopy that guests 
bind selectively inside Fe4(Zn–L)6 by multitopic coordination to the zinc(II) 
porphyrin building blocks, next the binding strength of these guests in the 
cavity was evaluated (For all binding data, see Experimental section). The 
binding constant of the ligand of the catalytically active complex, L3, to the 
cage was determined by titration of increasing amounts of L3 into a solution of 
Fe4(Zn–L)6 in acetonitrile. A bathochromic shift of both the Soret band and 
Q bands of the cage porphyrins confirmed coordination of the pyridine groups 
to the axial positions of the zinc(II) porphyrins (Figure 4a).59 The binding 
curves displayed a linear decrease in absorption as a function of equivalents of 
added guest up to 2 eq of guest, indicating a strong binding of L3 in the cage 
(Figure 4b). The absence of an isosbestic point around 550 nm suggested that 
a simple 1:1 binding model is not a valid description of this host–guest com-
plex. Indeed, fitting of the titration data to a 1:1 host–guest equilibrium model 
did not result in acceptable fits, whereas fitting with a 1:3 host–guest equi-
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librium model yielded good fits from which the association constants can be 
extracted: K1 = 3.12·105 M–1, K2 = 3.53·105 M–1 and K3 = 6.24·103 M–1 (Table 
2). The binding constants for the formation of the 1:1 and 1:2 stoichiometries 
are much higher than the 1:3, suggesting that these bound multi–topically on 
the inside of the cage, whereas the third binding occurred on the outside of 
the capsule via a monotopic interaction, and as such is much weaker. The high 
association constants under these conditions are important as they indicate 
that the ligands and the corresponding rhodium complex should not leach out 
of the cage during catalysis.

Next, the binding of ditopic guest L2 to the cage was investigated by a simi-
lar titration procedure as L3. The titration curves of L2 were also fitted to a 
1:3 host–guest equilibrium model, giving association constants of K1 = 1.72·105 
M–1, K2 = 6.71·104 M–1 and K3 = 3.44·103 M–1 (Table 2). The binding of the 
first guest was around two times weaker than for L3, consistent with ditopic 
binding vs tritopic binding for L3. The binding of a second equivalent of guest 
L2 was roughly three times weaker than the first, whereas the third binding 
was roughly 20 times weaker, consistent with monotopic coordination to the 
outside of the cage.

For multitopic guest Au1, which is around 30% larger than L3, a more sig-
nificant difference can be seen in the binding when compared to the previous-

ly discussed guests (Table 2). Already 
the first binding event displayed a lower 
binding constant (K1 = 4.08·104 M–1) by 
nearly an order of magnitude compared 
to L3. The binding of a second mole-
cule of Au1 proceeded with a binding 
constant that is 20 times lower than the 
first one, indicating that already the sec-
ond binding occurs at the outside of the 
cage via monotopic coordination.

Figure 4. (a) Overlay of UV–vis spectra of 
the titration of Fe4(Zn–L)6 (host) and L3 
(guest) at a constant host concentration of 
8.8 µM in acetonitrile at 298 K.  (b) Vari-
ation in the absorption at the Q–bands ver-
sus the logarithm of the equivalents of added 
guest.
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As control experiments, the binding of monotopic ligands Py and L1 were 
explored. For these ligands no preference for binding on the inside of the cage 
was anticipated. Indeed, for Py the titration curves fitted well with a 1:1 (with 
respect to porphyrin ligand) host–guest equilibrium equation, giving a binding 
constant of 1.19·103 M–1. The value obtained for 1:1 binding of Py to zinc(II) 
tetraphenylporphyrin (ZnIITPP) was identical (K = 1.18·103 M–1), confirming 
that the electronics of the porphyrin ligands of the cage were comparable to 
ZnIITPP.

Finally, the binding of guest L1 to Fe4(Zn–L)6 was investigated. L1 also 
bears a single pyridine group, as with Py, but is more comparable in size to 
the other guests discussed so far (Table 1). The obtained titration curves did 
not fit to a 1:1, 1:4 or 1:6 host–guest binding model, but unexpectedly the 
equilibrium equation for 1:3 host–guest binding gave the most reliable fit, with 
the least error.  The binding constant for the binding of the first equivalent of 
L1 (K1 = 2.53·103 M–1) is around two times higher than for Py. The 1:3 host–
guest model appears to imply that encapsulation of L1 takes place; however, 
from previously discussed mass measurements we knew that strong binding of 
L1 on the inside of the cage did not occur. 

To gain further insight into the encapsulation of the various guests, further 
binding studies were performed by 1D and 2D NMR spectroscopy (For all 
encapsulation studies, see Experimental section). For all the guests a broaden-
ing of the 1H NMR spectrum of the cage signals occurred upon encapsulation, 
indicating loss of symmetry of the host–guest complex in comparison with the 
highly symmetric structure of free Fe4(Zn–L)6. As a typical example, the 
spectrum of (L2)2·Fe4(Zn–L)6 is displayed in Figure 5 as well as the 1H NMR 
spectra acquired between 233 and 323 K. Upon lowering the temperature to 
233 K several broad peaks are resolved into multiple sharper peaks, revealing 
that several species are in fast equilibrium on NMR timescale (Figure 5b). As 

Table 2. Microscopic association constants (K) for 1:3 host–guest binding of L1, L2, 
L3 and Au1 with nanocage Fe4(Zn–L)6 in acetonitrile at 298 K.

Guest K1 [M–1]a K2 [M–1]b K3 [M–1]c

L1 2.53 (±0.35) ×103 1.37 (±0.07) ×103 1.34 (±0.14) ×103

L2 1.72 (±0.09) ×105 6.71 (±0.34) ×104 3.44 (±0.17) ×103

L3 3.12 (±0.16) ×105 3.53 (±0.18) ×105 6.24 (±0.31) ×103

Au1 4.08 (±0.20) ×104 2.45 (±0.12) ×103 2.04 (±0.10) ×103



Chapter 3

— 98 —

a control experiment, the 1H NMR 
spectrum of the cage was recorded in 
the presence of triphenylphosphine, 
and as expected no broadening of 
the peaks occurred (Experimental 
section). This observation confirmed 
that pyridine groups are required to 
drive encapsulation. Furthermore, 
the binding was concluded not to 
involve the phosphorus atom, which 
remains available for coordination to 
rhodium.

For multitopic ligands L2 and L3, encapsulation was additionally confirmed 
by 2D 1H DOSY NMR spectroscopy. These experiments demonstrated that 
host and guest had the same diffusion constant, and hence the same size. 
This size is the same as that of the empty host, indicating that binding did 
not affect the size of the host. Encapsulation of the catalyst precursor Rh4 
was confirmed by 1H and 2D 1H DOSY NMR spectroscopy (Experimental sec-

tion). Desymmetrization of the host 
upon encapsulation of a square–pla-
nar complex with lower symmetry is 
clear from the increase in number of 
signals (Figure 6). The tetrahedral 
symmetry of the cage was lost as 
a less symmetric guest occupied its 
interior. Due to the rather compli-
cated spectrum, 1H NMR spectros-
copy could not be used to assign the 
catalyst conformation.

Figure 5. (a) 1H NMR (400 MHz, 
298 K) spectrum of Fe4(Zn–L)6 (top) 
and (L2)2·Fe4(Zn–L)6 (bottom) in 
CD3CN. (b) Variable temperature 1H 
NMR (400 MHz, 298 K) spectra of 
(L2)2·Fe4(Zn–L)6 in CD3CN.

