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Chapter 2
Tuning the Porphyrin Building 

Block in Self-Assembled Cages for 
Branched-Selective Hydroformylation 

of Propene 
Abstract

Unprecedented regioselectivity to the branched aldehyde product 
in the hydroformylation of propene was attained on embedding a 
rhodium complex in supramolecular cage C2, formed by coordi-
nation–driven self–assembly of tris–(meta–pyridyl)–phosphine and 
zinc(II) porpholactone. The design of cage C2 is based on the 
ligand–template approach, in which the ligand acts as a template 
for cage formation.  Previously, first–generation cage C1, in which 
zinc(II) porphyrin units were utilized instead of porpholactones, 
was reported. Binding studies demonstrate that the Zn–Npy associ-
ation constant for the formation of the second–generation cage C2 
is six times higher than that of C1. This strengthened binding 
allows cage C2 to remain intact in polar and industrially desired 
solvents. As a consequence, the unprecedented regioselectivity for 
branched aldehyde products can be maintained in polar and coor-
dinating solvents.

* This chapter is in part adapted from: X. Wang,‡ S. S. Nurttila,‡ W. I. Dzik, R. 
Becker, J. Rodgers, and J. N. H. Reek, “Tuning the Porphyrin Building Block in Self-
Assembled Cages for Branched-Selective Hydroformylation of Propene”, Chem. Eur. J. 
2017, 23, 14769-14777.
‡ These authors contributed equally.
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Introduction
Transition metal catalysis provides powerful tools for the selective construc-
tion of chemical bonds and as such it is important for the development of 
sustainable and economical routes to chemicals.1–6 The traditional approach in 
transition metal catalysis involves the optimization of catalyst properties by 
modifying the ligands that are coordinated to the active metal center. Typical 
properties of ligands that have proven influential include electronic7 and steric 
effects7 as well as the bite angle8. More recently it has been recognized that 
ligands that partake in the catalytic event can also be useful to invoke new 
reactivity.9 Enzymes, nature’s catalysts, can be very efficient and selective, and 
thus have been a source of inspiration. Whereas this inspiration initially result-
ed in systems in which substrate binding sites were connected to catalytic cen-
ters,10 more recent strategies have explored placing catalysts in confined spaces. 
This leads to systems in which selectivity can be controlled by the second co-
ordination sphere, that is, the supramolecular cage surrounding the active site. 
To date most examples of cage–controlled catalysis involve organic transforma-
tions, such as acyl transfer reactions,11 Diels–Alder reactions,12–15 imine–forming 
reactions,16 hydrolysis reactions,17,18 photoinduced rearrangements,19 and cycliza-
tion reactions20. More recently, metal–catalyzed reactions carried out in mo-
lecular cages were also disclosed.10,21–23 For example, encapsulation of a gold(I) 
phosphine complex in a supramolecular host resulted in an eightfold increase 
in the catalytic activity for hydroalkoxylation of allenes.24 The same host was 
also capable of encapsulating a cationic Ir(III) half–sandwich complex that was 
active in the C–H activation of aldehydes and exhibited both substrate–size 
and substrate–shape selectivity.25 The effects of confinement have also been 
studied in hydrogenation and hydroformylation reactions. By encapsulation of 
a Rh(I) norbornadiene complex in a self–folding cavitand, a hydrogenation cat-
alyst capable of reducing norbornadiene was obtained.26 Interestingly, a large 
difference in product selectivity between the encapsulated and free catalyst 
was observed, whereby the free catalyst favored dimer formation, whereas the 
encapsulated catalyst predominantly formed norbornene. By utilizing mono-
phosphine rhodium complexes trapped inside cyclodextrins, highly branched 
selective and enantioselective hydroformylation of styrene could be achieved.27 
Moreover, cyclodextrins have been employed as reverse phase–transfer catalysts 
allowing hydrogenation of unsaturated alcohols28 and hydroformylation of wa-
ter–insoluble olefins29,30 in aqueous media. Further examples of cage catalysis 
include gold(I)–catalyzed cyclization of acetylenic acid to enol lactone31 and co
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balt(II)–catalyzed radical–type cyclopropanation32. One of the challenges in the 
approach used in the above examples is that, at least for part of the catalytic 
cycle, the metal complex and the substrate must be co–encapsulated, which is 
challenging, particularly in the presence of excess substrate and product.22 In 
addition, it is essential that no competing reaction pathways take place outside 
the cage. Although it has been demonstrated that this is possible in some cas-
es, and leads to interesting examples of cage–controlled activity and selectivity, 
it is also clear that this is not a general strategy. We previously introduced a 
more general strategy to encapsulate catalysts in an efficient way that involves 
a ligand–template approach to encapsulate catalytically active metal centers. 
The key is that the catalyst is non–covalently linked to the surrounding cage, 
and thereby the strategy is applicable to a variety of catalytic systems.33 The 
first example reported along these lines was C1, which was formed by the 
assembly of three Zn(II) meso–tetraphenylporphyrins (ZnIITPP) around the li-
gand–template tris–(meta–pyridyl)–phosphine (P(m–py)3) through selective N–
Zn coordinate bonding. The phosphorus atom located in the center of the cage 
defined by the three porphyrins is available for metal coordination (Figure 1). 

By coordination of the central phosphine ligand to rhodium, efficient hydro-
formylation catalysts33,34 were obtained (Scheme 1). In the rhodium–catalyzed 
hydroformylation of 1–octene, encapsulation resulted in a tenfold increase in 
catalytic activity. Remarkably, preferential formation of the branched aldehyde 
product was observed (linear–to–branched ratio (l/b) = 0.6; room tempera-
ture). This unusual selectivity was ascribed to the encapsulation of the catalyt-

Figure 1. First–generation assembly C1 formed by the self–assembly of P(m–py)3 and 
three equivalents of ZnIITPP. (a) Molecular structure. (b) Crystal structure.
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ically active species within the cavity defined by the three porphyrins. 

The ligand–template approach was further extended to asymmetric hydro-
formylation of internal alkenes.35,36 Here, bulky, chiral pyridine–based phos-
phoramidite ligands were used in combination with zinc(II) templates for the 
formation of encapsulated rhodium(I) catalysts. The encapsulated catalysts out-
performed their non–encapsulated analogues in both activity and enantioselec-
tivity. Furthermore, the ligand–template approach has been employed in many 
other ligand systems, such as BIAN, xanthene phosphine, and hybrid bidentate 
ligands, which demonstrate the generality of this approach.23,37–39

All initial hydroformylation reactions were conducted at room temperature or 
slightly above, as the zinc–pyridine interaction was anticipated to be weaker at 
elevated temperatures. To extend the application window to more industrially 
relevant conditions, assembly C1 was applied in 1–octene hydroformylation at 
temperatures as high as 75°C.40 Interestingly, the assembly retained its un-
precedented branched aldehyde selectivity at higher partial pressures of CO. 
This demonstrates that, even though the interactions are weaker at elevated 
temperatures, the overall structure is thermodynamically sufficiently stable for 
cage–controlled catalysis.41  

Because the zinc–pyridine interaction is strongest in apolar solvents, only non–
coordinating solvents such as toluene and dichloromethane were employed. 
With increasing polarity or coordinating ability of the solvent, the binding 
constant of the zinc–pyridine interaction decreases, and this could potentially 
lead to a shift of the equilibrium to the non–encapsulated catalyst. However, 
from an industrial point of view it would be preferable to move away from 
toluene and chlorinated solvents, which have been listed as problematic in the 

Scheme 1. Coordination of the central phosphine in assembly C1 to rhodium(I) leads 
exclusively to encapsulated rhodium monophosphine complexes. When applied in 1–oc-
tene hydroformylation, selective formation of the branched aldehyde product was ob-
served (l/b = 0.6).
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CHEM21 solvent selection guide.42 Many polar solvents, such as ketones, alco-
hols and various esters, on the other hand, have been classified as industrially 
recommended solvents.  

Hydroformylation of propene is currently performed in relatively polar solvents 
that potentially can coordinate to the zinc porphyrin unit in competition with 
the pyridyl group. We envisioned that, by modifying the cage–forming porphy-
rin in such a way that the zinc–pyridine interaction is increased, the use of 
the cage could be extended to more polar and industrially interesting solvents. 
Previously we have shown that substituting the porphyrins at the phenyl group 
is only possible at one of the meso positions, as para and ortho substitution 
deformed the cage to a large extent.34,43 Increasing the binding constant in this 
manner was only successful to a limited extent. This raises the question wheth-
er the binding strength can be increased by introducing modifications directly 
at the porphyrin ring. 

