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CHAPTER 4

Impact of Site-Specific Remote Substituents on
Capsule Shape and Selectivity of Encapsulated

Rhodium Hydroformylation Catalyst

Abstract. Herein the crystal structure of the supramolecular assembly tris-
(meta-pyridyl)-phosphine·(ZnTPP)3 is reported. This supramolecular ligand
was used for the encapsulation of a rhodium catalyst (Angew. Chem. Int. Ed.
2001, J. Am. Chem. Soc. 2004), which displayed high activities hydroformy-
lation of difficult 2-alkenes, converting them with high and unique selectivity
to 3-aldehydes (J. Am. Chem. Soc. 2006). We find attractive intramolec-
ular interactions between aromatic H atoms and the porphyrin core similar
to edge-to-face stacking in benzene, which explain previously reported coop-
erativity in the assembly process. Furthermore, we show that the selectivity
of the catalyst can be significantly influenced by modifications on the capsule
remote from the rhodium centre. These modifications change the shape of the
capsule and its ability to establish the attractive interactions, with significant
consequences for the catalytic selectivity.

4.1. Introduction

Reactivity in nano-sized confined spaces is regarded as one of the (most) promis-
ing areas for chemical discovery,2,29,33,35,42,90,196–201 and some fascinating examples
of potential applications of materials with structured hollow spaces have been de-
scribed in the literature.26,34,37,40,41,44,90–92,94–97,99–102,104,105,202,203 This chemistry
not only provides new materials, but it is also a means to a better fundamental un-
derstanding of unstable compounds and reactive intermediates.204–208 In addition,
reactions conducted within (supra)molecular capsules or hollow spaces have led
to otherwise inaccessible reactions or products.28,32,36,38,45,47,50,96,209 Nature has
made very extensive use of hollow spaces to regulate many processes, among which
catalytic transformations by enzymes occupy a prominent position.3 The substrate
binding pocket is one of the crucial factors of the enzymes’ modus operandi,164,165
and it was shown that the shape of the binding pocket could be changed and opti-
mised by site-directed mutations and other methods.167,168,185,210–214

In our group, a ligand-templated approach has been used to create cavities for
the encapsulation of transition metal catalysts.27,31,130 Application of ZnIItetra-
phenylporphyrin (ZnTPP, Fig. 2.1.1) as an encapsulation building block and tris-
(meta-pyridyl)-phosphine as ligand template (L4, Fig. 2.2.2a) has led to a highly
active rhodium hydroformylation catalyst which displayed high selectivities in the
hydroformylation of non-functionalised terminal and internal alkenes.27,39,60

In many reactions in confined spaces and capsules, the exact influence of the
capsule on the reaction mechanism is not known. Specific steric constraints which
pre-oriented the reactants were found to be the reason for certain unusual reaction
products, as in the the Diels-Alder reactions taking place in the spherical capsule
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of Rebek47,50 or in the octahedral capsule of Fujita47,50. In most of cases, however,
the explanations are not so straightforward. Therefore, a deeper understanding of
the effects of the cavity structure on the reaction mechanism is required in order
for these catalytic systems to evolve into real-life applicable chemical tools.

Herein we report the X-ray crystal structure of the tris-(meta-pyridyl)-phos-
phine·(ZnTPP)3 supramolecular assembly used to encapsulate a rhodium catalyst.
We identify attractive intramolecular interactions in the solid state, explaining pre-
viously observed cooperativity in the assembly process in solution. Furthermore,
we show that site-specific modifications of the capsule, remote from the catalyti-
cally active site, lead to steric changes of the cavity, and as a consequence, altered
catalytic selectivity. The DFT-computed molecular models of the modified capsules
allow us to anticipate the effects of the steric and electronic properties of the remote
substituents on the catalysts’ activity and selectivity. This represents a unique way
to control the properties of the transition metal catalyst and is analogous to the
site-mutagenesis strategy employed in optimisations of enzymes.167,168,185,210–214
Importantly, we locate positions in the capsule which do not alter the selectivity
when modified, opening a tantalizing possibility for chiral modification of the next
generation supramolecular capsules and catalysts which would be able to induce
chirality in non-functionalised, linear substrate molecules.

4.2. Results and Discussion

4.2.1. The X-ray structure of the capsule. Studying the assembly of
ZnTPP and tris-(para-pyridyl)-phosphine,i we previously found that the 3:1 ra-
tio in solution was changed to 5:2 in the solid state, where one ZnTPP molecule
was shared between two tris-(para-pyridyl)-phosphine molecules.54 In the case of
tris-(meta-pyridyl)-phosphine–ZnTPP assembly,ii the 3:1 stoichiometry observed in
solution,31 is preserved also in the solid state, as is shown in this work.

The assembly tris-(meta-pyridyl)-phosphine·(ZnTPP)3 was crystallised by hex-
ane diffusion into a saturated toluene solution of ZnTPP and tris-(meta-pyridyl)-
phosphine in 3:1 ratio. In Fig. 4.2.1 the molecular structure of the supramolecular
capsule and the molecular surface plot from two viewing angles are depicted.iii The
three ZnTPP molecules form a hollow space around the phosphorus atom, which
is filled with disordered solvent in the crystal. A transition metal coordinated to
the phosphorus atom replacing the solvent molecules is thus embraced by the three
ZnTPP molecules and their “frontal” phenyl groups. The capsule displays an open-
ing at the side of the phosphorus lone pair, making the metal complex coordinated

ithis supramolecular assembly did not lead to unusual selectivity in hydroformylation of internal
alkenes when applied as encapsulating ligand for rhodium catalyst.
iiwhich has led to high selectivity of 3-aldehydes in hydroformylation of 2-alkenes upon encapsu-
lation of rhodium catalyst
iiiThese and other molecular graphics images were produced using the UCSF Chimera package
from the Resource for Biocomputing, Visualization, and Informatics at the University of California,
San Francisco.150
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(a) Capsule structure in the solid state (b) molecular surface

Figure 4.2.1. The crystal structure of the tris-(meta-pyridyl)-phosphine·(ZnTPP)3
assembly (left) and the surface plots showing the shape and the size of the cavity wherein
rhodium coordinates (right). In the crystal, the cavity is filled with disordered solvent
molecules (hexanes and toluene). The displacement ellipsoids drawn at 50% probability.
H atoms not shown, C white, N blue, P orange, Zn magenta. The molecular surfaces,
plotted using also H atoms on their calculated positions. Same phenyl group marked
in all three images (♣).

to it accessible for reagents, as we see in Fig. 4.2.2.iv Importantly, the molecu-
lar model of the encapsulated Rh(CO)3H-fragment shows that the capsule retains
essentially the same geometry as in the non-coordinated state.