Figure 6. 1H NMR (500 MHz, 298 
K) spectrum of Fe4(Zn–L)6 (top) and 
Rh4·Fe4(Zn–L)6 (bottom) in CD3CN. The 
bottom spectrum contains a 1:2:1 mixture 
of Rh(acac)(CO)2, L3 and Fe4(Zn–L)6.
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Preparation of the encapsulated active species

We envisaged and explored two strategies to form the encapsulated active 
species (Figure 7; for more details, see Experimental section). In the first ap-
proach catalyst activation occurred after encapsulation of the catalyst precur-
sor. In the second approach the catalyst precursor was converted to the active 
species which was subsequently trapped by the cage. Simple mixing of Rh4 
and Fe4(Zn–L)6 (approach 1) followed by incubation under 10 bar of syngas 
did not result in catalyst activation as no hydride signals were observed in the 
1H NMR spectrum (see Experimental section). However, pre–activation of the 
catalyst precursor to form the hydride followed by cage addition (approach 2) 
successfully yielded the encapsulated active species as was clear from the in 
situ IR spectra.

The active rhodium hydrido complex was identified by high pressure IR spec-
troscopy in a mixture (2:3) of dichloromethane and acetonitrile by tracking 
the CO stretching frequencies (For all experimental details, see Experimental 
section). The active species in bulk solution displayed four stretching frequen-
cies at 2042, 2018, 2003 and 1987 cm–1, respectively, in line with a mixture of 
two complexes in which the ligands coordinated in ee or ea fashion (Figure 
8a). Upon encapsulation of the active species a shift in the equilibrium between 
the species was observed, as the encapsulated complex displays only two main 
stretching frequencies at 1993 and 1969 cm–1 (Figure 8b). Moreover, the bands 
were redshifted compared to the non–encapsulated active species, which may 

Figure 7. Strategies for the formation of the encapsulated active species.
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result from the altered bite angle 
of the rhodium complex in the 
cage.54 The CO stretching frequen-
cies remain unchanged upon addi-
tion of 1–octene, confirming that 
the initial complex formed is also 
the resting state of the reaction, in 
line with other bisphosphine based 
rhodium catalysts (For the spec-
trum, see Experimental section).60 
To gain further insight into the 
measured IR spectra, the vibra-
tional spectra of the three differ-
ent xTB–optimized encapsulated 
catalyst geometries (ee, ea and 
P–N) were calculated using DFT 

(For calculated spectra, see Experimental section). The complexes were ex-
tracted from the xTB–optimized host–guest structures and their geometries 
were further optimized with DFT with all atoms frozen except for the CO 
and hydrido ligands before calculating the IR spectra. The same trend was 
observed in these calculations as in the ones of xTB, as the ee isomer gave the 
lowest energy structure followed by ea and P–N. As expected, the computed 
spectrum for the ee isomer closely resembles the shape of the obtained experi-
mental spectrum. This similarity confirms that the encapsulated active species 
has ee geometry, in line with results obtained from xTB calculations on the 
host–guest complex. The computed spectra for the ea and P–N isomers have 
different shapes compared with the ee isomer.

To confirm that the IR bands at 1993 and 1969 cm–1 are indeed from the 
encapsulated complex with ee ge-
ometry, deuterium labelling studies 
were performed by replacing H2/
CO with D2/CO (Figure 9; for all 
experimental details, see Experi-

Figure 8. High pressure IR spectrum of the 
rhodium hydride species in absence of cage 
(a) and in presence of cage (b) at 20 bar syn-
gas at 298 K in a 3:2 mixture of acetonitrile 
and dichloromethane.

Figure 9. High pressure IR spectrum 
of Rh1·Fe4(Zn–L)6 at 20 bar H2/CO 
(green trace) and at 20 bar D2/CO 
(red trace) at 298 K in a 3:2 mixture 
of acetonitrile and dichloromethane.
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mental section). Upon H/D exchange in the encapsulated Rh1 complex (lead-
ing to DRh(CO)2(L3)2) both CO bands shift to a lower wavenumber (Δν= 
4–6 cm–1), in line with expectations for the ee complex where one CO ligand 
is trans to the hydride.61,62

Application of the encapsulated catalyst in 
hydroformylation

After having characterized the encapsulated active species, its catalytic perfor-
mance in the hydroformylation of aliphatic and aromatic terminal alkenes was 
studied (For detailed experimental details, see Experimental section). To ex-
plore size–selective hydroformylation catalysis with the current system, various 
substrates were studied including styrene, 4–tert–butylstyrene and 1–octene.

In a first experiment the hydroformylation of 1–octene was attempted by mix-
ing all catalytic components followed by pressurizing at 20 bar syngas. No 
conversion of 1–octene was observed even after 72 h at 70°C, fully consistent 
with the observation that the rhodium pre–catalyst was not activated when re-
siding in the cage (Table 3, Entry 1). In the absence of the Fe4(Zn–L)6 cage, 
1–octene was transformed into the aldehyde with 58% conversion in 3 h at 
70°C (Table 3, Entry 4). An experiment in which all components were added 
in the presence of the Fe4(Zn–L)6 cage containing C60 fullerene as a competing 
guest, blocking the catalyst precursor from the cavity, resulted in 85% conver-
sion of 1–octene at 60°C in 72 h (Table 3, Entry 2). Thus the cage itself does 
not block the hydroformylation catalysis. Importantly, pre–activation of the 
catalyst precursor for 1 h at room temperature, followed by the addition of the 
Fe4(Zn–L)6 cage to encapsulate the activated complex and the substrate led to 
an active catalyst system, as 78% of 1–octene was converted in 72 h at 70°C 
(Table 3, Entry 3). These experiments confirm that activation of the catalyst 
precursor needed to occur in the absence of the cage. Importantly, after 72 h 
of catalysis at 20 bar syngas no precipitate appeared in the reaction mixture, 
strongly suggesting that the capsule is not destroyed under these conditions as 
the building block Zn–L is not soluble in acetonitrile. Thus, cage decomposi-
tion would have led to the appearance of precipitation. 

Finally, to explore size–selective catalysis, the hydroformylation of aromatic 
alkenes was studied (Table 3, Entries 5–8). Interestingly, encapsulation of the 
active species fully prevented it from reacting with styrene and 4–tert–butyl-
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styrene; 0% conversion was seen for both substrates (Table 3, Entries 5 and 
7). In the absence of cage around 35% of both substrates were converted after 
3 h (Table 3, Entries 6 and 8). Clearly the diffusion rates of the substrates to 
the inner cavity of the cage were suitably different to allow for size–selective 
catalysis. All further control experiments in the absence of cage were run for 
3 h and all experiments in presence of cage for 72 h to ensure similar con-
versions of the substrates. To gain a deeper understanding of the observed 
size selectivity, the substrates were modelled with Spartan. The shortest H–H 
distance in styrene and 4–tert–butylstyrene is 6.7 Å, corresponding to the dis-
tance between two aromatic hydrogen atoms. In 1–octene the shortest distance, 
4.9 Å, is between two hydrogen atoms of a methylene subunit. The window 
aperture size of the empty cage is 7.9 Å, but this value decreases to 5.0 Å in 
the optimized catalyst–cage assembly (vide supra). This smaller window means 
that aliphatic substrates will be able to freely diffuse into the cage, whereas 
aromatic substrates will not, explaining the observed selectivity.

Next, we evaluated the effect of the second coordination sphere on the sub-

Table 3. Hydroformylation of 1–octene using catalyst Rh1·Fe4(Zn–L)6 at various 
temperatures in acetonitrile. 