In this contribution, we demonstrate that the zinc–pyridine binding constant of 
zinc(II) meso–tetraphenylporpholactone (ZnIITPPL) is nearly an order of mag-
nitude higher compared to parent ZnIITPP. The resulting self–assembled cage 
retains the branched selectivity but can now also be applied in more polar, 
industrially relevant solvents. Importantly, as the modification is at the core of 
the porphyrin and no bulky substituents are introduced, cage formation is not 
disrupted.

Results and discussion

Formation of the cage

To increase the stability of the supramolecular cage in polar and more compet-
ing solvents, the porphyrin scaffold was modified to strengthen the zinc–pyridine 
interaction. We chose ZnIITPPL (TPPL = 5,10,15,20–tetraphenyl–8H–7–oxa-
porphyrin–8–one), an oxidized form of ZnIITPP (TPP = 5,10,15,20–tetraphen-
ylporphyrin), which was used in the first–generation capsule C1.  As such, the 
zinc center is more electron deficient, and it was expected to result in a larger 
binding constant with pyridine in a variety of solvents. ZnIITPPL is thermally 
stable and was obtained by direct oxidation of free base meso–tetraphenylpor-
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phyrin (TPP–2H) and 
subsequent metalation 
in 30% overall yield 
(Scheme 2).44 

On mixing P(m–py)3 
and three equivalents 
of ZnIITPPL in toluene, 
chiral assembly C2 was 
formed by selective pyr-
idine–zinc coordination 
(Scheme 3). The selec-
tive coordination of the pyridine groups of the phosphine to the zinc centers 
was confirmed by UV–vis and NMR spectroscopy and a solid–state structure 
(vide infra).

Singe crystals of sufficient quality for X–ray diffraction were grown by slow 
vapor diffusion of pentane into a toluene solution of P(m–py)3 and three equiv-
alents of ZnIITPPL in toluene at room temperature without taking precautions 
against air. The assembly crystallized as the phosphine oxide adduct C3 with 
enantiomorphic space group P1 (Figure 2). The diffraction data allowed unam-
biguous assignment of the cage conformation, and confirmed the formation of a 
ZnIITPPL–based assembly. The structures of C3 and first–generation assembly 

Scheme 3. Three equivalents of Zn(II) meso–tetraphenylporpholactone and tris–
(meta–pyridyl)–phosphine assemble to form capsule C2 in toluene. 

Scheme 2. Direct oxidation and subsequent metalation 
of TPP–2H to yield ZnIITPPL. 
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C1 are compared in Figure 2.

Previously, we reported the crystal structure of supramolecular assembly C1, 
in which all three porphyrin moieties are engaged in mutual CH–π interac-
tions.43 However, in the crystal structure of assembly C3, such CH–π inter-
actions are present only between two porpholactone moieties that are tilted 
towards the axis passing through the P=O bond. This results in the environ-
ment around the phosphorus atom being more sterically congested compared 
to the first–generation assembly C1. The Zn–Npy distances of assembly C3 are 
2.158(3) (Zn1–N1), 2.174(3) (Zn2–N2), and 2.182(3) (Zn3–N3). The different 
cavity shapes of assemblies C1 and C3 may be a result of different crystal 
packing forces, and as such these are not necessarily different in solution. The 
average Zn–Npy distance of the ZnIITPPL moiety to P(m–py)3 (2.17(3) Å) is 
shorter than that of the ZnIITPP moiety to P(m–py)3 (2.18(3) Å), which points 
to stronger binding of pyridyl groups to ZnIITPPL compared to ZnIITPP. 

Figure 2. Comparison between the crystal structure of parent assembly C1 and the 
new assembly C3 as stick (top left) and space–filling models (bottom left) and a mo-
lecular structure (right) of the assembly. Solvent molecules and hydrogen atoms have 
been omitted for clarity. Color code: C, grey; N, blue; O, red; P, orange; Zn, purple.
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Binding studies

To confirm our hypothesis 
that the binding affinity of 
pyridine to ZnIITPPL is high-
er than that of ZnIITPP, the 
1:1 host–guest binding con-
stants were determined in 
various solvents by UV–vis ti-
tration experiments (Table 1). 
The 1:1 host–guest association 
constant is defined as:

The UV–vis absorption at 
wavelength λ of the host spe-

cies ZnIITPP or ZnIITPPL over the course of the titration is described by (the 
guest species has negligible absorptivity at the wavelengths used):

On coordination of pyridine to ZnIITPPL the typical batochromic shift of both 
the Soret band and the Q bands was observed in all used solvents: toluene, 
dichloromethane, acetone, and dioctyl terephthalate (DOTP).45 All titration 
curves exhibited isosbestic points, indicating that a simple transition from one 
species (H = host) to another (HG = host–guest) takes place. All the titration 
curves fitted well with the typical equilibrium equation of a complex with a 
1:1 stoichiometry, from which the association constants were determined. As a 
typical example, overlapping absorption spectra and the titration curve for the 

Figure 3. (a) Overlay of UV–vis spectra of the 
titration of ZnIITPPL (host) with pyridine (guest) 
at a fixed host concentration of 16 µM in dichloro-
methane at 298 K. (b) Absorption variation at the 
right Q band vs equivalents of added guest.   

Table 1. Association constants K for 1:1 binding of pyridine with ZnIITPPL or 
ZnIITPP in different solvents at 298 K.

Solvent KZnTPPL [M-1] KZnTPP [M-1] KZnTPPL/KZnTPP

CH2Cl2 2.27 (± 0.11) ×104 6.92 (± 0.35) ×103 3.28

Toluene 1.40 (± 0.07) ×104 3.41 (± 0.17) ×103 4.11

Acetone 8.57 (± 0.43) ×102 7.05 (± 0.35) ×102 1.22

DOTP 1.02 (± 0.05) ×103 2.98 (± 0.15) ×102 3.42

K =
[HG]

[H][G]

Aλ = ǫH · [H] + ǫHG · [HG]
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1:1 binding between ZnIITPPL and pyridine in dichloromethane are shown in 
Figures 3a and 3b (for more binding curves and the general fitting procedure, 
see Experimental section). The 1:1 stoichiometry for this specific binding event 
was further confirmed by Job plot analysis (see Experimental section). 

As expected, the binding constant of pyridine to ZnIITPPL (K = 2.27·104 M–1) 
is more than three times higher than that of ZnIITPP (K = 6.92·103 M–1) when 
dichloromethane is used as solvent. In toluene this difference is even larger, 
although the absolute binding constant for the pyridine–ZnIITPPL complex is 
slightly lower (K = 1.40·104 M–1). Surprisingly, in acetone, the binding constants 
for pyridine to ZnIITPP and ZnIITPPL are almost identical and slightly less 
than 1000. Interestingly, the binding constant in a solvent that is industrially 
applied and is also rather polar, namely DOTP, is more than three times high-
er for ZnIITPPL compared to ZnIITPP. Most importantly, the binding constant 
of pyridine to ZnIITPPL in this solvent is only three times smaller than that of 
pyridine to ZnIITPP in toluene, the conditions of the previously reported sys-
tem. With these promising results in hand, we anticipated that cage–controlled 
catalysis would now also be possible in these more polar solvents (vide infra). 

Next, the differences in the binding constants for the formation of cages C1 
and C2 were investigated. Previously, it was reported that positive coopera-
tivity plays a role in the formation of cage C1.34 To investigate whether such 
an effect is present in the self–assembly of second–generation cage C2, 1:3 
host–guest titrations were performed separately for assemblies C1 and C2. The 
titration of C1 was repeated to allow a valid comparison in which both sets 
of data are acquired and fitted with the same procedure. The binding affini-
ties of P(m–py)3 towards ZnIITPP 
and ZnIITPPL were obtained by 
two separate UV–vis titrations in 
toluene; however, the data could 
not be used to assign possible 
cooperativity in the system. The 
difficulty in trying to find coop-
erativity lies in the fact that the 
system is saturated towards a 1:1 
host–guest complex during the 
UV–vis titration as phosphine is 
added to the porphyrin and not 
the other way around. In fact, 

Figure 4. The calculated species concen-
tration during the titration of ZnIITPP with 
P(m–py)3 in toluene at 298 K. The concentra-
tions of the HHG and HHHG species are low 
throughout the titration.
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only in the very beginning of the titration is some 3:1 host–guest complex pres-
ent, and this is where the cooperativity effect will be most pronounced. This 
can be more easily understood by inspecting the calculated species concentra-
tion for the titration of ZnIITPP with P(m–py)3 (Figure 4). The concentration 
of the 3:1 host–guest complex is essentially non–existent throughout the supra-
molecular titration. Furthermore, due to the lack of sharp bands in the UV–vis 
spectrum of the phosphine the titration cannot be performed reversed, that is 
using the phosphine as host and the porphyrin as guest. Therefore, UV–vis 
titrations for the 3:1 host–guest complexes were performed only to determine 
binding constants but not to assign cooperativity.