4.2.2. Cooperativity and CH−π interactions. Previously, the three asso-
ciation constants of the ZnTPP–tris-(meta-pyridyl)-phosphine system were found
to follow an unusual trend: the association of the second ZnTPP molecule was
stronger than the first, and the third was the strongest of them all, with K1 =
3700 < K2 = 7800 < K3 = 12000, [K]=l·mol−1.31 This trend suggested coopera-
tivity in the assembly process, and it was postulated that π−π stacking interactions
could be responsible for this phenomenon. From the crystal structure it is clear
that indeed the interactions between the adjacent porphyrins can exist, and that
they are similar to the CH –π stacking of benzene molecules in the edge-to-face
orientation to one another. The intramolecular close contacts in the solid state
exist between the H atoms on phenyl groups and the electron-rich porphyrin core

ivThe molecular model of the encapsulated Rh(CO)3H-fragment was built using the X-ray struc-
ture of the supramolecular ligand and optimised using DFT with the two-layer ONIOM method as
implemented in Gaussian 03, Rev. C.02 (DFT:DFT/dgdzvp:3-21g**).190–192,215–218 This method
was used for optimisation of all structures encapsulated by Zn(porphyrins) shown in this text.
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(a) X-ray structure and the encapsulated com-
plex

(b) X-ray and the modelled capsule

Figure 4.2.2. Comparison of the supramolecular capsule in the solid state (white,
with displacement ellipsoids at 50% probability) to the molecular model of the capsule
optimised with (left) and without (right) the Rh(CO)3H-fragment coordinated to the
phosphorus atom.

as highlighted in Fig. 4.2.3. With an average distance of 2.87Å,v these contacts
strongly indicate the existence of attractive interactions between H atoms bound
to sp2-CPhenyl atoms and the π-electron cloud of the porphyrin core, similar to
the aforementioned CH –π stacking in benzene or interactions between hexane and
graphite.219–224

The cooperative binding of ZnTPP to the template ligand tris-(meta-pyridyl)-
phosphine can therefore be explained by these attractive interactions. The trend
displayed by the association constants reflects the formation of the CH –π attrac-
tions being established in the assembly process: at a ZnTPP/tris-(meta-pyridyl)-
phosphine ratio of 2:1, one CH –π-cloud” interacting moiety is formed, causing K2

to be larger than K1. When the third ZnTPP molecule coordinates, two such inter-
acting contacts are formed, overcoming any steric repulsion and making K3 larger
than K2.

4.2.3. Introduction of substituents and distortion of the capsule by
steric effects. As our mechanistic studies have shown, the crucial parameter in the
selectivity-determining hydride migration step in the hydroformylation of internal
alkenes is the capsule rearrangement energy (see Chapter 5). During the hydride
migration the substrate rotates (Fig. 4.2.4), thereby causing conformational changes
of the capsule. Such reaction pathways are favoured, for which the energy cost
associated with this change of capsule conformation is low.

vThe distance of each meta-H atom to the corresponding π-plane is (in Å) H(292) 2.72, H(313)
2.96, H(351) 2.89. The distances C. . .π-plane are (in Å): C(292) 3.558(4), C(313) 3.679(4), C(351)
3.758(4). Other CH–π interactions can be found in the crystal structure, but these are mostly
intermolecular and likely exist only in the solid state.
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(a) (b)

(c) (d)

Figure 4.2.3. Capsule with highlighted close contacts (top left) and the magnified
sites of the intramolecular attractive interactions, which are indicated with the dashed
lines lines (dark green atoms: attractive interactions; light blue atoms: possible steric
repulsion). The attraction between Hδ

+

Ar and the porphyrinic π-electron cloud contribute
cooperatively31 to the stability of the assembly and the shape of the pocket. The steric
repulsion at the para-positions (light blue) could destabilise the supramolecular capsule.

It is very likely that the aforementioned CH –π interactions contribute signifi-
cantly to the capsule rearrangement energy, so that a disruption of these attractions
would change the energy penalty for capsule rearrangement, thereby directly influ-
encing the selectivity of the catalyst.

A closer look at the phenyl groups of the porphyrins in the crystal structure
reveals that only the para-H and one meta-H atomvi display close contacts to the

viwith respect to the C atom bound to the porphyrin core
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Figure 4.2.5. The hydroformylation scheme of 1- and trans-2-octene, with the product
distribution typical for the ZnTPP-encapsulated rhodium catalyst.

neighbouring ZnTPP molecule, as is shown in the magnified view in Fig. 4.2.3.
Therefore we can expect that substituents in bothmeta-positions or one substituent
in the para-position would cause steric repulsion between the porphyrins, pushing
them away from one another and diminishing the attractive CH –π interactions.
Also if the whole meso-phenyl group is substituted with groups which cannot estab-
lish the anticipated attractive interactions, consequences for the catalyst selectivity
are expected.

Indeed, when the DFT-optimised molecular models of the capsulesvii based on
modified ZnII porphyrins are compared to the solid state structure of the ZnTPP-
base capsule, large deviations from the original structure can be observed (Fig. 4.2.7).
Also, the average distance of the meta-H atom to the porphyrin core in these dis-
torted capsules is larger than 4.5Å (vide infra Table 4.2.2), which is too long for
CH –π interactions. Therefore, the selectivities of the rhodium catalysts encapsu-
lated by these capsules are expected to differ from the selectivity of the ZnTPP-
encapsulated rhodium catalyst. These predictions were also confirmed experimen-
tally in the hydroformylation of the showcase substrate trans-2-octene with the

viithe structures of the encapsulated RhH(CO)3 fragment were optimised; however, for a clearer
comparison, this fragment and all H-atoms were removed from the molecular images. For full
structures, please see the Experimental Section.
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Figure 4.2.6. ZnII complexes with various substituent patterns used to study the
impact of capsule shape on catalytic selectivity.

various encapsulated rhodium catalysts (Table 4.2.2). The ZnTPP-encapsulated
catalyst produces 87% C3-aldehyde (entry 1, Tab. 4.2.2), since the capsule re-
arrangement in the hydride migration for the C2-pathway is blocked by the capsule
and therefore energetically less favourable than for the C3-pathway (Chapter 5).

The capsules with the methoxy substituent in the para- or in both meta-
positions obviously disrupt the capsule assembly and their ability to form the CH –π
stacking. This change in the capsule is reflected in the selectivity of the encapsu-
lated catalysts, as it changes to 40-50% C3-aldehyde (entries 2 and 3 in Tab. 4.2.2).
The ortho-methoxy substituent, however, affects the capsule geometry in a slightly
more subtle manner: it enforces the phenyl groups in a “more perpendicular” con-
formation relative to the porphyrin core, pushing the porphyrin molecules further
away from one another and thereby weakening (or disabling) the attractive inter-
actions. Consequently, the selectivity towards the C3-aldehyde displayed by the
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(a) distorted capsules (b) distorted capsules over surface plot

Figure 4.2.7. Overlay of the molecular models of the modified capsules with the solid
state structure of the ZnTPP-based capsule. Large deviations in the structures due
to substituent-caused steric repulsions are obvious, as the overlap of their structure
with the crystal structure of the ZnTPP-capsule is bad. The molecular models of the
substituted capsules were optimised with the Rh(CO)3H-fragment coordinated to P.
However, for easier comparison, all H atoms, substituents, and the Rh(CO)3H fragment
are omitted from the figures above. Colour legend: crystal structure white with thermal
ellipsoids drawn at 50% probability; ZnTPP(p-OMe) orange; ZnTPP(o-OMe) light red;
ZnTPP−F20 magenta; ZnTPP(m,m-OMe) dark red, ZnTCx dark green.