Entry Catalyst Substrate T [°C] Conv. [%] l/bb

1c Rh1@Fe4(Zn–L)6 1-Octene 70 0 –
2d C60@Fe4(Zn–L)6 1-Octene 60 85 2.7
3e Rh1@Fe4(Zn–L)6 1-Octene 70 78 2.4
4f Rh1/Rh2 1-Octene 70 58 2.0

5e Rh1@Fe4(Zn–L)6 Styrene 70 0 –

6f Rh1/Rh2 Styrene 70 33 0.08

7e Rh1@Fe4(Zn–L)6 4-tBu-styrene 70 0 –

8f Rh1/Rh2 4-tBu-styrene 70 34 0.09
a Reagents and conditions: [Rh(acac)(CO)2] = 0.15 mM, [L3] = 0.3 mM, [Fe4(Zn–L)6] = 0.15 
mM, [Substrate] = 30 mM, 20 bar H2/CO (1:1). b Ratio of linear and branched aldehyde. c 
All reagents mixed from the beginning of the experiment, reaction time = 72 h. d Fe4(Zn–L)6 
mixed with 1 eq C60 fullerene in acetonitrile where after Rh4 precursor and substrate were 
added and the reaction was carried out for 72 h. e The catalytically active species was gener-
ated from Rh(acac)(CO)2 and L3 under 20 bar syngas at room temperature for 1 h, then the 
substrate and Fe4(Zn–L)6 were added and the reaction was carried out at 70°C for 72 h. f No 
Fe4(Zn–L)6 was present in the catalytic mixture and the reaction was carried out at 70°C for 
3 h without pre-activation of the catalyst.
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strate selectivity of the encapsulated catalyst. For this purpose, the conversion 
of a series of aliphatic terminal alkenes ranging from 1–hexene to 1–decene was 
explored (Figure 10). As anticipated, the encapsulated catalyst preferentially 
converted shorter substrates, where a quantitative conversion is obtained for 
the shortest substrate 1–hexene at 70°C in 72 h. Remarkably, 1–heptene shows 
under identical conditions a significantly lower conversion of 33%, despite its 
chain length being only a single methylene unit longer. The non–encapsulated 
catalyst, however, shows a 72% conversion of 1–hexene and 65% conversion 
of 1–heptene, confirming that confinement of the catalyst in a rigid second 
coordination sphere is responsible for the observed substrate size selectivity. For 
1–octene the encapsulated catalyst exhibits a higher conversion of 78%, where-
as only 14% of 1–nonene was converted. Finally, 1–decene was converted yet 
again at a higher proportion of 65%. An odd–even effect is markedly present, 
as all even–numbered alkenes displayed higher conversions than odd–numbered 
ones. The odd–even effect most likely arises from an enthalpically more favor-
able folding of odd–numbered alkenes inside the cage, hindering their reactivi-
ty.63 Such an effect is not observed in bulk solution, where the un–encapsulated 
catalyst converts all substrates with similar conversions. This observation indi-
cated that the substrate must be fully encapsulated for catalysis to occur, as 
such an effect would not be expected if it is sufficient for the substrate to only 
partially encapsulate in the cage during catalysis. For all substrates a slight 
increase in the linear to branched ratio (l/b ratio) is seen when performing the 
reaction in the cage, consistent with bidentate character of the rhodium com-
plex in the cavity. 

Figure 10. Results of the hydroformylation of alkenes ranging from 1–hexene to 1–de-
cene. (left) Results obtained with the encapsulated catalyst showing the odd–even effect 
in the conversion values. (right) Results obtained with the catalyst in bulk solution.
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To confirm that full encapsulation of 
the substrates takes place, we explored 
the hydroformylation of substrate Sub1 
possessing a styrene functionalized with 
an aliphatic alkene tail (Figure 11). We 
envisioned that this substrate can pierce 
into the cage but is too large for full en-

capsulation. The encapsulated catalyst displayed no conversion of either side 
of the substrate at 70°C after 72 h, confirming that full encapsulation of the 
substrates is required for cage catalysis to occur. In the absence of the cage 
the catalyst displayed 7% overall conversion after 3 hours with a 1.2:1 ratio of 
aromatic to aliphatic aldehydes formed.

Having concluded that the cage is sufficiently rigid to induce substrate selectiv-
ity in single–substrate experiments, competition experiments with substrates of 
variable sizes were explored. Mixtures of different aliphatic alkenes and styrene 
were studied, as well as mixtures of two aliphatic alkenes that differ in length. 
The size difference between styrene and aliphatic alkenes is larger and there-
fore a more pronounced size selectivity was expected as compared to purely 
aliphatic alkene mixtures. Upon hydroformylation of a mixture of 1–octene and 
styrene, the un–encapsulated catalyst converted both substrates, yielding the 
products with a ratio of 0.58 in favor of 1–octene, which is a similar ratio as 
found in the single substrate experiments (Table 4, Entry 8). This finding is 
consistent with the inherently lower reactivity of styrene compared to 1–oc-
tene.3 In line with single substrate experiments, the encapsulated catalyst has 
an even stronger preference for converting 1–octene, leading to a product ratio 
of 0.15, corresponding to a 4–fold increase in selectivity upon catalyst encap-
sulation (Table 4, Entry 7).

Next, mixtures of purely aliphatic alkenes were studied (Table 4, Entries 1–6). 
For all different mixtures the encapsulated catalyst showed a preference for the 
conversion of the smaller substrate, whereas the free catalyst shows a prefer-
ence for the conversion of the larger substrate. The best substrate selectivity 
is obtained for a mixture of 1–hexene and 1–decene, where the products form 
with a ratio of 1.27 in favor of the smaller aldehyde (Table 4, Entry 1). Similar 
substrate selectivity is observed in an experiment involving a mixture of 1–oc-
tene and 1–decene (Product ratio = 1.23, Table 4, Entry 5). Finally, for a mix-
ture of 1–heptene and 1–octene the preference for the formation of the smaller 
aldehyde was much smaller than expected, even given the small difference in 

Figure 11. Structure of bifunctional 
substrate Sub1.
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substrate size (Product ratio = 1.05, Table 4, Entry 3). These mixture ex-
periments demonstrated that size–selective hydroformylation was possible and 
worked best if there is a large difference in size between the substrates.

Table 4. Hydroformylation of mixture of alkenes using catalyst Rh1·Fe4(Zn–L)6 in 
acetonitrile.

Entry Catalyst S1 S2 Conv. 1 
[%]

Conv. 2 
[%]