As UV–vis spectroscopy turned out to be unsuitable for studying the 1:3 bind-
ing of the systems, 1H and 31P NMR spectroscopy was utilized instead. The 
use of NMR spectroscopy allowed us to monitor the changes in the signals of 
P(m–py)3 on binding of ZnIITPP and ZnIITPPL. Importantly, by tracking the 

phosphine signals the supramolecu-
lar system can be saturated to the 
1:3 complex, which was anticipated 
to allow us to further study the co-
operativity in both systems. 1H and 
31P NMR signals of the phosphine 
were monitored in parallel through-
out the titration, and this resulted 
in more reliable data for the fitting 
procedures. In addition, the appli-
cation of NMR permitted us to in-
crease the absolute concentration of 
both the host and guest in solution, 
leading to more informative titration 
curves.

The microscopic (K) and macroscopic (K1/K2/K3) association constants were 
defined as (with α1 and α2 the respective cooperativity factors46 and (3; 1; 1/3) 
the respective statistical factors47):

The NMR chemical shift for each trackable atom of the host species P(m–py)3 
over the course of the titration is described by:

Figure 5. Fitted 1H and 31P NMR titra-
tion curves of ZnIITPP with P(m–py)3 in 
[D8]toluene. Observed (circles) and calculat-
ed (dotted line) NMR chemical shift vs the 
logarithm of equivalents ZnIITPP added.

K1 = 3 ·K =
[HG]

[H][G]
, K2 = K ·α1 =

[HGG]

[H][G]
, K3 =

1

3
·K ·α2 =

[HGGG]

[HGG][G]
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During the formation of assembly C1, upfield shifts of all four pyridine signals 
in the 1H NMR spectrum and the phosphorus signal in the 31P NMR spectrum 
were observed. In the formation of assembly C2 similar shifts were detected 
in the 1H NMR spectrum; however, in the 31P NMR spectrum the phosphine 
peak shifted downfield. These NMR chemical shifts are as expected for similar 
systems in the literature and are caused by the anisotropic ring currents of the 
porphyrin/porpholactone moieties.48,49 By fitting the 1H and 31P NMR titration 
curves simultaneously, binding constants for the formation of both assemblies 
could be derived (Figure 5; for error and species concentration plots, see Exper-
imental section). Interestingly, a positive cooperativity effect was found for both 
assemblies C1 and C2, whereby the second and third binding event is stronger 
than the first one. The calculated binding constants are listed in Table 2 along 
with the cooperativity factors. For assembly C2 a small cooperativity effect is 
present that is less pronounced than for C1. This is in correspondence with the 
presence of fewer CH–π interactions in the crystal structure of C2 compared 
to C1.

Application of assemblies in hydroformylation 
of 1–octene

Once the new assembly C2 
was thoroughly character-
ized, we focused our efforts 
on the investigation of its 
catalytic performance in hy-
droformylation of 1–octene 
(Scheme 4).

Scheme 4. Rhodium(I)–catalyzed hydroformyla-
tion of 1–octene.

Table 2. Association constants K for 1:3 binding of P(m–py)3 with ZnIITPPL or 
ZnIITPP in [D8]toluene at 298 K.

ZnIITPPL ZnIITPP
α1

a α2
a K [M-1] α1

a α2
a K [M-1]

1.2 1.2 1.51·104 2.8 4.8 2.50·103

δatom = δH ·

[H]

[H]0
+ δHG ·

[HG]

[H]0
+ δHGG ·

[HGG]

[H]0
+ δHGGG ·

[HGGG]

[H]0
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In parallel the same catalytic reactions were performed with C1, to clearly 
study differences in activity and selectivity between the first– and second–gen-
eration assemblies. 1–Octene is a benchmark substrate and an excellent model 
compound for tracking activity and selectivity of Rh(I) hydroformylation cat-
alysts.3,50 Rhodium(I) complexes of the assemblies were generated in situ and 
used as such in catalysis. In all reactions five equivalents of assembly with 
respect to rhodium was used to avoid formation of active and nonselective 
ligand–free rhodium species. In all the reactions, a 1 h incubation time under 
syngas was applied before introduction of the substrate to allow complete for-
mation of the Rh–coordinated assembly (for details of catalysis procedures, see 
Experimental section). Reactions were carried out both at room temperature 
and at elevated, industrially relevant temperatures. The results for the hydro-
formylation of 1–octene are reported in Tables 3 and 4.

In the hydroformylation of 1–octene at room temperature, the first– and sec-
ond–generation assemblies produced the product with nearly the same selec-
tivity (Table 3, Entries 1–2). Interestingly, the conversion of the substrate is 
twice as high for C2 compared to C1, and this suggests that the activities are 
different. However, at higher temperatures the conversions are nearly identical. 
Both assembled catalysts maintain good selectivity for the branched aldehyde 
at a reaction temperature of 40°C, and at 80°C both catalyst systems lose their 
selectivity. This drop is expected and is due to the zinc–pyridine interaction 
becoming weaker at higher temperatures. Previously it was reported that by 
increasing the partial pressure of CO in the gas mixture, higher selectivity for 

Table 3. Hydroformylation of 1-octene with rhodium catalysts based on assemblies 
C1 and C2 at various temperatures in toluene.

Entrya Assembly T [°C] Conv. [%] TON l/b
1 C1 25 10 511 0.56
2 C2 25 22 1124 0.60
3 C1 40 64 3268 0.84
4 C2 40 57 2911 0.89

5 C1 80 98 5005 1.97

6 C2 80 97 4954 2.22
a Reagents and conditions: 2 µmol (0.02 mol%) [Rh(acac)(CO)2], 10 µmol (0.1 mol%) P(m-py)3, 
30 µmol (0.3 mol%) porphyrin/porpholactone, 10.2 mmol 1-octene, 0.01 mL DIPEA, 5.5 mL 
dry toluene, 20 bar H2/CO (1:1), incubation time 1 h, reaction time 16-18 h.
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the branched aldehyde can be maintained with assembly C1 at higher tempera-
ture.40 Subsequent reactions were therefore carried out at elevated temperatures 
and pressures, and the effect of the CO concentration was investigated in more 
detail in the hydroformylation of propene (vide infra).

Next, the solvent scope of the reaction was evaluated in the hydroformylation 
of 1–octene, by using three different solvents at higher temperature (75°C) and 
pressure (80 bar) (Table 4). Due to the larger binding constant of pyridine to 
ZnIITPPL in all solvents explored, we expected 
assembly C2 to perform better in the more po-
lar and industrially relevant solvents acetone and 
DOTP (Figure 6). However, again assemblies C1 
and C2 perform nearly equally well in all three 
solvents, although the selectivity is slightly high-
er for the first–generation assembly. In all cases 
the cages outperform their non–encapsulated cat-
alyst analogues.

Figure 6. The structure of 
industrially relevant solvent 
dioctyl terephthalate.

Table 4. Hydroformylation of 1–octene with Rh catalysts based on assemblies C1 
and C2 in different solvents under industrially relevant conditions

Entrya Assembly T [°C] Solvent Conv. [%] l/b
1 C1 75 Toluene >99 0.78
2 C2 75 Toluene >99 0.99
3b none 75 Toluene >99 1.72
4 C1 75 DOTP >99 0.96

5 C2 75 DOTP >99 1.08

6b none 75 DOTP >99 2.31

7 C1 75 Acetone 10 1.12

8 C2 75 Acetone 28 1.35

9b none 75 Acetone 58 1.75
a Reagents and conditions: 0.5 µmol (0.02 mol%) [Rh(acac)(CO)2], 2.5 µmol (0.1 mol%) P(m-
py)3, 7.5 µmol (0.3 mol%) porphyrin/porpholactone, 0.002 mL DIPEA, 1.5 mL dry solvent, 80 
bar H2/CO (1:1), incubation time 1 h, reaction time 16-19 h. b No porphyrin/porpholactone was 
added; only P(m-py)3 was used.
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Application of assemblies in hydroformylation 
of propene

With the results of 1–octene hydroformy-
lation in hand, we focused our efforts on 
the hydroformylation of the challenging 
substrate propene (Scheme 5). The chal-
lenge lies in the small size of propene and 
the lack of directing functional groups, 
which generally results in relatively low 
selectivity for the branched aldehyde.