ZnTPP-encapsulated catalyst is not retained when the ZnTPP(o-OMe)-based cap-
sule is applied (entry 4 in Tab. 4.2.2).

Replacement of the phenyl with cyclohexyl groups has a similar effect on the
capsule shape and selectivity. The Csp

3

-H –π-electron-cloud interactions are weak-
enedviii and the capsule cannot maintain the shape required for achieving high C3-
aldehyde selectivity, leading to a 1:1 product distributionix (entry 5, Tab. 4.2.2).
In the case of ZnIItetra-(pentafluorophenyl)porphyrin, ZnTPP−F20, the capsule is
significantly distorted (Fig. 4.2.7a, 4.2.7b) due to a combination of both steric and
electronic effects. The pentafluorophenyl group is larger than the phenyl group,
causing steric repulsion with the neighbouring porphyrins; moreover, the repulsion
between the electronegative fluorine atoms and the electron cloud of the porphyrin
core is an additional reason for the capsule distortion. As a consequence, the cata-
lyst changes the selectivity when encapsulated by this building block and produces
mainly the C2-aldehyde (and 43%P3, entry 6, Tab. 4.2.2).

The sensitivity of the capsule towards modifications is so high that even the
substitution of hydrogen atoms on the phenyl groups with deuterium atoms results

viiilikely due to the lower acidity of the Csp
3
-bound H atoms as compared to the Csp

2
–H; steric

reasons may also play a role in the imperfect positioning of the hydrogen atoms with respect to
the porphyrin core
ixin other words, the rearrangement energy difference between the pathways becomes diminishingly
small, so that neither of the aldehydes is the preferred product.
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Table 4.2.1. Hydroformylation of trans-2-octene using encapsulated catalysts with
various capsule shapes. In the last column: average (of three) distance from the meta-
H position to the neighbouring porphyrin plane, relevant for establishing attractive
interactions. These distances were taken from the X-ray structure and the molecular
models, where the existence of the CH –π stacking is plausible.

Nr. ZnII complex Conv. (%) P2a P3a d/Å
1 ZnTPP 25 12 87 2.7 (X-ray: 2.867)

2 ZnTPP(p-OMe) 22 50 50 4.7
3 ZnTPP(m,m-OMe) 7 60 39 5.4
4 ZnTPP(o-OMe) 21 55 45 5.0
5 ZnTCx 16 49 51 4.7
6 ZnTPP−F20 26 58 42 4.5
7 ZnTPP−D20 24 30 70 –
8♠ Zn(protoPorph) 2 60 40 –
9 ZnPc 8 59 41 –

109 ZnPc 9 70 30 –

110 ZnPc 9 69 31 –

Conditions: [Rh] = 0.50 · 103 mol · l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0,
[trans-2-octene]/[Rh] = 500, 85 hours; T= 25◦C, p = 20 bar, CO/H2= 1 : 1, [dipea]/[Rh] = 30.

No base (dipea) was added to experiments using ZnPc. Reaction mixture quenched with
tributylphosphite, diluted with CH2Cl2 and analysed directly by GC. a see Figure 4.2.5.
♠[Rh] = 0.10 · 103 mol · l−1. 9with trans-2-nonene as substrate. 0with trans-2-decene as

substrate.

in altered catalytic selectivity: from 87% C3-aldehyde (with ZnTPP, Tab. 4.2.2, en-
try 1) the selectivity shifts to 70% (with ZnTPP−D20, Tab. 4.2.2, entry 7). Likely,
the slight size differences between the pentaprotophenyl and the pentadeuterophenyl
group, as well as different polarisabilities of the Csp

2

–H and Csp
2

–D bonds,223,225–227
both contribute to the overall decrease of the assembly stability, resulting in slightly
lower selectivity.

Removal of the meso-substituents disables the formation of the CH –π inter-
actions completely, and when Zn(protoporphyrin) (entry 8) is used as the encap-
sulation building block, the selectivity for the C3-aldehyde is lost. Application of
ZnIIphthalocyanine ZnPc (Fig. 4.2.6) in encapsulation leads to formation of spacious
pockets, with the cavity volume five times larger than that of the ZnTPP-based
capsule (see Fig. 4.2.8 and the Experimental Section). In the hydroformylation of
internal alkenes, the ZnPc-encapsulated catalyst favoured the C2-aldehyde in up to
70% yield when trans-2-nonene and -decene were used as substrates (Tab. 4.2.2,
entries 9–11).x

4.2.4. Substituents in one meta-position do not distort the capsule.
A single methoxy substituent in meta-position (ZnTPP(m-OMe), Fig. 4.2.9) should
not influence the structure of the assembly, as the unhindered rotation of the phenyl
groups allows facile avoidance of steric crowding and ensures optimal packing of the

xdue to very poor solubility, Zn(protoporphyrin) was not used in these experiments
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(a) ZnTPP-capsule (b) ZnPc-capsule (c) ZnTPP- vs. ZnPc-capsule

(d) ZnTPP-cavity (e) ZnPc-cavity (f) ZnPc- vs. ZnTPP-cavity

Figure 4.2.8. Comparison of ZnTPP- and ZnPc-based capsule sizes and comparison
of their cavities. Large cavity allows unhindered motion of the substrate in the capsule,
leading to C2-aldehyde as major product.
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Figure 4.2.9. ZnII complexes with substituents in one meta-(meso-phenyl) position
which do not disrupt the cooperative interactions.

porphyrin molecules in the capsule. The DFT-optimised molecular model of the
ZnTPP(m-OMe)-encapsulated rhodium catalyst is virtually identical to that of the
ZnTPP-based analogue. These capsules display minimal deviations from the crys-
tal structure of the ZnTPP-capsule, as is shown in Fig. 4.2.10. Hydroformylation
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Table 4.2.2. Hydroformylation of trans-2-octene by the encapsulated catalysts using
ZnIIporphyrin building blocks which do not change the original capsule shape and the
typical ZnTPP-selectivity. In the last column: average (of three) distance from the
meta-H position to the neighbouring porphyrin plane (taken from the X-ray structure
and the molecular models), relevant for establishing attractive interactions.