P1:P2b P1:P2c

1d Rh1@
Fe4(Zn–L)6

1-Hexene 1-Decene 100 79 1.27 1.54

2e Rh1/Rh2 1-Hexene 1-Decene 24 26 0.92 1.18
3d Rh1@

Fe4(Zn–L)6

1-Heptene 1-Octene 40 38 1.05 0.42

4e Rh1/Rh2 1-Heptene 1-Octene 38 46 0.83 1.12

5d Rh1@
Fe4(Zn–L)6

1-Octene 1-Decene 49 40 1.23 1.20

6e Rh1/Rh2 1-Octene 1-Decene 37 42 0.88 0.95

7d Rh1@
Fe4(Zn–L)6

Styrene 1-Octene 5 33 0.15 0.00

8e Rh1/Rh2 Styrene 1-Octene 14 24 0.58 0.57
a Reagents and conditions: [Rh(acac)(CO)2] = 0.15 mM, [L3] = 0.3 mM, [Fe4(Zn–L)6] = 0.15 
mM, [Substrate] = 30 mM, 20 bar H2/CO (1:1). b Ratio of products in mixture experiments. c 
Ratio of porducts in single substrate experiments. d The catalytically active species was gener-
ated from Rh(acac)(CO)2 and L3 under 20 bar syngas at room temperature for 1 h. Then the 
substrates and Fe4(Zn–L)6 were added and the reaction was carried out at 70°C for 72 h. f No 
Fe4(Zn–L)6 was present in the catalytic mixture and the reaction was carried out at 70°C for 
3 h without pre-activation of the catalyst.
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Conclusions
This work describes the first example of size–selective hydroformylation by 
encapsulation of a rhodium complex in a molecular cage. The active rhodium 
phosphine complex is strongly bound inside the cavity by multitopic ZnII–pyr-
idyl interactions. Due to the geometric constraints imposed by the surrounding 
cage structure, only the ee isomer HRh(CO)2(L3)2 is present inside the cage. 
When applied in hydroformylation of terminal alkenes, the encapsulated cata-
lyst shows a clear preference for the conversion of smaller even–numbered sub-
strates. In single substrate experiments an odd–even effect is present, whereas 
the un–encapsulated catalyst does not display such selectivity. In competition 
experiments in the presence of mixtures of substrates, the encapsulated catalyst 
also displays substrate selectivity, although to a lower extent as expected based 
on the single substrate experiments. In this work we have demonstrated that 
by simply modulating the second coordination sphere of a rhodium catalyst, 
substrate selectivity based on size can be evoked in hydroformylation catalysis. 
In future experiments we will explore if this type of size–selective catalyst can 
be applied to evoke selective conversions in complex mixtures of substrates and 
catalysts.
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Experimental

Materials and methods

All reactions were carried out under an atmosphere of N2 using standard 
Schlenk techniques when noted. All solvents were distilled prior to use by con-
ventional methods. NMR spectra were recorded on a Bruker AMX 300 (300.1 
MHz, 75.5 MHz and 121.5 MHz for 1H, 13C and 31P respectively), Bruker AMX 
400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 1H, 13C and 31P respectively) 
and Bruker AMX 500 (500.1 MHz, 125.8 MHz and 202.5 MHz for 1H, 13C and 
31P respectively). 1H NMR spectral data are referenced to the solvent residual 
signal (7.26 ppm for CDCl3, 3.58 ppm for THF–d8, 5.32 ppm for CD2Cl2 and 
1.32 ppm for CD3CN), 31P NMR data are given relative to external H3PO4 
and 19F NMR data are given relative to external CFCl3. 2D 1H–DOSY spec-
tral data were performed with temperature and gradient calibration prior to 
the measurements, and the temperature was kept at 298 K during the mea-
surements. Low resolution electrospray ionization mass spectra (ESI–MS) were 
obtained on a Micromass Quattro LC. Detection was in positive–ion mode, the 
cone voltage was 13 eV, the desolvation and ionization temperature were 313 
K. The solution was infused from a Harvard Syringe Pump at a rate of 10 μL 
per minute. Coldspray ionization mass spectra (CSI–MS) were obtained on an 
AccuTOF LC, JMS–T100LP Mass spectrometer (JEOL, Japan). Detection was 
in positive–ion mode, needle voltage 2000 V, Orifice 1 voltage 90 V, Orifice 2 
voltage 9 V, Ring Lens voltage 22 V, ion source temperature 80°C, spray tem-
perature 250°C, flow injection with a flow rate of 0.01 mL/min. High resolution 
mass spectra of cage samples were collected on a HR–ToF Bruker Daltonik 
GmbH (Bremen, Germany) Impact II, an ESI–ToF MS capable of resolution 
of at least 40000 FWHM, which was coupled to a Bruker cryospray unit. De-
tection was in positive–ion mode and the source voltage was between 4 and 6 
kV. The flow rates were 18 uL/hr. The drying gas (N2) was held at –35°C and 
the spray gas was held at – 40°C. The machine was calibrated prior to every 
experiment via direct infusion of a TFA–Na solution, which provided a m/z 
range of singly charged peaks up to 3500 Da in both ion modes. UV–Vis spec-
troscopy was performed on a single beam Hewlett Packard 8453 spectrometer 
and a double beam Shimadzu UV–2600 spectrometer in a quartz cuvette with 
a path length of 10 mm using the solvent as a background. IR measurements 
were conducted on a Thermo Nicolet Nexus FT–IR spectrometer. Gas chro-
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matographic analyses were conducted on Shimadzu GC–17A apparatus (split/
splitless injector, J&W 30 m column, film thickness 3.0 µm, carrier gas 70kPa 
He, FID detector) and Trace GC ultra–apparatus (split/splitless injector, Rest-
ek RTX1 column, film thickness 0.25 µm, carrier gas 70kPa He, FID detec-
tor). All reagents were purchased from commercial suppliers and used without 
further purification.

Synthesis and characterization of ligands L1, 
L2 and L3

L1, L2 and L3 were synthesized using two modified literature procedures64,65:

4–bromopyridine (S1)

4–bromopyridine hydrochloride (5.5 g, 28.3 mmol) and K2CO3 (11.7 g, 84.9 
mmol) were dissolved in water (300 mL) at 0°C, resulting in effervescence and 
the separation of a yellow oily layer from the aqueous phase. The mixture 
was continuously stirred for 30 min while maintaining a temperature of 0°C 
to avoid polymerization of the formed S1. Next, the yellow oil was separated 
from the aqueous phase and the water layer was extracted with diethyl ether 
(3 x 70 mL). The oil and the combined organic phases were dried over MgSO4, 



Size-Selective Hydroformylation by a Rhodium Catalyst Confined in a Su-
pramolecular Cage

— 109 —

filtered and the solvent was removed under reduced pressure at 0°C to give S1 
as a yellow oil. The oil was immediately used for the next step without further 
purification. 

4–(Diphenylphosphaneyl)pyridine (L1)

n–BuLi (9.4 mL, 23.5 mmol, 2.5 M in hexanes) and freshly distilled and dried 
TMEDA (3.5 mL, 23.5 mmol) were transferred along with diethyl ether (20 
mL) into a flame–dried Schlenk flask under N2 atmosphere. The yellow solution 
was stirred at room temperature for 15 min, where after it was cooled to –78°C 
using a dry ice/acetone cooling bath. Subsequently, a solution of S1 (3.1 mL, 
32.6 mmol) in diethyl ether (40 mL) was added dropwise over 15 min, while 
keeping the temperature at –78°C. After 15 min of stirring the brown–red re-
action mixture, a solution of PPh2Cl (3.3 mL, 18.1 mmol) in diethyl ether (20 
mL) was added dropwise, where after the resulting brown reaction mixture was 
stirred for 1.5 h at –75°C and then allowed to come to room temperature over 
30 minutes. Next, a few blocks of ice and NH4OH (aq) (8 mL) were added to 
the beige suspension, where after the organic layer was separated and washed 
with degassed water (3 x 100 mL). The organic phase was dried with MgSO4, 
filtered and the solvent was removed under reduced pressure to give an or-
ange–brown oil. The crude product was purified by column chromatography 
(silica, eluent: dichloromethane + 2% MeOH and 1% triethylamine) under N2 
atmosphere to give L1 as colorless crystals in 30% yield. 1H NMR (300 MHz, 
CDCl3) δ (ppm) = 8.53 – 8.48 (m, 1H), 7.42 – 7.31 (m, 5H), 7.10 (t, J = 6.2 
Hz, 1H); 31P NMR (121 MHz, CDCl3) δ (ppm) = –7.05.