First, the effect of the CO and H2 partial pressures on the hydroformylation of 
propene was evaluated, knowing that these parameters greatly affect both the 
activity and selectivity of 1–octene hydroformylation. This effect was explored 
for the first–generation assembly C1, for which the effect of the CO concentra-
tion was earlier reported in the hydroformylation of 1–octene.40 Thus, we could 
directly conclude whether the same effect is present for propene. The results 
are shown in Tables 5 and 6. As expected, an increase in the partial pressure 
of CO leads to higher selectivity for the branched aldehyde, whereas the activi-
ty and productivity of the catalyst decrease (Table 5). Remarkably, rather high 
selectivity (l/b = 1.12) was preserved at a temperature as high as 70°C, and 
this clearly demonstrates the correlation between a high CO concentration and 
relatively strong preference for formation of the branched aldehyde in propene 
hydroformylation. The opposite effect is observed for an increase in the partial 

Scheme 5. Rhodium(I)–catalyzed 
hydroformylation of propene.

Table 5. Hydroformylation of propene with Rh catalysts based on assembly C1 at 
different partial pressures of CO at 70°C.

Entrya Assembly ρH2 [bar] ρCO [bar] ρtot [bar] TON TOFmax
b l/b

1 C1 12.5 12.5 25 7600 1500 1.40

2 C2 12.5 16.7 29.2 6370 950 1.30

3 C1 12.5 25 37.5 6180 880 1.20

4 C2 12.5 37.5 50 5610 690 1.12
a Reagents and conditions: 2 µmol [Rh(acac)(CO)2], 10 µmol P(m-py)3, 30 µmol porphyrin, 0.01 
mL DIPEA, 5.5 mL dry toluene, 8 bar propene, 70°C, incubation time 1 h, reaction time 16 
h. b TOFmax = turnover frequency [mol·mol-1·h-1]; see Experimental section for calculation of 
TOFmax.
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pressure of H2, whereby the activity and productivity of the catalyst are in-
creased at the cost of selectivity (Table 6). Similar effects are observed when 
performing catalysis at a set pressure of 20 bar while varying the CO/H2 ratio 
(see Experimental section).

Having concluded that a high CO partial pressure is important for the branched 
selectivity, not only in 1–octene but also in propene hydroformylation, the effect 
of temperature on the reaction with both assemblies was studied. Second–gen-
eration assembly C2 showed higher selectivity both at room temperature and 
at elevated temperatures (Table 7). To the best of our knowledge, this is the 
highest selectivity for the branched aldehyde product in propene hydroformy-
lation reported to date. Interestingly, first–generation cage C1 outperforms 
C2 in benchmark 1–octene hydroformylation in terms of branched selectivity, 
whereas the opposite effect is observed in propene hydroformylation. 

With these surprising results in hand, we attempted to find an explanation for 
the selectivity differences between the assemblies. The average Zn–N distance 
in assembly C2 is shorter than that in C1 in the solid state, as shown earlier. 
Although in solution, the shape of the new assembly is likely dynamic, it was 
assumed that this difference in Zn–N distance may still play an important 
role in the catalytic performance. Preliminary volume calculations based on 
the crystal structures of C1 and C2 were carried out to shine light on the 
effect of going from ZnIITPP to ZnIITPPL on catalysis (for calculations, see 
Experimental section). Interestingly, the cavity volume of assembly C2 is 44% 
smaller than that of C1. Thus, by exchanging a porphyrin for a porpholactone 

Table 6. Hydroformylation of propene with rhodium catalysts based on assembly C1 
at different partial pressures of H2 at 70°C.

Entrya Assembly ρH2 [bar] ρCO [bar] ρtot [bar] TON TOFmax
b l/b

1 C1 12.5 12.5 25 7600 1500 1.40

2 C1 16.7 12.5 29.2 9050 1840 1.44

3 C1 25 12.5 37.5 4940 4810 1.58

4 C1 37.5 12.5 50 11500 6600 2.10
a Reagents and conditions: 2 µmol [Rh(acac)(CO)2], 10 µmol P(m-py)3, 30 µmol porphyrin, 0.01 
mL DIPEA, 5.5 mL dry toluene, 8 bar propene, 70°C, incubation time 1 h, reaction time 16 
h. b TOFmax = turnover frequency [mol·mol-1·h-1]; see Experimental section for calculation of 
TOFmax.
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not only the binding strength, but also the size of the cage is changed. The 
porphyrin building blocks lose their planarity upon oxidation to the respective 
porpholactones, thereby affecting the shape of the formed cage. This could be 
a plausible explanation for the observed selectivity differences in catalysis. It 
is likely that a smaller cage is more selective in the conversion of the smaller 
propene, whereas the slightly larger capsule provides a more branched–selective 
hydroformylation catalyst for larger substrates such as 1–octene.

Finally, hydroformylation of propene was carried out with both assemblies in 
toluene and in the more competitive solvent DOTP under industrially relevant 
conditions (Table 8). Interestingly, assembly C2 shows both higher activity and 
selectivity in more polar and coordinating solvent DOTP. This effect can be 

Table 7. Hydroformylation of propene with rhodium catalysts based on assemblies 
C1 and C2 at various temperatures in toluene.

Entrya Assembly T [°C] TON TOFmax
b l/b

1 C1 25 390 60 0.94
2 C2 25 480 75 0.84

3 C1 70 5600 690 1.12

4 C2 70 5570 500 1.11
a Reagents and conditions: 2 µmol [Rh(acac)(CO)2], 10 µmol P(m-py)3, 30 µmol porphyrin/
porpholactone, 0.01 mL DIPEA, 5.5 mL dry toluene, 8 bar propene, 50 bar H2/CO (1:3), 
incubation time 1 h, reaction time 15-17 h. b TOFmax = turnover frequency [mol·mol-1·h-1]; see 
Experimental secton for calculation of TOFmax.

Table 8. Hydroformylation of propene with rhodium catalysts based on assemblies 
C1 and C2 in different solvents at 70°C.

Entrya Assembly Solvent TON TOFmax
b l/b

1 C1 Toluene 5600 690 1.12
2 C2 Toluene 5570 500 1.11

3 C1 DOTP 1273 107 1.45

4 C2 DOTP 4130 167 1.28
a Reagents and conditions: 2 µmol [Rh(acac)(CO)2], 10 µmol P(m-py)3, 30 µmol porphyrin/
porpholactone, 0.01 mL DIPEA, 5.5 mL dry toluene, 8 bar propene, 50 bar H2/CO (1:3), 
incubation time 1 h, reaction time 17 h. b TOFmax = turnover frequency [mol·mol-1·h-1]; see Ex-
perimental secton for calculation of TOFmax.
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directly attributed to the larger binding constant of the zinc–pyridine interac-
tion for assembly C2 in DOTP. As hypothesized, an increase in the binding 
constant between zinc and pyridine allows for a more stable cage in polar sol-
vents. By means of this small change in the cage–forming units, the branched–
selective hydroformylation of propene has been extended to more industrially 
relevant conditions and solvents (DOTP). These results are consistent with C2 
being both smaller and more stable than cage C1.