Nr. ZnII complex Conv. (%) P1 P2 P3 d/Å
with trans-2-octene as substrate
1 ZnTPP 25 - 12 87 2.7 (X-ray: 2.867)

2 ZnTPP(m-OMe) 23 - 15 85 3.2
3♣ ZnTPP(m-NO2) ≤0.01 - - - 2.9
4♥ ZnTPP(m-NO2) 4 - 44 56 2.9
with 1-octene as substrate
5 ZnTPP 19 36 64 - 2.7 (X-ray: 2.867)

6 ZnTPP(m-OMe) 18 33 67 - 3.2
7 ZnTPP(m-NO2) 42♦ 39 61 - 2.9

Conditions: [Rh] = 0.50 · 103 mol · l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0,
[trans-2-octene]/[Rh] = 500 and 85 hours; [1-octene]/[Rh] = 7500 and 19 hours T= 25◦C,

p = 20 bar, CO/H2= 1 : 1, [dipea]/[Rh] = 30. Reaction mixture quenched with
tributylphosphite, diluted with CH2Cl2 and analysed directly by GC. ♣Identical results (no
conversion, in some cases even in 135 hours) were obtained with other trans-2-alkenes (from
2-pentene to 2-nonene), cis-2-heptene, cis-2-octene, as well as with trans-3-octene. For these

results there are no table entries. ♥T = 60◦C. ♦[1-octene]/[Rh] = 1000 and 85 hours

experiments with 1- and trans-2-octene as substrates using the ZnTPP(m-OMe)-
encapsulated catalyst resulted in almost identical conversions and selectivities as
with the original, ZnTPP-encapsulated catalyst, suggesting that the cavity is in-
deed unaffected by this “mutation” (entries 1–2 and 5–6 in Tab. 4.2.2). This result
is significant, as it identifies the exact position in the assembly available for mod-
ifications which do not compromise the regioselectivity of the catalyst. Thus we
have shown that the steric effects of the substituent in one meta-phenyl position
do not change the geometry of the capsule or its ability to establish intramolecular
cooperative interactions.

4.2.5. Increasing the capsule rigidity by electronic effects. It is likely
that electronic effects of the substituents would also have consequences on the
strength of the CH –π cooperative interactions and thereby change the reorganisa-
tion energy of the capsule, and hence the activity and/or selectivity of the catalyst
inside it. A strongly electron-withdrawing nitro group in the meta-position, as in
ZnTPP(m-NO2) (Fig. 4.2.9), polarises the Csp

2

–H bonds and increases the positive
charge on the H-atoms, resulting in a stronger attraction to the aromatic por-
phyrin core. The strengthened attractive interactions lead to a more rigid capsule,
for which the rearrangement energy is likely higher than for the original capsule.
This, in turn, affects the activity of the catalyst encapsulated by the rigid capsule,
while retaining the original selectivity.
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(a) C3-selective capsules (b) fit to X-ray surface

Figure 4.2.10. Comparison of X-ray crystal structure of the capsule (ellipsoids,
white surface) with the model structures of capsules giving C3-selective catalysts.
Colour legend: crystal structure white ellipsoids (50% probability); ZnTPP light green;
ZnTPP(m-OMe) cyan; ZnTPP(m-NO2) dark green; For easier comparison, all H atoms,
the substituents, and the rhodium fragment Rh(CO)2H are not shown.

The molecular model supports this hypothesis, as there are three pairs of coop-
erative interactionsxi in the molecular model of the ZnTPP(m-NO2)-based capsule,
just like in the X-ray structure of the tris-(meta-pyridyl)-phosphine·(ZnTPP)3 as-
sembly (Fig. 4.2.11c).xii The rigidity of the ZnTPP(m-NO2)-based capsule signif-
icantly affects the activity of the encapsulated catalyst. 2-alkenes are not con-
verted at all under typical conditions (Table 4.2.2). No conversion was observed
for trans-2-alkenes from pentene (C5) to decene (C10), as well as cis-2-heptene
(C7) and -octene (C8) as substrates. With 1-octene, which is sterically less de-
manding than trans-2-octene, the ZnTPP(m-NO2)-encapsulated catalyst displays
activity (TOF∼ 4.9h−1) significantly lower than the ZnTPP-encapsulated catalyst
(TOF∼ 250h−1). However, the selectivity in this reaction was similar to that dis-
played by the ZnTPP-encapsulated catalystxiii (entry 7 in Tab. 4.2.3), as predicted
above.

4.2.5.1. Substrate competition experiments. In order to gain better understand-
ing of the behaviour of the ZnTPP(m-NO2)-encapsulated catalyst we performed com-
petition experiments, in which we added both substrates to the catalyst. We also
used in situ FT-IR21,142,143,228,229 spectroscopy to monitor the catalyst under hy-
droformylation conditions. The substrate competition experiments (Table 4.2.3)

xialso, there are close contacts between Csp
2
–H and O atoms of the neighbouring m-NO2 group,

suggesting that these attractions may provide additional stabilisation (rigidity) to the capsule.
xiiIn comparison, two interaction pairs are present in the molecular models of the ZnTPP- and
ZnTPP(m-OMe)-encapsulated catalysts, which is likely the consequence of the theoretical model’s
inability to actually treat these interactions. What one should see in these models is the potential
to establish the attractive interactions, rather than the interactions themselves. if the model were
able to take them in account, the third attraction pair would likely be seen.
xiiiEncapsulation by ZnTPP(m-OMe) leads to similar results as ZnTPP (Tab. 4.2.2).
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(a) ZnTPP (b) ZnTPP(m-OMe) (c) ZnTPP(m-NO2)

Figure 4.2.11. Contacts (in red) indicating possibilities for cooperative interactions
adjacent porphyrins in capsules based on three different ZnII(porphyrin) complexes
(DFT-models).

Table 4.2.3. Competition experiments: hydroformylation of 1-octene in presence of
trans-2-octene. Trans-2-octene inhibits the catalyst encapsulated by the most rigid
capsule almost completely. In parentheses: conversion of 1-octene without trans-2-
octene ( also shown in entries 5–7 in Tab. 4.2.2).

Nr. ZnII complex Conversion (%) P1 P2 P3
1-octene trans-2-octene (%)

Substrate competition: trans-2-octene added to 1-octene

1 ZnTPP 17 (19) ≤ 0.1 37 63 n.d.
2 ZnTPP(m-OMe) 6 (18) ≤ 0.1 29 71 n.d.
3 ZnTPP(m-NO2) 3.6 (42)♦ ≤ 0.01 46 54 n.d.

Conditions: [Rh] = 0.50 · 103 mol · l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0, T= 25◦C, p = 20 bar,
CO/H2= 1 : 1, [1-octene]/[Rh] = 7500, [trans-2-octene]/[Rh] = 500, 19 hours, [dipea]/[Rh] = 30.

Reaction mixture was quenched with tributylphosphite, diluted with CH2Cl2 and analysed
directly by GC. ♦[1-octene]/[Rh] = 1000, [trans-2-octene]/[Rh] = 100, 85 hours.

show that the conversion of 1-octene by the ZnTPP(m-NO2)-encapsulated catalyst
is severely inhibited by the presence of trans-2-octene (from 42% conversion to
3.6%; entry 3, Tab. 4.2.3), whereas the ZnTPP-catalyst seems to be unaffected by
the presence of trans-2-octene in the reaction mixture (entry 1, Tab. 4.2.3). The
ZnTPP(m-OMe)-encapsulated catalyst is moderately affected, as it is inhibited, but
to a smaller degree (from 18% conversion to 6%; entry 2, Tab. 4.2.3) than the
ZnTPP(m-NO2)-encapsulated one.