4,4’–(Phenylphosphanediyl)dipyridine (L2)

n–BuLi (4.5 mL, 11.3 mmol, 2.5 M in hexanes) and freshly distilled and dried 
TMEDA (1.7 mL, 11.3 mmol) were transferred along with diethyl ether (9 mL) 
into a flame–dried Schlenk flask under N2 atmosphere. The yellow solution was 
stirred at room temperature for 15 min, where after it was cooled to –78°C 
using a dry ice/acetone cooling bath. Subsequently, a solution of S1 (1.4 mL, 
14.8 mmol) in diethyl ether (17 mL) was added dropwise over 15 min, while 
keeping the temperature at –78°C. After 15 min of stirring the brown–red 
reaction mixture, a solution of PPhCl2 (0.6 mL, 4.9 mmol) in diethyl ether 
(5 mL) was added dropwise, where after the resulting dark yellow reaction 
mixture was stirred for 1.5 h at –75°C and then allowed to come to room tem-
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perature over 30 minutes. Next, a few blocks of ice and NH4OH (aq) (4.3 mL) 
were added to the suspension, where after the organic layer was separated and 
washed with degassed water (3 x 100 mL). The organic phase was dried with 
MgSO4, filtered and the solvent was removed under reduced pressure to give 
a red–orange oil. The crude product was purified by column chromatography 
(silica, eluent: dichloromethane + 4% MeOH and 1.5% triethylamine) under N2 
atmosphere to give L2 as a waxy pale yellow solid in 37% yield. 1H NMR (300 
MHz, CDCl3) δ (ppm) = 8.61 – 8.55 (m, 4H), 7.49 – 7.32 (m, 5H), 7.15 (m, 
4H); 31P NMR (121 MHz, CDCl3) δ (ppm) = –9.08; HRMS (CSI+) calc. for 
[L2]+ (C16H14N2P+) 265.0889, found 265.0907.

Tris(pyridin–4–yl)phosphane (L3)

n–BuLi (9.6 mL, 24 mmol, 2.5 M in hexanes) and freshly distilled and dried 
TMEDA (3.6 mL, 24 mmol) were transferred into a flame–dried Schlenk flask 
under N2 atmosphere. The yellow solution was stirred at room temperature for 
20 min, where after it was cooled to between –80 and –90°C using a pentane/
liquid N2 cooling bath. Next, pentane (25 mL), diethyl ether (25 mL) and tet-
rahydrofuran (25 mL) were added to the reaction mixture and the resulting 
solution was cooled to –115°C. Subsequently, a solution of S1 (2.5 mL, 25.4 
mmol) in diethyl ether (15 mL) was added dropwise over 15 min, while keeping 
the temperature at –115°C. 5 min later PCl3 (0.6 mL, 7.2 mmol) was added 
dropwise, where after the resulting red–brown reaction mixture was heavily 
stirred for 1 h at –115°C and then 2 h at a temperature of –100 to –115°C, 
after which the reaction mixture was allowed to warm to room temperature 
slowly overnight. Next, the reaction mixture was quenched with degassed water 
resulting in the formation of a yellow–orange suspension. The suspension was 
extracted with degassed water (4 x 100 mL) and the combined aqueous layers 
were further extracted with chloroform (4 x 100 mL). The combined organic 
phases were dried over MgSO4, filtered and the solvent was removed under 
reduced pressure to give a yellow–orange solid. The crude product was purified 
by column chromatography (silica, eluent: chloroform/hexane = 3:1 + 2% tri-
ethylamine) under N2 atmosphere to give L3 as a pale–yellow crystalline solid 
in 19% yield. 1H NMR (300 MHz, CDCl3) δ (ppm) = 8.64 (m, 2H), 7.21–7.13 
(m, 2H); 31P NMR (121 MHz, CDCl3) δ (ppm) = –11.46.
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Synthesis and characterization of Au1

Au1 was synthesized using a modified literature procedure66:

A solution of SMe2AuCl (21.5 mg, 73 µmol) in dichloromethane (5 mL) under 
N2 was cooled to 0°C, where after a solution of L3 (19.5 mg, 73 µmol) in di-
chloromethane (5 mL) was added dropwise. The resulting yellow solution was 
allowed to come to room temperature and stirred for 18 h under N2. Next, the 
solvent was removed under reduced pressure to give an off–white solid, which 
was further washed with pentane and cold ethanol to give Au1 in 31% yield. 
Single crystals were grown by liquid–liquid diffusion of a toluene solution of 
Au1 with pentane at 4°C. 1H NMR (300 MHz, CDCl3) δ (ppm) = 8.88 – 8.82 
(m, 6H), 7.41 (ddd, J = 13.5, 4.4, 1.6 Hz, 6H). 31P NMR (121 MHz, CDCl3) 
δ (ppm) = 29.72. HRMS (CSI+) calc. for [Au1]+ (C15H13N3PAuCl+) 498.02011, 
found 498.02256.

Figure 12. X–ray crystal structure of complex Au1 (CCDC number: 1819341). Ther-
mal ellipsoids are drawn with 50% probability. Color code: C, black and white; H, 
white; N, blue; P, red; Au, yellow; Cl, green.
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Synthesis and characterization of building 
block Zn–P

S2–S6 were synthesized using a literature procedure67, S7–S9 and Zn–P were 
synthesized using modified literature procedures68,69:

Bis(3–ethyl–4–methyl–1H–pyrrol–2–yl)methane (S7)

S6 (2.0 g, 5.3 mmol) and NaOH (0.85 g, 21.3 mmol) were transferred along 
with degassed ethylene glycol (20 mL) in a round–bottom Schlenk flask under 
an atmosphere of a N2. The suspension was heated to 190°C for 30 minutes re-
sulting in the formation of a tan solid at the bottom of the flask. Subsequently, 
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the flask was immediately cooled on an ice bath, after which water was added 
to the flask in air to make the ethylene glycol less viscous. The suspension was 
extracted with dichloromethane (4 x 100 mL), dried with MgSO4, filtered and 
the solvent was removed under reduced pressure to yield a dark brown–red 
oil. The crude product was purified by column chromatography (silica, eluent: 
dichloromethane) to give S7 as a pale solid in 80% yield. 1H NMR (300 MHz, 
CDCl3) δ (ppm) = 7.35 (s, 2H), 6.43 – 6.30 (m, 2H), 3.83 (s, 2H), 2.46 (q, J 
= 7.5 Hz, 4H), 2.07 (s, 6H), 1.12 (t, J = 7.5 Hz, 6H).

N,N’–((2,8,12,18–tetraethyl–3,7,13,17–
tetramethylporphyrin–5,15–diyl)bis(4,1–phenylene)) 
diacetamide (S8)

S7 (0.25 g, 1.1 mmol) and 4–acetamidobenzaldehyde (0.18 g, 1.1 mmol) were 
transferred along with dry and degassed methanol (100 mL) into a two–necked 
Schlenk flask under an atmosphere of N2. Next, trifluoroacetic acid (10.1 µL, 
0.1 mmol) was added and the reaction mixture was stirred at room tempera-
ture covered in foil for 1 h, followed by the addition of DDQ (0.37 g, 1.6 
mmol). The resulting black solution was further stirred in air at room tempera-
ture covered in foil to complete oxidation of the porphyrinogen. Subsequently, 
chloroform (100 mL) and triethylamine (1 mL) were added. Most of the poly-
pyrrole by–product was removed with a short plug of silica eluting with a 9:1 
mixture of chloroform and methanol. The resulting crude solid was purified 
with column chromatography (silica, eluent: chloroform/tetrahydrofuran = 8:2) 
to give S8 as a purple solid in 67% yield. 1H NMR (300 MHz, THF–d8) δ 
(ppm) = 10.22 (s, 2H), 9.64 (s, 1H), 8.09 (d, J = 8.3 Hz, 2H), 7.93 (d, J = 
8.4 Hz, 1H), 4.05 (q, J = 7.5 Hz, 4H), 2.58 (s, 6H), 2.22 (s, 3H), 1.78 (t, J = 
7.6 Hz, 6H), –2.29 (s, 1H).