Conclusions
This work describes the encapsulation of a rhodium complex in a supramolec-
ular assembly based on P(m–py)3 and ZnIITPPL. The resulting supramolecular 
catalyst displays the highest selectivity for the branched aldehyde in the hy-
droformylation of propene (l/b = 0.84). In the current system, porpholactone 
units are used to generate the second coordination sphere around the active 
catalyst, whereas previously normal ZnIITPP was used. This small structural 
change in the porphyrin building blocks enhances the binding constant and 
with that the stability of the cage. In addition, X–ray analysis of the assembly 
shows that the cage volume is 44% smaller. As a result of these differences, 
the new self–assembled cage gives unprecedented branched selectivity in the 
hydroformylation of propene, whereas the use of the cage based on ZnIITPP 
gives higher branched selectivity for 1–octene. Importantly, the increased zinc–
pyridine interaction observed for ZnIITPPL allows the reaction to be performed 
in industrially relevant solvent DOTP while maintaining high selectivity in pro-
pene hydroformylation. Thus, we have demonstrated that making small changes 
to the building blocks of the assembly allows fine tuning of the catalyst prop-
erties such that these can be applied under industrially relevant conditions.
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Experimental

Materials and methods

General Procedures

All reactions were carried out under an atmosphere of N2 using standard 
Schlenk techniques unless otherwise stated. CH2Cl2 was distilled from CaH2 
under N2, and pentane and toluene were distilled from Na under N2. Gas 
chromatographic analyses of 1–octene hydroformylation were performed on a 
Shimadzu GC–17A apparatus. Gas chromatographic analyses of propene hy-
droformylation were performed both on a Trace GC–ultra apparatus (Thermo 
electron cooperation) and a Shimadzu GC–17A apparatus. Kinetic data were 
recorded by Brooks 0254. X–ray crystal diffraction data was collected on a 
Bruker D8 Quest Eco single crystal diffractometer equipped with a CMOS 
Photon 50 detector, using Mo Ka radiation. All reagents were purchased from 
commercial suppliers and used without further purification, unless otherwise 
noted. 1–Octene was filtered over basic alumina before use. The following 
compounds were synthesized according to published procedures: P(m–py)3,

51 
ZnIITPP52 and ZnIITPPL44,53.

NMR and mass spectroscopy

NMR spectra were recorded on 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). 
CDCl3 was used as a solvent unless otherwise specified and the 1H NMR spec-
tra were referenced to the solvent residual signal. For the determination of the 
binding constants, a solution of P(m–py)3 kept at a constant concentration was 
titrated with an increasing concentration of porphyrin or porpholactone. The 
obtained titration curves were then fitted to a 1:3 host–guest model using a 
Matlab script.54 The software is accessible via this url: www.limhes.net/optim.

ESI–MS measurements were recorded on a JEOL JMS SX/SX102A four sector 
mass spectrometer.
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Steady state UV–vis spectroscopy

Steady state UV–vis spectra were recorded on a Shimadzu UV–2000 spectro-
photometer in a quartz cuvette with a path length of 10 mm using the solvent 
as background. For the determination of the binding constant, a solution of 
porphyrin/porpholactone kept at a constant concentration was titrated with an 
increasing concentration of P(m–py)3 or pyridine. The obtained titration curves 
were then fitted to a 1:1 or 3:1 host–guest model using a Matlab script.54 The 
software is accessible via this url: www.limhes.net/optim.

Single crystal X–ray diffraction

C144H90N15O7PZn3 + 2(C7H8)+ disordered solvent, Fw = 2553.73 (Derived val-
ues do not contain the contribution of the disordered solvent), violet–red rough 
fragment, 0.32 x 0.20 x 0.11 mm, triclinic, P–1 (no. 2), a = 18.0306(10), b = 
20.7321(12), c = 21.3054(12) Å, α = 95.628(3), β = 99.410(3), γ = 106.576(3), 
V = 7441.8(7) Å3, Z = 2, Dx  = 1.140 g cm–3 (Derived values do not contain 
the contribution of the disordered solvent), µ = 0.548 mm–1 (Derived values do 
not contain the contribution of the disordered solvent). In total, 203052 reflec-
tions were measured on a Bruker D8 Quest Eco diffractometer, equipped with a 
TRIUMPH monochromator and a CMOS PHOTON 50 detector (λ = 0.71073 
Å) up to a resolution of (sinθ/θ)max = 0.83 Å–1 at a temperature of 150(2) K. 
The intensity data were integrated with the Bruker APEX2 software.55 Ab-
sorption correction and scaling was performed with SADABS.56 (0.64–0.75 cor-
rection range). In total, 26675 reflections were unique (Rint = 0.085), of which 
19584 were observed [I>2σ(I)]. The structure was solved with direct methods 
using the program SHELXS–9757 and refined with SHELXL–2013 against F2 

of all reflections. One of the porpholactone moieties is positionally disordered 
(rotation over a 90° axis) and the lactone moiety was refined as occupying two 
sites with the occupancy factors of 0.64 and 0.36. The structure contains voids 
(1695 Å3 per unit cell) filled with disordered solvent molecules. Their contribu-
tion to the structure factors was secured by back–Fourier transformation using 
the SQUEEZE routine of the PLATON package,58 resulting in 226 electrons 
per unit cell. 1657 parameters were included in the least–squares refinement. 
Non–hydrogen atoms were refined with anisotropic displacement parameters. 
Hydrogen atoms were introduced in calculated positions and refined with a 
riding model. R1/wR2 [I42s(I)]: 0.0606/0.1751. S = 1.020. Residual electron 
density between –0.78 and 1.18 e Å–3. Geometry calculations and checking for 
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higher symmetry was performed with the PLATON program.58

Gas chromatographic analysis

1–Octene hydroformylation analyses were performed on a Shimadzu GC–17A 
apparatus (5 µL injection, split/splitless injector, J&W Scientific, DB–1J&W 
30 m column, diameter 0.32 mm, film thickness 2.0 µm, carrier gas 600 kPa 
He, flow 7 mL/min, FID Detector). The oven was initially held at 70°C for 
1 min, then increased to 120°C at a rate of 7°C per minute, the ramp was 
then increased to 13°C per minute until the temperature reached 250°C. The 
products could be identified with the following retention times: 1–octene (5.94 
min), 3–octene (6.15 min), octane (6.20 min), 2–octene (6.40 min), decane 
(10.28 min), 2–methyloctanal (11.16 min), nonanal (11.83 min). Only the linear 
product (nonanal) was calibrated against the internal standard (n–decane). It 
was assumed that the branched product would have the same response factor 
in the gas chromatograph. 1–octene was calibrated against the external stan-
dard (n–decane) and it was assumed that all isomers of the substrate would 
also have a similar response factor in the gas chromatograph. 

Gas chromatographic analyses of propene hydroformylation were performed on 
two GC machines: 20 µL of the reaction mixture was taken and diluted with 
980 µL toluene and injected into the GC directly without isolation of the prod-
ucts. Trace GC–ultra apparatus (Thermo electron corporation, Rtx–1 (cross-
bond 100% dimethyl polysiloxane), 30 m, 0.25 mm ID, 0.25 µm, Max Prog. 
Temp. 350°C, Min Bleed at 330°C, split flow 50 mL/min, split ratio 10, carrier 
gas 70 kPa He, FID Detector). The oven was initially held at 35°C for 0 min, 
then increased to 80°C at a rate of 3°C per minute and held for 5 min, the 
ramp was then increased to 10°C per minute until the temperature reached 
150°C and held for 2 min. The products could be identified with the following 
retention times: isobutyraldehyde (2.64 min), n–butyraldehyde (2.86 min) and 
n–decane (15.37 min). The GC was calibrated for propene hydroformylation us-
ing n–decane as an external standard. Both the linear and branched products 
were calibrated against the internal standard and against each other. 

20 µL of the reaction mixture was taken and diluted with 980 µL dichloro-
methane and injected into the GC directly without isolation/purification of the 
products. Shimadzu GC–17A apparatus (5µL injection, split/splitless injector, 
J&W Scientific, DB–1J&W 30 m column, diameter 0.32 mm, film thickness 
2.0 µm, carrier gas 600 kPa He, flow 7 mL/min, FID Detector). The oven was 
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initially held at 50°C for 3 min, then increased to 120°C at a rate of 7°C per 
minute, the ramp was then increased to 13°C per minute until the temperature 
reached 250°C. The products could be identified with the following retention 
times: dichloromethane (2.93 min), isobutyraldehyde (3.31 min), n–butyralde-
hyde (3.81 min) and n–decane (14.76 min). The GC was calibrated for propene 
hydroformylation using n–decane as internal standard. Both the linear and 
branched products were calibrated against the external standard and against 
each other. 