4.2.5.2. The in situ high-pressure FT-IR. The in situ FT-IR21,142,143,228,229

spectroscopy of the ZnTPP(m-NO2)-encapsulated catalyst indicate the formation of
the monophosphine rhodiumhydrido species RhH(CO)3P under syngas atmosphere,
as evidenced by three CO-bands at 2001, 2045 and 2067 cm−1 (Fig 4.2.12, full black
line). These bands did not change upon addition of trans-2-octene and no aldehyde
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peak was detected in the course of 40 hours,xiv indicating that no conversion of the
substrate occurred. However, heating the reaction mixture to 60◦C did lead to slow
and non-selective conversion of trans-2-octene. It was unclear whether it happened
due to the breakdown of the capsule or the formation of free rhodium by ligand
dissociation (entry 4, Tab. 4.2.2).
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Figure 4.2.12. The in situ FT-IR spectrum of the rhodiumhydrido species (the full
black line) changes upon addition of 1-octene (the dashed line). The difference spectrum
displayed above (the dash-dot line) shows clearly the newly formed bands.

However, the in situ FT-IR spectrum of the ZnTPP(m-NO2)-encapsulated rhodi-
umhydrido species changed upon addition of 1-octene. The intensity of the orig-
inal three bands decreased, and two new bands appeared at 1990 and 2005 cm−1
(Fig 4.2.12, dashed linexv), indicating formation of an intermediate species, possi-
bly the (acylrhodium) resting state.230,231 These changes were accompanied by the
growth of the aldehyde-CO band at 1722 cm−1, indicating production of the alde-
hydes. Addition of trans-2-octene to this reaction mixture (containing 1-octene and
ZnTPP(m-NO2)-encapsulated catalyst) did not lead to any changes in the carbonyl
IR-region, but the hydroformylation of 1-octene was virtually stopped. Inversely,
when 1-octene was added to the reaction mixture containing trans-2-octene and
ZnTPP(m-NO2)-encapsulated catalyst, the IR spectrum changed slowly, with new
bands appearing at 1988 and 2008 cm−1. Parallel with these spectral changes, very

xivalso not in the following 40 hours, excluding the presence of free rhodium, which would lead to
(non-selective) aldehyde production and isomerisation of the starting alkene.
xvthe weak band at ca. 1950-1960 cm−1 could not be assigned and it is unclear whether it is an
artefact or real band; also, the third weak band belonging to the appearing acylrhodium resting
state could not be observed, most likely due to its low intensity and overlap with the other bands,
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slow conversion of 1-octene was observed. Clearly, the hydroformylation of 1-octene
dominated the catalysis, while trans-2-octene inhibited it.

This behaviour is most likely a direct consequence of the increased rigidity of the
ZnTPP(m-NO2)-based capsule: It is open enough to allow coordination of internal
alkenes, but its rigidity prevents the rearrangements required during the catalytic
cycle. The rearrangements are smaller in the case of terminal alkenes, and the catal-
ysis proceeds, albeit lower conversions than in the cases of less rigid capsules (using
ZnTPP and ZnTPP(m-OMe) as building blocks). The predicted correlations be-
tween the catalyst selectivity and the capsule structure, based solely upon the solid
state structure of the ZnTPP-capsule are in excellent agreement with the molecular
modelling studies and catalytic experiments. Thus, the remote-site modifications of
the encapsulated transition metal catalyst resemble the methodology of single-site
mutagenesis used in the enzyme modifications and optimisations.167,168,185,210–212
The current data suggest that the shape of the cavity and the catalyst’s ability to
maintain the capsule’s shape are the crucial parameters for the catalytic activity
and selectivity. Moreover, the capsule shape and regulation of its adaptability by
multiple non-covalent interactions might be the common features of the reactions
in natural and synthetic confined nano-spaces and capsules.

4.3. Conclusions and Outlook

In analogy to the site-mutations methodology applied in enzyme optimisations,
we have shown that a similar method can be used to modify the selectivity of
encapsulated transition metal catalysts. Single-site modifications of the capsule
remote from the catalytically active site have a large impact on the shape of the
supramolecular capsule (“the substrate binding pocket”) and on the selectivity of
the rhodium hydroformylation catalyst.

In the crystal structure of the archetypal (meta−pyridyl)3P·(ZnTPP)3 su-
pramolecular assembly, three CH –π stacking interactions between the adjacent
porphyrin molecules were found. These interactions explain the previously ob-
served cooperativity of binding of the ZnTPP molecules to the tris-(meta-pyridyl)-
phosphine.31 Moreover, these interactions are important for the capsule shape
preservation during the catalysis, and are affected by remote modifications on the
porphyrins. These modifications affect the ability of the encapsulating building
blocks to establish attractive intramolecular interactions, which likely contribute to
the capsule rearrangement energy, the crucial factor in the selectivity determining
hydride migration step.

Based on the crystal structure, we predicted the impact of each site modification
on the catalytic selectivity. In a series of ZnII complexes we targeted the sites in the
assembly which strengthen or disrupt the cooperative intramolecular interactions,
either by exploiting steric bulk or electronic properties of the substituents we intro-
duced in these sites. Importantly, we predicted – and experimentally confirmed – a
site which did not change the regioselectivity and the activity of the encapsulated
catalyst upon modification. This opens up new possibilities for introduction of chi-
ral substituents and the evolution of the transition metal catalyst encapsulation to
the next level, where, similar to enzymes, high activity and regioselectivity may be
combined with high stereoselectivity.
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4.4. Experimental Section

Solvents used for pyridyl-phosphine synthesis, catalysis, spectroscopic (HP-
FTIR, UV-Vis) and crystallisation experiments were dried and freshly distilled prior
to use: toluene and hexane over Na/benzophenone and CH2Cl2 over CaH2. Solvents
for synthesis and column chromatography of porphyrins were used as obtained
from the supplier. The deuterated solvents were dried and degassed using the
freeze–pump–thaw technique and kept under Ar over 4 Å molecular sieves. 1-
Octene and trans-2-octene were purified by filtration over a plug of alumina and
degassed by bubbling Ar. All handling and manipulations, except synthesis and
chromatographic purification of porphyrins, were performed under oxygen- and
water-free atmosphere (dinitrogen, Ar or syngas).