4,4’–(2,8,12,18–tetraethyl–3,7,13,17–
tetramethylporphyrin–5,15–diyl)dianiline (S9)

S8 (0.5 g, 0.67 mmol), conc. HCl (20.7 mL) and EtOH (31 mL) were trans-
ferred to a round–bottom flask. The resulting green solution was heated at re-
flux for 40 minutes, after which it was cooled in an ice bath. Next, the solution 
was neutralized with sat. Na2CO3 (aq) precipitating a purple solid. The residual 
ethanol was removed under reduced pressure, where after filtration gave pure 
S9 as a purple solid in 67% yield. 1H NMR (300 MHz, CD2Cl2) δ (ppm) = 
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10.23 (s, 2H), 7.77 (d, J = 8.2 Hz, 4H), 7.08 (d, J = 8.2 Hz, 4H), 4.24 – 3.98 
(m, 12H), 2.64 (s, 12H), 1.79 (t, J = 7.5 Hz, 12H), –2.54 (s, 2H).  

4,4’–(2,8,12,18–tetraethyl–3,7,13,17–
tetramethylporphyrin–5,15–diyl)dianiline zinc(II) 
(Zn–P)

S9 (0.3 g, 0.45 mmol) and Zn(OAc)2H2O (0.5 g, 2.26 mmol) were transferred 
into a round–bottom flask along with chloroform (90 mL) and methanol (24 
mL). The purple–pink solution was heated to reflux for 3 h, where after it was 
cooled down to room temperature, washed with saturated Na2CO3 (aq) and wa-
ter. The resulting crude purple solid was purified with column chromatography 
(silica, eluent: chloroform, short column like a plug) to give Zn–P as a bright 
purple solid in 85% yield. 1H NMR (300 MHz, CD2Cl2) δ (ppm) = 10.18 (s, 
2H), 7.75 (d, J = 8.1 Hz, 4H), 7.03 (d, J = 8.2 Hz, 4H), 5.33 (s, 4H), 4.03 (q, 
J = 7.8 Hz, 8H), 2.60 (s, 12H), 1.78 (t, J = 7.6 Hz, 12H).

Synthesis and characterization of Fe4(Zn–L)6

Zn–P (68.7 mg, 94.7 µmol), 2–formylpyridine (18.6 µL, 195.6 µmol) and 
Fe(OTf)2 (22 mg, 62.1 µmol) were transferred along with acetonitrile (8.5 mL) 
into a Schlenk flask under an atmosphere of N2. The dark purple suspension 
was sonicated and then heated at 70°C for 4 h to complete cage formation. 
Subsequently, the resulting dark purple solution was cooled down to room tem-
perature and added dropwise into diethyl ether (10 mL) to give rise to a purple 
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suspension. The solid was recovered by centrifugation, where after it was fur-
ther washed with diethyl ether (2 x 4 mL). The residual diethyl ether was re-
moved to give pure Fe4(Zn–L)6 as a purple, microcrystalline solid in 93% yield. 
1H NMR (300 MHz, CD3CN) δ (ppm) = 10.03 – 9.81 (m, 1H), 9.70 (bs, 0.5H), 
9.59 (m, 0.5H), 8.84 (m, 1H), 8.58 (m, 1H), 8.14 – 7.89 (m, 2H), 7.79 (bs, 2H), 
6.83 (bs, 2H), 3.92 (bs, 4H), 2.52 – 2.36 (m, 6H), 1.55 (t, J = 7.7 Hz, 6H); 13C 
NMR (126 MHz, CD3CN) δ (ppm) = 176.08, 175.78, 159.73, 159.62, 157.36, 
152.23, 147.73, 146.43, 146.02, 145.72, 141.05, 137.79, 137.76, 135.20, 132.52, 
131.84, 122.04, 97.87, 20.30, 18.03, 16.58.; m/z (ESI+) = 704.61 [Fe4(Zn–L)6]8+, 
813.75 [Zn–L – 1 pyridine]+, 900.52 [Zn–L]+, 989.55 [Fe4(Zn–L)6]6+, 1217.03 
[Fe4(Zn–L)6]5+; Elemental analysis calc. (%) for C344H312F24Fe4N48O24S8Zn6 x 
12H2O = calc. C 58.63, H 4.81, N 9.54, found: C 58.50, H 4.64, N 9.52; DOSY 
NMR (CD3CN, 298 K): logD = –9.41, rh ≈ 1.6 nm. 

Figure 13. 1H NMR (300 MHz, 298 K) spectrum of Fe4(Zn–L)6 in CD3CN.

Figure 14. 13C NMR (126 MHz, 298 K) spectrum of Fe4(Zn–L)6 in CD3CN.
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Stokes–Einstein Equation for the estimation of the cage hydrodynamic radius:

Where T = 298 K; k = 1.38 x 10–23 N m K–1; η = 3.57 x 10–4 N s m–2.70

For Fe4(Zn–L)6, D = 10–9.41 m2 s–1, rh ≈ 1.6 nm

Figure 15. Aromatic region of the HSQC (126 MHz, 298 K) spectrum of Fe4(Zn–
L)6in CD3CN.

Figure 16. 2D 1H DOSY (298 K) spectrum of Fe4(Zn–L)6 in CD3CN.

D =
kT

6ΠηR
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Synthesis and characterization of substrate 
Sub1

K2CO3 (0.53 g, 3.8 mmol) was transferred into a flame–dried Schlenk flask 
under N2. Dry tetrahydrofuran (100 mL) along with 4–vinylphenol (2.58 mL, 
2.23 mmol, 10% solution in propylene glycol) were added. The solution was 
allowed to stir at room temperature for 30 min, where after 8–bromo–1–octene 
(0.45 mL, 2.68 mmol) was added dropwise and the solution was further stirred 
overnight. The next day the solvent was removed under vacuum and the yel-
low residue was dissolved in dichloromethane and the undissolved salts were 
removed by filtration. The solvent was removed and the resulting crude yellow 
oil was purified with column chromatography (silica, eluent: dichloromethane/
hexane = 1:2) to give Sub1 as a pale yellow oil in 17% yield. 1H NMR (400 
MHz, CD2Cl2) δ (ppm) = 7.33 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 
6.66 (dd, J = 17.6 Hz, 10.9 Hz, 1H), 5.90 – 5.76 (m, 1H), 5.60 (dd, J = 17.6 
Hz, 1.1 Hz, 1H), 5.10 (dd, J= 10.9 Hz, 1.0 Hz, 1H), 5.04 – 4.89 (m, 2H), 3.95 
(t, J = 6.6 Hz, 2H), 2.05 (t, J = 7.1 Hz, 2H), 1.82 – 1.70 (m, 3H), 1.51 – 1.30 
(m, 6H).

xTB and DFT calculations

Geometry optimizations of the host–guest complexes were carried out with the 
program ADF using a tight–binding quantum chemical method (GFN–xTB) 
that mimics DFT and is useful for large molecular systems.52 The vibrational 
spectra were computed in ADF using DFT after performing a geometry op-
timization on the active species structure extracted from the xTB calculation 
and by freezing all atoms except for the hydrido and CO ligands. The function-
al GGA BLYP–DR(BJDAMP) was used with the DZP basis set with a small 
frozen core. Three different host–guest complexes were computed using the 
method described: Rh1·Fe4(Zn–L)6 (ee isomer), Rh2·Fe4(Zn–L)6 (ea isomer) 
and Rh5·Fe4(Zn–L)6 (P–N complex where one L3 ligand is coordinating to 
rhodium through the pyridine instead of the phosphorus atom). 