General titration fitting procedure

Regardless of the supramolecular model and spectroscopic method, the fitting 
procedure for the determination of the association constants is as follows: At 
each titration point n in N (the total number of titration points) the initial 
concentrations for the host and guest species [H]0,n and [G]0,n are known, as 
are the observed values for either chemical shift δatom,obs,n or absorption Aλ,obs,n, 
which we will collectively call Oobs,n. The fitting procedure is based around the 
COBYLA numerical optimization routine59 which tries to minimize the differ-
ence between the observed values and calculated values, given the constraint 
that association constants and concentrations are greater than zero:

minimize 

subject to

The objective function Fn for the optimization procedure calculates Ocalc,n 
through the formulae for Aλ or δatom (vide supra). E.g. in the case of a 1:1 HG 
titration followed by UV–vis, the objective function becomes:

Given initial guesses for the association constants {K; α}, [H] and [HG] can 
be calculated from the initial concentrations [H]0 and [G]0. Since the fitting 
procedure calls this routine very often (in our cases roughly between 102 and 
106 times per fitting procedure, depending on the size of the problem (e.g. HG 
versus HGGG)), we use a ‘rapid numerical integration algorithm for finding 
the equilibrium state of a system of coupled binding reactions’.60 The objective 
function is then evaluated using initial guesses for the species coefficients (δ 
or ε), and the optimization routine determines whether a minimum has been 
found or that the initial guesses have to be adjusted to provide a better fit to 

Fn = |Oobs,n −Ocalc,n| , nǫN

{[S]n;K;α} ≥ 0

Fn = |Oobs,n −Ocalc,n| = |Aobs,n − Acalc,n| = |Aobs,n − ǫh[H] + ǫHG[HG]|
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the data.

When a minimum has been found, the error distributions (difference between 
calculated and observed values) are visually checked for trends. If trends are 
observed that point towards a different model (e.g. cooperativity versus no co-
operativity, or HHG versus HHHG), these models are fitted to the data as well 
and the different error distributions are compared between models.

Initial guesses and quality of fit

Since multi–parameter optimizations are difficult problems to accurately solve 
(many parameters, little observables), the quality of the fit should be scruti-
nized: The microscopic association constant in larger (e.g. 1:3) systems should 
be in the range for the same constant in the 1:1 system in the same solvent. 
The species coefficients (δ or ε) have to make sense, such that e.g. in the 
case of a HHHG system where the host H is tracked by UV–vis, the relation  
should hold, since the absorptivity per ‘bound host’ molecule shouldn’t change 
appreciably in the system. Initial guesses for the optimization procedure are 
made using similar, simplified relations and ideas, where e.g. in a HHHG UV–
vis titration, almost all host molecules are bound in the HG form at the end of 
the titration curve, allowing for an estimate of εHG and thereby estimates of all 
other coefficients. Starting from these ‘proper’ guesses, the optimization routine 
is generally both fastest and most accurate.

The accuracy of these optimizations turns out to be an ill–defined problem in 
supramolecular chemistry.61 Our current understanding of this problem (after 
fitting a broad range of ‘bad’ and ‘good’ titrations), is that non–accurate addi-
tions during titrations translate directly into a noisy energy landscape with a 
noisy minimum. Combined with the fact that optimization routines can never 
guarantee to find a global minimum, the found minimum is heavily dependent 
on the quality of the titration data and on the direction through which the 
minimum is approached (i.e. the initial guesses). Thus, when a minimum is 
found by the optimization routine, we approach this minimum from multiple 
sides to assure this is in fact a global minimum, or to get an estimate on the 
size of the minimum. E.g. if we approach a one–dimensional problem from two 
extreme initial guesses and find minima at 900 and 1100, respectively, we con-
clude that the actual minimum is somewhere between these values and thereby 
immediately get a rough estimate of the accuracy with which we can determine 
the association constant.
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UV–vis binding studies of ZnIITPP and 
ZnIITPPL with pyridine

The binding affinities of pyridine towards ZnIITPP and ZnIITPPL in different 
solvents were obtained by separate UV–vis titrations in the solvent of interest. 
A solution of host, ZnIITPP or ZnIITPPL, in the solvent of choice, and a stock 
solution of guest, pyridine, containing the same concentration of host were 
prepared respectively. Aliquots of pyridine from the guest stock solution were 
added directly to a quartz cuvette containing the host solution. Each titration 
was performed at 298 K. Up to between ca. 10 and 8000 guest equivalents 
were added, depending on the solvent used. The progress of the titration was 
monitored by the shifts in the Q–bands of the porphyrin (ZnIITPP) or porpho-
lactone (ZnIITPPL). The association constant was defined as follows:

The UV–vis absorption at wavelength λ of the host species ZnIITPP or ZnIITP-
PL over the course of the titration is described by (the guest species has neg-
ligible absorptivity at the wavelengths used):

The results from the 1:1 host–guest titrations between ZnIITPP and pyridine 
and ZnIITPPL and pyridine in toluene are shown below as typical examples. 
All other 1:1 titrations look similar and are fitted following the general method 
described before.54

1:1 host–guest titration between ZnIITPP and pyridine in toluene

K =
[HG]

[H][G]

Aλ = ǫH · [H] + ǫHG · [HG]

Table 9. Fitting results for the 1:1 host–guest system between ZnIITPP and pyridine 
in toluene for K = 3.41·103 M–1 at 298 K.

Wavelength [nm] εHG / 104 R2

550 1.03 0.99975
563 2.14 0.99983

602 0.96 0.99966
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1:1 host–guest titration between ZnIITPPL and pyridine in toluene

Figure 8. Fitted UV–vis titration curves of ZnIITPPL and pyridine in toluene at 
298 K. (top left) Experimental and calculated UV–vis absorption vs the logarithm of 
equivalents pyridine added. (top right) Percentage error in the fit vs the logarithm of 
equivalents pyridine added. (bottom) Calculated species concentrations vs the logarithm 
of equivalents pyridine added. 

Figure 7. Fitted UV–vis titration curves of ZnIITPP and pyridine in toluene at 298 
K. (top left) Experimental and calculated UV–vis absorption vs the logarithm of equiv-
alents pyridine added. (top right) Percentage error in the fit vs the logarithm of equiv-
alents pyridine added. (bottom) Calculated species concentrations vs the logarithm of 
equivalents pyridine added. 
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Van `t Hoff analysis of binding in DOTP

A variable temperature UV–vis titration study of an 8 μM host (ZnIITPP and 
ZnIITPPL) solution in DOTP with increasing guest concentration (G; Pyr-
idine) was performed. During the titrations the temperature of the cuvette 
was allowed to stabilize for 10 min after which it was kept at the measured 
temperature during data acquisition. A van `t Hoff analysis of the association 
constants at different temperatures allowed us to determine the enthalpy (ΔHq) 
and entropy (ΔSq) of complexation for both ZnIITPP and ZnIITPPL with pyr-
idine through:

Van ‘t Hoff plot for binding between ZnIITPP and 
pyridine in DOTP

Calculation of the enthalpy (ΔHq) and entropy (ΔSq) of complexation between 
ZnIITPP and pyridine: 

Table 10. Fitting results for the 1:1 host–guest system between ZnIITPPL and pyri-
dine in toluene for K = 1.40·104 M–1 at 298 K.

Wavelength [nm] εHG / 104 R2

568 1.46 0.99967
604 1.84 0.99950

611 3.05 0.99978

Table 11. Association constants K for 1:1 binding between ZnIITPP and pyridine in 
DOTP at different temperatures.

T [K] T-1 [K-1] K [M-1] lnK
298 0.003354 298 5.6970935
323 0.003095 257 5.5490761

348 0.002872 89 4.4920015

lnK = −∆H/RT +∆S/R

∆S/R = −3.6263 → ∆S = −30.15Jmol−1K−1

−∆H/R = 2875 → ∆H = −23.91kJmol−1
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Van `t Hoff plot for binding between ZnIITPPL and 
pyridine in DOTP

Table 12. Association constants K for 1:1 binding between ZnIITPPL and pyridine 
in DOTP at different temperatures.

T [K] T-1 [K-1] K [M-1] lnK
298 0.003354 1020 6.9275579
323 0.003095 338 5.8230459

348 0.002872 188 5.2364420

Calculation of the enthalpy (ΔHq) and entropy (ΔSq) of complexation between 
ZnIITPPL and pyridine: 

Figure 9. Van `t Hoff analysis of the binding of ZnIITPP and pyridine in DOTP.