NMR spectra were acquired on the Varian Mercury-VX 300, Bruker DRX300
(1H at 300 MHz, 31P at 100 MHz, and 13C at 75 MHz), and Bruker ARX400 (1H at
400 MHz, 31P at 125 MHz, and 13C at 100 MHz). The resonances are referenced to
solvent itself as internal standard and are reported in parts per million (ppm). IR
spectra were recorded on the Nicolet Nexus 670 FT-IR spectrometer operated by
Omnic 6.2 Software; UV-Vis measurements were performed on the Hewlett-Packard
8453 and the Varian Cary 4 spectrophotometer. Gas chromatography (GC) analysis
were performed on the Shimadzu GC-17A chromatograph equipped with an FID
detector using a 30 mm long column with 0.32 mm diameter and dimethylsiloxane
cross-linked phase of 3 µm thickness.

Catalytic experiments were performed in mini-4-autoclaves connected to the
same high-pressure line, allowing all four reactions to be ran under the same pres-
sure. Before each run the autoclaves were evacuated, flushed with nitrogen, and
tested for leaks at ca. 35 bar syngas. High-pressure FTIR spectroscopy experiments
were conducted using an autoclave adapted for IR measurements of the reaction
mixture143, which was cleaned, dried, tested for leaks (pressurized with 40 bar
hydrogen for 16 hours), and flushed (3×15 bar) with syngas prior to every use.

The geometry optimisations of were performed using Gaussian 03 Rev. C.02190
on the Dutch national computing cluster Lisa, which was installed by SARA, The
Dutch National High Performance Computing and e-Science Support Centerxvi.
Molecular graphics images were produced using the UCSF Chimera package from
the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco.150

4.4.1. Syntheses. The porphyrins were synthesised according to the pub-
lished procedures, in general following the Rothemund-Adler-Longo232–235 method-
ology of pyrrole condensation with the corresponding aldehyde (in 1:1 ratio) in
boiling propionic acid under air atmosphere. The aparatus was brought under ni-
trogen, the propionic acid added and brought to reflux before the aldehyde and
the pyrrole (in this order) were added (all under nitrogen). The reaction mixture
was refluxed for one hour under nitrogen, and for a further hour of reflux, air was
gently bubbled into the reaction solution. The free-base porphyrins were precipi-
tated by addition of methanol to the cooled reaction solution and further overnight
cooling at 3◦C. The violet crystals were collected by filtration, washed with cold
methanol and purified by column chromatography (column material: basic alumina,

xviSARA http://www.sara.nl/aboutsara/aboutsara_pr_eng.html
Lisa: https://subtrac.sara.nl/userdoc/wiki/lisa64/description
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Table 4.4.1. High-resolution mass spectrometry data.

Compound (m/z)/(g·mol−1) error/ppm MW/(g·mol−1)
observed calculated

ZnTPP−D20 696.2873 696.2861 +1.7 698.2968
ZnTPP−F20 1035.9713 1035.9721 -0.8 1037.9324

ZnTPP(m-OMe) 796.2031 796.2028 +0.4 798.2282
ZnTPP(o-OMe) 796.2031 796.2028 +0.4 798.2282
ZnTPP(p-OMe) 796.2031 796.2028 +0.3 798.2282

ZnTPP(m,m-OMe) 916.2457 916.2451 +0.7 918.3334
Zn(protoPorph) 652.2034 652.2028 +0.9 654.0962
ZnTPP(m-NO2) 856.1012 856.1009 +0.4 858.1134

eluent methylene chloride with 0.1 - 1 % methanol). The (NMR) purity of thus
obtained porphyrins was >90% (in the case of the dodeca-deuterated analogue of
tetraphenylporphyrin, an additional oxidation step with DDQ and chromatography
purification were required, giving >95% pure product). The yields were typical for
this method (5–15%)

Metallation was performed by refluxing (3–5 hours) the free-base porphyrins
with 2.5–3.5 equivalents of Zn(CH3COO)2·2H2O in ca. 5:1 chloroform/methanol
mixture. The metallated porphyrin was obtained in >95% purity (NMR) after
evaporation of the reaction solvent mixture, (sometimes repeated) column chro-
matography (column material: basic alumina, eluent methylene chloride with 0.1 -
1 % methanol). The material obtained in this way was taken in methylene chloride
and additionally filtered. Yields of the metallation step were high, usually 85-90%.
Zn(protoporphyrin) was prepared by metallation of commercially available proto-
porphyrin and was kindly donated by Dr. A. Kollhöfer.

Tris-(meta-pyridyl)-phosphine ligand was prepared using the previously pub-
lished procedure.149

ZnII(phthalocyanine) ZnPc was synthesized from the 4,5-bis-(4-tbutylpheno-
xy)-phthalonitrile and zincII-acetate catalysed by DBU (1,8-diazabicyclo[5.4.0]un-
dec-7-ene) by heating in 1-pentanol, according to published procedures.178,179

The NMR data of all used compounds were in agreement with already pub-
lished characterisation data.169,232–246 In addition, we give here the list of the high
resolution mass spectrometry (FAB+ mode) analysis results of some free-base and
metallated porphyrins (Tab. 4.4.1).

4.4.2. Crystal Structure of the Supramolecular Ligand Assembly
tris-(meta-pyridyl)-phosphine·(ZnTPP)3.

4.4.2.1. Crystallisation procedure. ZnTPP (62 mg, 9.1 · 10−5 mol) and tris-
(meta-pyridyl)-phosphine (8.09mg, 3.05·10−5 mol) were dissolved in as little toluene
(≤ 5.0 ml) as possible in turns under heating (up to 100◦C) and in ultrasonic bath.
The hot, saturated solution was filtered via an HPLC syringe filter into a scratched
Schlenk-tube (ca. 1.5 ml) and top-layered with hexanes (ca. 2.0 ml). The tube
was protected from light by an Al-foil envelope and left at ambient temperature
(20–25◦C). Within 7–10 days the crystals appeared in both separate crystallisation
attempts. Alternatively, gas-phase diffusion of hexanes into the saturated solution
(described above) was applied. The hot solution was filtered directly into a Pasteur
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Figure 4.4.1. Two supramolecular capsules in the solid state (packing detail).

pipette sealed at the thin end and located under inert atmosphere (dinitrogen) in
a long Schlenk-tube. The upper 3 cm of the pipette were left unfilled, and hexanes
(ca. 20 ml) were added into the Schlenk-tube, which was then closed off, protected
from light by an Al-foil envelope, and left for two weeks at ambient temperature
(20–25◦C).