Chapter 3

— 118 —

Figure 17. The xTB geometry optimized structure of HRh(CO)2(L3)2·Fe4(Zn–L)6. 
The energy of the ee isomer is put at 0 kcal/mol and the energies of the other host–
guest complexes are compared with it. (a) ee isomer, 0 kcal/mol. (b) ea isomer, 28 
kcal/mol. (c) P–N isomer, 45 kcal/mol.

Figure 18. The xTB geometry optimized structures of complexes with ee, ea and 
P–N geometry extracted from the host–guest structures followed by DFT geometry 
optimization by freezing all atoms except for the CO and hydrido ligands. The energy 
of the ee isomer is put at 0 kcal/mol and the other isomers are compared with it.
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CSI– and ESI–MS analysis of the host–guest 
complexes

The results from the CSI–MS analysis of (L1)2·Fe4(Zn–L)6, Au2·Fe4(Zn–L)6 
and Rh4·Fe4(Zn–L)6 are shown below as typical examples of host–guest mass 
spectra. All other high resolution spectra look similar. 

Figure 19. DFT calculated IR spectra of the encapsulated rhodium complex. (left) ee 
isomer. The found vibrational frequencies are 1941, 1975 and 2061 cm–1. (middle) ea 
isomer. The found vibrational frequencies are 1934, 1959 and 1970 cm–1. (right) P–N 
isomer. The found vibrational frequencies are 1904, 1949 and 2005 cm–1.

Table 5. Bond lengths and bond angles obtained from xTB optimized structures.

Parameter ee isomer ea isomer P–N isomer
Rh–P bond length [Å] 2.30, 2.45 2.32, 2.45 2.43
C–Rh bond length [Å] 1.92, 1.96 1.92, 1.93 1.87, 1.95
H–Rh bond length [Å] 1.61 1.61 1.63
N–Rh bond length [Å] – – 2.26

P–Rh–P angle [°] 117.4 106.9 –

N–Rh–P angle [°] – – 96.3
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(L1)2·Fe4(Zn–L)6

Au2·Fe4(Zn–L)6

Figure 21. ESI–MS spectrum of Au2·Fe4(Zn–L)6. In the image L = L3.

Figure 20. ESI–MS spectrum of (L1)2·Fe4(Zn–L)6. In the image L = L1.
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Rh4·Fe4(Zn–L)6

Table 6. Different charged species observed in the CSI mass spectrum of the host–
guest complex Rh4·Fe4(Zn–L)6 and the corresponding found and calculated [m/z].

Species Charge Found [m/z] Calculated [m/z]
Fe4(Zn-L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)0 8+ 791.8678 791.8656
Fe4(Zn-L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)1 7+ 926.2679 926.2681
Fe4(Zn-L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)3 5+ 1356.3585 1356.3564
Fe4(Zn-L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)4 4+ 1732.6842 1732.6836

Figure 22. CSI mass spectrum (full spectrum) of the host–guest complex 
Rh4·Fe4(Zn–L)6 with a spray temperature of –40°C and a dry gas temperature of 
–35°C. The peak with m/z ratio of 661 belongs to demetallated Zn–P.
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Figure 23. Expanded spectra for the charged species observed (above) in the 
CSI mass spectrum of the host–guest complex Rh4·Fe4(Zn–L)6 and simulat-
ed isotopic distribution (below). (a) [Fe4(Zn–L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)0]8+. (b) 
[Fe4(Zn–L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)1]7+. (c) [Fe4(Zn–L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)3]5+. 
(d) [Fe4(Zn–L)6(Rh)1(L3)2(CO)1(Cl)1(OTf)4]4+. 
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1H NMR encapsulation studies of Fe4(Zn–L)6 
with various guests

Encapsulation of the various guests was studied using 1H NMR and 2D 1H 
DOSY NMR spectroscopy under N2 in CD3CN at 298 K, along with mass 
spectrometry. For the strongly bound guests L2, L3 and Rh4 both 1H NMR 
and 2D 1H DOSY NMR measurements were performed, and for the rest of 
the guests L1, PPh3 and Au1 the encapsulation was studied by 1H NMR 
spectroscopy.

(L1)2·Fe4(Zn–L)6

Figure 24. 1H NMR (400 MHz, 298 K) spectrum of Fe4(Zn–L)6 (top) and 
(L1)2·Fe4(Zn–L)6 (bottom) in CD3CN.
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(L2)2·Fe4(Zn–L)6

(L3)2·Fe4(Zn–L)6

Figure 25. 2D 1H DOSY (298 K) spectrum of (L2)2·Fe4(Zn–L)6 in CD3CN.

Figure 26. NMR encapsulation study of L3 and Fe4(Zn–L)6 in CD3CN. (left) 1H 
NMR (400 MHz, 298 K) spectrum of Fe4(Zn–L)6 (top) and (L3)2·Fe4(Zn–L)6 (bot-
tom) in CD3CN. (right) 2D 1H DOSY (298 K) spectrum of (L3)2·Fe4(Zn–L)6 in 
CD3CN.
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Au1·Fe4(Zn–L)6

Encapsulation study of Fe4(Zn–L)6 and PPh3

Figure 28. 1H NMR (400 MHz, 298 K) spectrum of Fe4(Zn–L)6 (top) and a mixture 
of PPh3 and Fe4(Zn–L)6 (bottom) in CD3CN. 

Figure 27. 1H NMR (400 MHz, 298 K) spectrum of Fe4(Zn–L)6 (top) and 
Au1·Fe4(Zn–L)6 (bottom) in CD3CN.
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Rh4·Fe4(Zn–L)6

Determination of binding constants of 
Fe4(Zn–L)6 with various guests

The binding affinities of Fe4(Zn–L)6 towards Py, L1, L2, L3 and Au1 were 
obtained by UV–vis titrations in acetonitrile. A solution of Fe4(Zn–L)6 in 
acetonitrile (solution A), and stock solutions of each guest containing the same 
concentration of host in acetonitrile (solution B) were prepared respectively. 
Aliquots of each guest from stock solution B were added to a quartz cuvette 

Figure 29. 2D 1H DOSY (298 K) spectrum of Rh4·Fe4(Zn–L)6 in CD3CN. The spec-
trum contains a 1:2:1 mixture of Rh(acac)(CO)2, L3 and Fe4(Zn–L)6.
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containing the solution A. Each titration was performed at 298 K. The prog-
ress of the titration was monitored by the bathochromic shifts in the Q–bands 
of Fe4(Zn–L)6. The binding data were fitted according to the general fitting 
procedure described in Chapter 2. 

The results from the host–guest titrations between Fe4(Zn–L)6 and Py, and 
Fe4(Zn–L)6 and L1 in acetonitrile are shown below as typical examples of 1:1 
and 1:3 titrations. All other 1:1 and 1:3 with the other guests look similar and 
are fitted following the general method described before.

UV–vis binding study of Fe4(Zn–L)6 and Py (HG model)

Table 7. Fitting results for the 1:1 host–guest system between Fe4(Zn–L)6 and Py 
in acetonitrile for K = 1.19·103 M–1 at 298 K.

Wavelength [nm] εHG / 104 R2

544 1.75 0.91
550 1.92 0.94

578 0.69 0.93

Figure 30. Titration of Fe4(Zn–L)6 (host) with Py (guest) at a fixed host concentra-
tion of 8.4 µM in acetonitrile at 298 K. (left) Overlay of UV–vis spectra. (right) Fitted 
UV–vis titration curves.
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UV–vis binding study of Fe4(Zn–L)6 and L1 (HGGG 
model) 

Figure 31. Titration of Fe4(Zn–L)6 (host) with Py (guest) at a fixed host concentra-
tion of 8.4 µM in acetonitrile at 298 K. (left) Error distribution for the fitted curves. 
(right) Calculated species concentrations.