∆S/R = −4.6548 → ∆S = −38.70Jmol−1K−1

−∆H/R = 3424 → ∆H = −28.47kJmol−1
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UV–vis binding studies of ZnIITPP and 
ZnIITPPL with P(m–py)3

A solution of host, ZnIITPP or ZnIITPPL, in degassed toluene, and a stock 
solution of guest, P(m–py)3, containing the same concentration of host were 
prepared respectively. Aliquots of P(m–py)3 from the guest stock solution were 
added directly to a quartz cuvette containing the host solution. Each titration 
was performed by around 50 measurements at 298 K. Up to ca. 80 guest 
equivalents were added. The progress of the titration was monitored by the 
shifts in the Q–bands of the porphyrin (ZnIITPP) or porpholactone (ZnIITP-
PL). The microscopic (K) and macroscopic (K1/K2/K3) association constants 
were defined as follows, with α1 and α2 the respective cooperativity factors46 and 
(3; 1; 1/3) the respective statistical factors47:

The UV–vis absorption at wavelength λ of the host species ZnIITPP or ZnIITP-
PL over the course of the titration is described by (the guest species has neg-
ligible absorptivity at the wavelengths used):

Figure 10. Van `t Hoff analysis of the binding of ZnIITPPL and pyridine in DOTP.

K1 = 3·K =
[HG]

[H][G]
, K2 = K ·α1 =

[HGG]

[HG][G]
, K3 =

1

3
·K ·α2 =

[HGGG]

[HGG][G]

Aλ = ǫH · [H] + ǫHG · [HG] + ǫHHG · [HHG] + ǫHHHG · [HHHG]



Chapter 2

— 70 —

NMR binding studies of ZnIITPP and 
ZnIITPPL with P(m–py)3

The binding affinities of P(m–py)3 towards ZnIITPP and ZnIITPPL were ob-
tained by two separate 1H and 31P NMR titrations in [D8]toluene. A solution of 
host P(m–py)3 in degassed [D8]toluene, and stock solutions of guests, ZnIITPP 
and ZnIITPPL, containing the same concentration of P(m–py)3 were prepared 
respectively. Aliquots of each guest from the stock solution were added directly 
to an NMR tube containing the P(m–py)3 solution under N2. Each titration was 
performed by around 30 measurements at 298 K. Up to ca. 6 guest equivalents 
were added. All proton signals were referenced to the solvent residual peak. 
The progress of the titration was monitored by the relative shifts of the peaks 
of P(m–py)3 in both 1H and 31P NMR upon binding to ZnIITPP or ZnIITPP.

1:3 host–guest titration between ZnIITPP and P(m–py)3 in toluene

Figure 11. Fitted 1H and 31P NMR titration curves of ZnIITPP and P(m–py)3 in [D8]
toluene at 298 K. (top left) Experimental and calculated NMR chemical shift vs the 
logarithm of equivalents ZnIITPP added. (top right) Percentage error in the fit vs the 
logarithm of equivalents ZnIITPP added. (bottom) Calculated species concentrations vs 
the logarithm of equivalents ZnIITPP added. 
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1:3 host–guest titration between ZnIITPPL and P(m–
py)3 in toluene

Table 13. Fitting results for the cooperative 1:3 host–guest system between P(m–py)3 
and ZnIITPP in [D8]toluene for K = 2.50·103 M–1 at 298 K, where α1 = 2.8 and α2 = 
4.8.

Observable [ppm] HG coefficient HGG coefficient HGGG coefficient R2

6.55 (1H) 6.19 5.09 4.50 0.9999962
7.06 (1H) 6.51 4.82 2.72 0.9999752

-24.48 (31P) -24.32 -24.49 -25.48 0.9999993

Figure 12. Fitted 1H and 31P NMR titration curves of ZnIITPPL and P(m–py)3 in [D8]
toluene at 298 K. (top left) Experimental and calculated NMR chemical shift vs the 
logarithm of equivalents ZnIITPPL added. (top right) Percentage error in the fit vs the 
logarithm of equivalents ZnIITPPL added. (bottom) Calculated species concentrations 
vs the logarithm of equivalents ZnIITPPL added. 

Table 14. Fitting results for the cooperative 1:3 host–guest system between P(m-py)3 
and ZnIITPPL in [D8]toluene for K = 1.51·104 M–1 at 298 K, where α1 = 1.2 and α2 = 
1.2.

Observable [ppm] HG coefficient HGG coefficient HGGG coefficient R2

6.55 (1H) 6.25 6.08 5.08 0.9999718
-24.48 (31P) -24.37 -24.50 -23.96 0.9999996
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Job plot analysis of ZnIITPPL and pyridine

In order to determine the binding stoichiometry of the complex, a Job plot 
analysis was performed by tracking the changes in the 1H NMR spectrum of 
ZnIITPPL with varying amounts of pyridine in CDCl362,63. Stock solutions (5 
mM) of ZnIITPPL and pyridine were prepared separately in CDCl3. Nine NMR 
samples were prepared with different ratios of ZnIITPPL and pyridine so that 
the total concentration of ZnIITPPL + pyridine for each sample was 5 mM 
(Table 15). The total volume of each sample was kept at 1 mL. Each NMR 
sample was measured at 298 K. The signal of the pyridine proton shifted 
downfield as the mole fraction of ZnIITPPL was increased (Figure 13). The Job 
plot, indicating a 1:1 host guest complex (Figure 14), was obtained by plotting:

Table 15. Data for the Job plot collected by 1H NMR in CDCl3 at 298 K.

Entry Guest 
[µL]

Host 
[µL]

[G]/([G]+[H]) δobs [ppm] (δobs-δinitial)/(δfinal-δinitial) × 
molar fraction host

1 100 500 0.1667 7.1700 0.1106
2 150 450 0.2500 7.0680 0.1572

3 200 400 0.3333 6.8850 0.2318

4 250 350 0.4167 6.6360 0.3123

5 300 300 0.5000 6.4060 0.3544

6 350 250 0.5833 6.2150 0.3554

7 370 230 0.6167 6.1460 0.3469

8 410 190 0.6833 6.0540 0.3085

9 480 120 0.8000 6.0250 0.1992

(|δ∆G|
obs

− |G|
initial

)/(|G|
final

− |G|
initial

)vs(|G| /(|H|+ |G))
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Figure 13. 1H NMR (500 MHz, 298 K) binding study between ZnIITPPL and pyri-
dine in CDCl3.

3.54.04.55.05.56.06.57.07.58.08.59.0

ZnTPPL:Pyridine=1:5

ZnTPPL:Pyridine=1:3
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ZnTPPL:Pyridine=1:1

ZnTPPL:Pyridine=7:5
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ZnTPPL:Pyridine=41:19
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Figure 14. Job plot analysis of NMR binding study between ZnIITPPL and pyridine 
in CDCl3. 
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Catalysis procedures

1–Octene hydroformylation

Preparation of Schlenk solution of precatalyst: in a flame–dried Schlenk flask 
(15 mL) under N2, the following substances were added and stirred for 5 min: 
metalloporphyrin (30 µmol), P(m–py)3 stock solution in dry toluene (26·10–3 M, 
10 µmol), dry toluene (5 mL), [Rh(acac)(CO)2] stock solution in dry toluene 
(5·10–3 M, 2 µmol), DIPEA (diisopropylethylamine, 0.01 mL), 1–octene (filtered 
over basic alumina, 1.6 mL, 10.2 mmol).

Catalytic reaction with incubation: A mini–autoclave (15 mL) was evacu-
ated and flushed with N2 three times. The Schlenk solution (without addition 
of 1–octene) was injected into the mini–autoclave with a 10 mL syringe and 
stainless steel needle (≈25 cm) under N2. 0.5 mL toluene was used to flush the 
Schlenk flask and transferred to the mini–autoclave. The system was carefully 
flushed three times with syngas (20 bar, CO/H2 = 1:1). Then the autoclave 
was pressurized to 20 bar (CO/H2 = 1:1), immersed into a pre–heated oil bath 
at predefined temperature and stirred with constant speed (900 rpm). The 
solution in the autoclave was stirred for 1 h. Afterwards, the autoclave was 
depressurized and 1–octene (1.6 mL) was added with a 15 mL stainless steel 
needle. The autoclave was then carefully flushed three times with syngas (20 
bar, CO/H2 = 1:1) and the pressure subsequently adjusted to 20 bar. After 18 
h, the reactor was cooled down in an ice bath, where after the autoclave was 
opened after the pressure was released. Three drops of tri–n–butylphosphite 
were added to the reaction mixture to quench the active rhodium catalyst. 10 
µL of the reaction mixture was taken and diluted with 990 µL dichlorometh-
ane and injected into the GC directly without workup or product isolation.