4.4.2.2. X-Ray Crystal Structure Determination of tris-(meta-pyridyl)-phos-
phine·(ZnTPP)3. C147H96N15Pzn3+ disordered solvent, Fw = 2299.47,xvii red nee-
dle, 0.48 × 0.20 × 0.4mm3, monoclinic, C2/c (no. 15), a = 53.9189(8), b =
29.3288(2), c = 18.7501(3)Å, β = 96.069(2)◦, V = 29484.8(6)Å3, Z = 8, Dx =
1.04 g · cm−3, II µ = 0.54mm−1.II 139949 Reflections were measured on a Non-
ius KappaCCD diffractometer with rotating anode and graphite monochromator
(λ = 0.71073Å) up to a resolution of sin(θ/λ)max = 0.61Å−1 at a temperature
of 150(2)K. Intensity data were integrated with the Eval14 software.152 Absorp-
tion correction and scaling was performed based on multiple measured reflections
with SADABS154 (0.50 − 0.75 correction range). 27415 Reflections were unique
(Rint = 0.141), of which 13724 were observed [I > 2σ(I)]. The structure was solved
with Direct Methods using the program SHELXS-97155 and refined with SHELXS-
97155 against F 2 of all reflections. The structure contains voids (9604.4Å3/unit
cell) filled with disordered solvent molecules. Their contribution to the structure
factors was secured by back-Fourier transformation using the SQUEEZE routine
of the PLATON package,157 resulting in 2750 electrons/unit cell. 1495 Parameters

xviiDerived values do not contain the contribution of the disordered solvent.
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Table 4.4.2. Selected distances (in Å) and angles (in ◦) in the crystal structure of
tris-(meta-pyridyl)-phosphine·(ZnTPP)3.

Selected distances
Zn1-N11 2.067(3) Zn2-N12 2.084(3) Zn3-N13 2.066(3)
Zn1-N21 2.075(3) Zn2-N22 2.070(3) Zn3-N23 2.081(3)
Zn1-N31 2.070(3) Zn2-N32 2.070(3) Zn3-N33 2.068(3)
Zn1-N41 2.068(3) Zn2-N42 2.050(3) Zn3-N43 2.050(3)
Zn1-N14 2.180(3) Zn2-N24 2.185(3) Zn3-N34 2.171(3)
P14-C14 1.832(4) P14-C64 1.836(4) P14-C114 1.837(4)

Selected angles
N11-Zn1-N21 88.31(12) N12-Zn2-N22 88.95(14) N13-Zn3-N23 89.25(12)
N11-Zn1-N31 162.35(12) N12-Zn2-N32 164.76(12) N13-Zn3-N33 163.05(13)
N11-Zn1-N41 88.62(12) N12-Zn2-N42 88.92(13) N13-Zn3-N43 88.75(12)
N11-Zn1-N14 106.82(11) N12-Zn2-N24 93.73(12) N13-Zn3-N34 97.11(12)
N21-Zn1-N31 88.65(12) N22-Zn2-N32 88.24(13) N23-Zn3-N33 88.27(12)
N21-Zn1-N41 163.62(12) N22-Zn2-N42 162.27(12) N23-Zn3-N43 162.67(12)
N21-Zn1-N14 95.04(12) N22-Zn2-N24 90.92(12) N23-Zn3-N34 91.08(12)
N31-Zn1-N41 89.41(12) N32-Zn2-N42 89.31(13) N33-Zn3-N43 88.65(12)
N31-Zn1-N14 90.76(12) N32-Zn2-N24 101.29(12) N33-Zn3-N34 99.70(12)
N41-Zn1-N14 101.25(12) N42-Zn2-N24 106.78(12) N43-Zn3-N34 106.25(12)
C14-P14-C64 100.77(18) C14-P14-C114 101.10(18) C64-P14-C114 100.20(18)

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. 75 Restraints were used for
the refinement of the ill-defined phenyl ring C333-C383 (restraints for isotopic be-
haviour and for the flatness of the ring). R2/wR2 [I > 2σ(I)] : 0.0594/0.1410.
R2/wR2 [all refl.]: 0.1248/0.1578. S = 0.908. Residual electron density between
−0.56 and 0.70 e/Å3. Geometry calculations and checking for higher symmetry was
performed with the PLATON program.157

4.4.3. UV-Vis Titration: Determination of the (ZnTPP−D20)–Pyri-
dine Association Constant. UV-Vis titration methodology132,133 was used to
determine association constants in pyridine/ZnTPP−D20 system. As control ex-
periment, the association constant of pyridine/ZnTPP system was also determined.
These experiments were performed in order to determine whether there are differ-
ences in the binding strength of these two ZnII complexes, and to which degree they
might be used to explain the different results in catalysis of the two porphyrins. The
solutions were prepared using freshly distilled toluene. Pyridine was filtered over
plug of alumina and degassed with nitrogen. The concentration of ZnII(porphyrin)
complex (in either case) was 1.00 ·10−6 mol·l−1, that of pyridine 1.00 ·10−3 mol·l−1.
50–60 points were collected in small increments (4, 6 and 8 µl aliquots at the be-
ginning, 80 to 100 µl aliquots towards the end of titration). The absorbance data
at 430 nm (Fig 4.4.2) was used for calculation132 of the association constants.xviii

The results are:

xviiiwe also used the in-house scripts for calculation of equilibrium constants developed by I.
Jacobs.



80 4. CAPSULE X-RAY – REMOTE SUBSTITUENTS – CAPSULE SHAPE

(a) ZnTPP (b) ZnTPP−D20

Figure 4.4.2. Changes in the UV-Vis during titration of ZnTPP and ZnTPP−D20 with
pyridine. The bands shift to higher wavelengths with increasing amount of pyridine.

ZnTPP: 4.1 · 10−3 l·mol−1
ZnTPP-D20: 4.2 · 10−3 l·mol−1xix

The estimated error of these measurements is ± (0.2 − 0.5) · 10−3 l·mol−1. The
association constants are thus virtually identical, and the observed differences in
catalytic selectivity are not caused by different binding of ZnII to a pyridyl group.

4.4.4. Catalytic Experiments. Typical procedure involved weighing of ZnII-
complex directly in the glass inserts of the autoclaves, which were then closed, set
under inert atmosphere and filled with stock solutions (in toluene, DIPEA neat)
of ligand ((3−pyridyl)3P), DIPEA (diisopropylethylamine), Rh(acac)(CO)2, sub-
strate, and was topped with toluene to 4.0 ml total volume. Alternatively, stock
solutions of ZnII complexes were used instead of weighing them directly. After
filling, the autoclaves were flushed with syngas (3×25bar), pressurised to 20 bar
(CO/H2= 1 : 1), immersed into oil bath tempered ad 25◦C, and stirred. The auto-
claves were opened after the pressure release and flushing with nitrogen. Few drops
of n-tributylphosphite were added to each reaction mixture for quenching. The
reaction mixture (about 50 µl) was diluted with dichloromethane and injected into
the GC directly without workup or product isolation. Typical reaction conditions
and amounts of used compounds are given in Tables 4.4.3a and 4.4.3b.

4.4.5. In situ FT-IR Spectroscopy: ZnTPP(m-NO2). These experiments
were performed under conditions identical to those under which the catalytic ex-
periments were done, with the only exceptions being the solvent and substrate
concentration: here we used methylene chloride instead of toluene and 200 equiv-
alents substrate. ZnTPP(m-NO2) (109.19mg, 12.75 · 10−5mol) and tris-(meta-py-
ridyl)-phosphine (11.26mg, 4.25 · 10−5mol, were stirred with DIPEA (46 · 10−6 l)
in 14ml methylene chloride in a Schlenk flask at ambient temperature for ca. 30
minutes. The mixture was transferred into the IR-autoclave under Ar, which was
then flushed with syngas (3×25 bar) and pressurised to 19 bar (CO/H2= 1 : 1).

xixthis is an average of two titrations which gave 4.70 and 3.80 · 10−3 l·mol−1.
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Table 4.4.3. Materials used in catalysis.