Table 8. Fitting results for the 1:3 host–guest system between Fe4(Zn–L)6 and L1 
in acetonitrile for K = 2.53·103 M–1 at 298 K, where α1 = 0.54 and α2 = 0.53.

Wavelength [nm] εHG / 104 εHGG / 104 εHGGG / 105 R2

540 8.33 8.05 0.87 0.972
555 9.13 8.21 1.07 0.986

578 5.63 4.15 0.39 0.995

Figure 32. Titration of Fe4(Zn–L)6 (host) with L1 (guest) at a fixed host concentra-
tion of 9.2 µM in acetonitrile at 298 K. (left) Overlay of UV–vis spectra. (right) Fitted 
UV–vis titration curves.
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Characterization of the active species by 1H 
NMR spectroscopy

Figure 33. Titration of Fe4(Zn–L)6 (host) with L1 (guest) at a fixed host concentra-
tion of 9.2 µM in acetonitrile at 298 K. (left) Error distribution for the fitted curves. 
(right) Calculated species concentrations.

Figure 34. High pressure 1H NMR (500 MHz, 298 K, 7 bar syngas) of the active 
species formed from Rh4·Fe4(Zn–L)6. Hydride signals could not be detected.
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High–pressure IR studies under syngas

These experiments were performed in a stainless steel autoclave equipped with 
IRTRAN windows (ZnS, transparent up to 700 cm–1, optical path length 0.4 
mm) with mechanical stirring. The autoclave contains a separate sample con-
tainer which allows for the addition of a second solution to the main chamber 
with an overpressure of syngas, so that the main chamber does not have to be 
depressurized. 

A flame–dried Schlenk flask was charged with nanocage Fe4(Zn–L)6 (35.5 
mg, 5.2 µmol) and dry and degassed acetonitrile (2.1 mL) and dichloromethane 
(1.4 mL) was added to yield a dark purple solution. In a separate flame–dried 
Schlenk flask Rh(acac)(CO)2 (1.34 mg, 5.2 µmol) and L3 (2.76 mg, 10.4 µmol) 
were dissolved in acetonitrile (0.3 mL) and dichloromethane (0.2 mL) to yield a 
pale yellow solution. Next, the cage solution was injected into the main cham-
ber of the autoclave under a flow of N2. The autoclave was purged with 20 bar 
H2/CO three times, where after it was pressurized to 20 bar H2/CO. Following 
this, the catalyst solution was injected into the separate sample container under 
a flow of N2, without depressurizing the main chamber. The sample container 
was also purged with 20 bar H2/CO three times, where after it was pressur-
ized to 30 bar H2/CO. The solution in the autoclave was heavily stirred with 
a mechanical stirrer and after an equilibration time of 20 min a background 
spectrum was collected. Finally, the content of the sample container was added 
to the main chamber, and a series of measurements were started. For the deu-
teride experiments the same procedure was repeated using D2/CO instead of 
H2/CO. When no cage was used in an experiment, the background spectrum 
was collected with pure acetonitrile at 20 bar syngas. 
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Characterization of the active species by IR 
spectroscopy

Catalysis

All catalytic reactions were carried out in dry and degassed acetonitrile. Stan-
dard solutions for the pre–catalyst, ligand, cage and substrate in acetonitrile 
were first prepared. Next, a mini autoclave (15 mL) with a separate sample 
container was evacuated and purged with N2 three times. The pre–catalyst 
solution (1 mL) and the ligand solution (1 mL) were mixed in a dry Schlenk 
flask under N2 to allow for complex formation, where after the resulting pale 
yellow solution was injected into the mini autoclave using a syringe with a long 
stainless steel needle (≈ 25 cm). The autoclave was purged with 20 bar syngas 
(CO:H2 = 1:1) three times, and subsequently pressurized with 20 bar of syngas 
(CO:H2). The solution in the autoclave was allowed to pre–incubate for 1 h at 
room temperature while being stirred at 900 rpm. Next, the cage solution (1 
mL) and substrate solution (1 mL) were mixed in a dry Schlenk flask under N2 
to give a dark red–purple solution. The top part of the autoclave was depres-
surized while the bottom part of the autoclave containing the catalyst–ligand 
solution maintained a pressure of 20 bar syngas. The dark purple solution was 
injected into the sample container of the autoclave under a flow of N2, and the 

Figure 35. High–pressure IR spectra. (left) IR spectrum (298 K) of a 1:2 mixture of 
Rh(acac)(CO)2 and L3 in acetonitrile under 20 bar syngas. [Rh] = 1.3 mM and [L3] 
= 2.6 mM. (right) IR spectrum (298 K) of a 1:2:1:200 mixture of Rh(acac)(CO)2, L3, 
Fe4(Zn–L)6 and 1–octene in a 3:2 mixture of acetonitrile and dichloromethane under 
20 bar H2/CO. [Rh] = [Fe4(Zn–L)6] = 1.3 mM, [L3] = 2.6 mM and [1–octene] = 
260 mM.
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container was purged with 20 bar syngas three times. The cage–substrate solu-
tion was injected into the autoclave with a 5 bar overpressure of syngas and 
the final pressure was adjusted to 20 bar. The autoclave was transferred into 
a pre–heated oil bath and the reaction was stirred with constant speed (900 
rpm). After the reaction was finished the autoclave was cooled in an ice bath 
and depressurized. Two drops of n–tributylphosphite were added to quench the 
active rhodium catalyst, along with decane as an external standard. An aliquot 
of the reaction mixture was diluted with dichloromethane and injected into the 
GC directly without workup or product isolation.

 Standard solutions prepared:

A:     [Rh(acac)(CO)2] = 0.6 mM

B:     [L3] = 1.2 mM     

C:     [Fe4(Zn–L)6] = 0.6 mM

D:     [Substrate] = 120 mM (for mixtures of substrates each substrate at 120   
mM)

Upon mixing the above standard solutions as described above, the following 
final catalytic concentrations were obtained:

[Rh(acac)(CO)2] = 0.15 mM

[L3] = 0.30 mM

[Fe4(Zn–L)6] = 0.15 mM

[Substrate] = 30 mM (for mixtures of substrates each substrate at 30 mM)

GC methods for the analysis of the hydroformylation products:

Hydroformylation of 1–hexene. Initial temperature = 30°C for 2 min, then 
10°C/min to 300°C. tR (1–hexene) = 3.68 min, tR (linear heptanal) = 8.36 min, 
and tR (branched heptanal) = 7.71 min.

Hydroformylation of 1–heptene, 1–octene, 1–nonene, 1–decene, sty-
rene and 4–tBu–styrene. Initial temperature = 50°C for 2 min, then 10°C/
min to 300°C. tR (1–heptene) = 3.74 min, tR (1–octene) = 5.04 min, tR (1–
nonene) = 6.62 min, tR (1–decene) = 8.27 min, tR (styrene) = 6.46 min, and 
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tR (4–tBu–styrene) = 11.66 min, tR (linear octanal) = 8.16 min, tR (branched 
octanal) = 7.58 min, tR (linear nonanal) = 9.76 min, tR (branched nonanal) = 
9.18 min, tR (linear decanal) = 11.30 min, tR (branched decanal) = 10.75 min, 
tR (linear undecanal) = 12.65 min, tR (branched undecanal) = 12.13 min, tR 
(linear styrene aldehyde) = 10.40 min, tR (branched styrene aldehyde) = 9.60 
min, tR (linear 4–tBu–styrene aldehyde) = 14.16 min, tR (branched 4–tBu–sty-
rene aldehyde) = 12.82 min.
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