Propene hydroformylation

Preparation of Schlenk solution of precatalyst: in a flame–dried Schlenk flask 
(15 mL) under N2, the following substances were added and stirred for 5 min: 
metalloporphyrin (30 µmol), P(m–py)3 stock solution in dry toluene (26·10–3 M, 
10 µmol), dry toluene (5 mL), [Rh(acac)(CO)2] stock solution in dry toluene 
(5·10–3 M, 2 µmol), DIPEA (diisopropylethylamine, 0.01 mL) and 1–decane (0.5 
mL, 2.6 mmol).
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A mini–autoclave (15 mL) was evacuated and flushed with N2 three times. The 
Schlenk solution was injected into the mini–autoclave with a 10 mL syringe 
and stainless steel needle (≈25 cm) under N2. 0.5 mL toluene was used to flush 
the Schlenk flask and transferred to the mini–autoclave. The system was care-
fully flushed with propene (8 bar) three times. Then the autoclave was charged 
with 8 bar propene (the volume was recorded by a flow meter). Afterwards, 
the gas in the charging line was released and the charging line was charged 
with the syngas mixed in the mixing unit (≈400 mL) with the required CO/
H2 ratio (the volume was recorded by a flow meter). Afterwards, the autoclave 
was immersed into a pre–heated oil bath at predefined temperature and stirred 
with constant speed (900 rpm). The gas consumption during the reaction was 
recorded by a flow meter. After a set reaction time, the reactor was cooled 
down in an ice bath and the autoclave was opened after the pressure had 
carefully been released. Three drops of tri–n–butylphosphite were added to the 
reaction mixture to quench the active rhodium catalyst. 

Hydroformylation results

Table 16. Propene hydroformylation at different CO/H2 ratios using assembly C1 
under 20 bar pressure at 80°C.

Entrya CO/H2 ratio Aldehyde [mmol] TOF [h-1] l/b
1 1:1 16 2472 1.58
2 2:1 9 1081 1.17

3 3:1 6 676 1.16

4 1:2 6 3333 1.75

5 1:3 10 3664 1.95
a Reagents and conditions: 2 µmol [Rh(acac)(CO)2], 10 µmol P(m-py)3, 30 µmol ZnIITPP, 0.01 
mL DIPEA, 5.5 mL dry toluene, 8 bar propene, 20 bar H2/CO, 80°C, incubation time 1 h, 
reaction time 16-18 h.
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Gas–uptake curve and calculation of TOF

Gas consumption was recorded by Brooks 0254 (Brooks Instruments, read out 
and control electronics) each second. The gas consumption is also calibrated 
by independent GC analysis at the end of the reaction. For this reason, n–de-
cane was added as an internal standard to establish a reliable calibration for 
the GC results. A GC calibration was established for both butyraldehyde and 
isobutyraldehyde. The equations: y = 0.302x – 0.074 and y = 0.303x – 0.023 
are established and are used for calibrated value for butyraldehyde and isobu-
tyraldehyde, respectively. These two equations are used for the calculation of 
the yield of the aldehydes, l/b ratio and TOF. The maximal slope of aldehyde 
formation was used for the TOFmax.

Since the catalysis was started without gas–liquid equilibration and catalyst 
incubation period, the initial gas uptake data is not caused solely by substrate 
conversion (in the first 0.5–1 h). These effects are larger at smaller pressure/

Table 17. Propene hydroformylation at different temperatures using assembly C1 
under 20 bar syngas (CO/H2 = 1:1).

Entrya T [°C] Aldehyde [mmol] TOF [h-1] l/b
1 40 11 347 1.23
2 70 15 1456 1.40

3 80 15.5 2472 1.58
a Reagents and conditions: 2 µmol [Rh(acac)(CO)2], 10 µmol P(m-py)3, 30 µmol ZnIITPP, 0.01 
mL DIPEA, 5.5 mL dry toluene, 8 bar propene, 20 bar H2/CO (1:1), 80°C, incubation time 1 
h, reaction time 16-20 h.

Table 18. Propene hydroformylation at different temperatures using assembly C2 
under 50 bar syngas (CO/H2 = 3:1).

Entrya T [°C] Aldehyde [mmol] TOF [h-1] l/b
1 40 0.5 80 1.03
2 50 2.8 140 1.09

3 60 5.6 330 1.13
a Reagents and conditions: 2 µmol [Rh(acac)(CO)2], 10 µmol P(m-py)3, 30 µmol ZnIITPP, 0.01 
mL DIPEA, 5.5 mL dry toluene, 8 bar propene, 50 bar H2/CO (1:3), incubation time 1 h, 
reaction time 16-20 h.
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higher CO concentration and low temperature (≤ 25°C). In general, a short-
er incubation time (≤ 1 h) was observed at higher H2 pressure and higher 
temperature while higher CO pressure and low temperature cause a longer 
incubation time (≈2 h). Typically, the rates at the beginning of the reaction 
deviate from the trend displayed during most of the reaction period. Therefore, 
the gas up–take values in the initial period were not taken into account when 
this effect was significant. Let ś take an example to see how we establish the 
relationship between the gas consumption (mL), aldehyde formation (mmol), the 
amount of internal standard (decane, mmol), aldehyde GC calibration equations 
and TOF (h–1). All other measured gas–uptake curves look similar and can be 
accessed in the original publication.54 

Figure 15 shows a general trend of the gas–uptake along the reaction time. 
Based on the data obtained from the GC analysis, we can calculate the amount 
of aldehydes formed through the data in Table 19.

Figure 15. Gas–uptake (mL) as a function of reaction time (s) of propene hydroformy-
lation with assembly C1 at 80°C and 20 bar syngas. 
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The TOFmax can be calculated from the total amount of aldehydes formed di-
vided by the catalyst loading and the reaction time of interest. 

Cage and cavity volume determination

To see what influence the replacement of a porphyrin, ZnIITPP, with a porpho-
lactone, ZnIITPPL, has on the size of the cage and its interior cavity, simple 
volume calculations based on the crystal structures were undertaken. The crys-
tal structure of the parent cage based on ZnIITPP is published,43 and in this 

Table 19. Aldehyde formation from GC data.

Parameter Value
Area (butyraldehyde) 2127504
Area (iso-butyraldehyde) 1402102

Area (decane) 2045464

mmol (butyraldehyde) 9.463

mmol (iso-butyraldehyde) 5.997

mmol (total aldehyde) 15.460

mmol (decane) 2.565

Gas-uptake (mL) 323.132

l/b 1.58

Figure 16. Zoom in on Figure 15. The gas–uptake shows excellent linearity in the 
first minutes of catalysis. 
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contribution the crystal structure of the second generation cage was resolved. 
In Figure 17 the X–ray crystal structure of assembly C3 is shown from two 
perspectives. 

The online utility of the Voss Volume Voxelator64 was used to calculate the vol-
umes of the cages (with 2 Å probe radius) and of the cavities (with 12 Å large 
and 1.2 Å small probe radius) where the catalyst is situated. A comparison of 
the surface areas, cage volumes and interior cavity volumes for both assemblies 
is shown in Table 20. All parameters indicate that the second generation cage 
C2 is overall smaller and has a smaller cavity than C1. 

Figure 17. X–ray crystal structures of assembly C3 (CCDC number: 1541162). Ther-
mal ellipsoids are drawn with 50% probability. Left, view from top of the structure 
showing the cage formed by the three porpholactone moieties, two of which are engaged 
in a CH–π interaction. Right, view from the side showing the tilting of the porpholac-
tone units towards the phosphorus atom. Solvent molecules and hydrogen atoms have 
been omitted for clarity. Color code: C, white; N, blue; O, red; P, purple; Zn, green.

Table 20. Surface areas, cage volumes and interior cavity volumes of assemblies C1 
and C2.

Calculated parameter Assembly C1 Assembly C2
Cage volume (Å3) 3381 3173
Surface area (Å2) 1642 1562

Cavity volume (Å3) 230 135



Chapter 2

— 80 —

In Figure 18 the outer surfaces of cages C1 and C2 are shown, and below that 
in Figure 19 the inner cavities of the cages have been presented without includ-
ing the phosphine, to better illustrate the differences in the shape of the cavity.   

Figure 18. Calculated outer surfaces of cage C1 (left) and C2 (right).

Figure 19. Calculated inner cavity volumes of cage C1 (left) and C2 (right). The 
phosphines have been omitted for clarity, aiming at describing the differences in cavity 
shapes between assemblies C1 and C2. 
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