(a) Concentrations and amounts of compounds used in catalysis.

Compound Equiv. c/(10−3mol·l−1) n/(10−6mol) m/(10−3g)

Rh(acac)(CO)2 1.0 0.50iii♠ 2.00 0.516
P(3−pyridyl)3 5.0 2.50 10.0 2.652
ZnII complex 15.0 7.50 30.0 -
internal alkene 500 250 1000 -
terminal alkene 1000 500 2000 -

DIPEA 30 15.0 60.0 9

(b) Amounts of ZnII complexes and substrates used in catalysis.

Compound m/(10−3g) Compound V/(10−6l)
ZnTPP 22.35 trans-2-pentene 110

ZnTPP−D20 22.90 trans-2-hexene 125
ZnTPP−F20 34.25 trans-2-heptene 139

ZnTPP(o/m/p-OMe) 25.60 cis-2-heptene 139
ZnTPP(m,m-OMe) 31.0 trans-2-octene 157
ZnTPP(m-NO2) 26.55 cis-2-octene 157

ZnTCx 21.0 trans-2-nonene 173
Zn(protoPorph)iii♠ 4.91 1-octene 314

ZnPc 50.6

♠ [Rh]= 0.10 · 10−3 mol·l−1 when Zn(protoporphyrin) was used. Other concentrations
were changed with respect to this value.
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Figure 4.4.3. In situ FT-IR spectra of the ZnTPP(m-NO2)-encapsulated catalyst: the
rhodiumhydrido resting state (full black line) and with added substrates (dashed lines).

This solution was used for background correction. The injection chamber of the
autoclave was charged with solution of Rh(acac)(CO)2 in 1.5ml methylene chloride
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and pressurised to ca. 35 bar. Opening the valve to the main autoclave chamber
injected the rhodium precursor to the ligand solution.

Formation of the rhodium-carbonyl complex was followed in the region around
2000 cm−1, and after the system stabilised (2–3 hours), three bands at 2001, 2044,
and 2066 (weak) cm−1 were observed, corresponding to RhH(CO)3L complex, with
L being the supramolecular ligand [(3−pyridyl)3P·(ZnTPP(m-NO2))3] (Fig. 4.4.3).
Addition of trans-2-octene to this solution was not followed by any visible changes
in the IR (Fig. 4.4.3b). The spectra did not change even after prolonged time (40
hours). When 1-octene was injected to this solution (containing the catalyst and
trans-2-octene), two new bands appeared slowly in the region around 2000 cm−1 (at
1989 and 2006 cm−1), while the three described ones decreased intensity, producing
a mixture of five bands. Simultaneously, an aldehyde band at 1722 cm−1 started
growing slowly, indicating formation of hydroformylation products.

In a second experiment, the substrate addition sequence was inverted: 1-octene
was added was added first, and trans-2-octene second. Hydroformylation started
readily after 1-octene was injected (in the second experiment), indicated by im-
mediate appearance of the band at 1722 cm−1. Also the described two bands ap-
peared (at 1990 and 2008 cm−1, giving the known spectrum of three + two bands
(Fig. 4.4.3a). Addition of trans-2-octene to this reacting mixture did not cause this
band pattern to change. However, the reaction was nearly completely stopped. A
slight increase in aldehyde concentration was observed within 36 hours, showing
that the catalyst was almost completely inhibited by trans-2-octene.

4.4.6. Molecular Modelling. The geometry optimisations of the encapsu-
lated catalysts were performed using two-layer ONIOM method as implemented
in Gaussian 03.190–192 The hybrid functional pbe1pbe with dgdzvp as basis set
was used for high level layer, and with 3-21g** as basis set for low level layer in
ONIOM.215–218 The cut between the layers was set between the Zn and Npyridyl

atoms, as is illustrated in Fig. 4.4.4 on examples of ZnTPP(m-OMe)- and ZnTPP(m-NO2)-
encapsulated catalyst. No dummy atoms were used where the cut was made, since
the Zn–Npyridyl bond is not covalent.

Typical optimisation procedure:
(1) RhH(CO)2[P(meta-pyridyl)3] optimisation using DFT (pbe1pbe/dgdzvp)
(2) building the model of the encapsulated model using the x-ray crystal struc-

ture and the optimised Rh-fragment; addition of substituents
(3) two-layer ONIOM optimisation of the encapsulated catalyst.xx

4.4.6.1. Capsule and Cavity Volume Determination. For this purpose the sub-
stituents on the meso-phenyl groups and the Rh(CO)2H-fragment were removed
from the optimised encapsulated catalysts, and only the (meta−pyridyl)3P·(ZnII)3
assembly was used. Online utility of the Voss Volume Voxelatorxxi was used to cal-
culate the volume of the capsule (with 2 Å probe radius) and of the cavity (with
12 Å large and 1.2 Å small probe radius) wherein the catalyst is situated.247 Com-
parison of sizes and illustration of the cavity and capsule volumes is shown on the
example of the ZnTPP- and ZnPc-based capsules, shown in Fig. 4.4.7.

There seems to be no direct correlation of the cavity volume and selectivity.
However, the cavity volume in selective capsules is 7–10% of the capsule volume, and

xxThis step needs long time to complete, 10–30 days of CPU time in four parallel processes.
xxihttp://3vee.molmovdb.org/
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(a) ZnTPP(m-OMe) (b) ZnTPP(m-NO2)

Figure 4.4.4. Division of oniom layers: high level (pbe1pbe/dgdzvp) is light blue, low
level (pbe1pbe/3-21g**) is dark violet. All atoms are shown.

Table 4.4.4. Volumetric data of the capsules and the corresponding cavity.

Capsule building block Volume/Å3 Vcavity

Vcapsule
· 100%

Capsule Cavity
ZnTPP, x-ray 2859 227 7.9
ZnTPP, DFT 3008 233 7.7
ZnTPP(m-OMe) 2770 285 10.3
ZnTPP(o-OMe) 2999 229 7.6
ZnTPP(p-OMe) 2827 280 9.9

ZnTPP(m,m-OMe) 3036 142 4.7
ZnTPP−F20 3027 190 6.3
ZnTPP(m-NO2) 2888 210 7.3

ZnTCx 3123 198 6.3
Zn(protoPorph) 3011 124 4.1

ZnPc 7544 1207 16.0

in the non-selective cases it is lower, 4-6%, with notable exceptions of ZnPc, which is
much larger (16%). The cavity volumes of the ZnTPP(o-OMe)- and ZnTPP(p-OMe)-
based capsules are nearly identical to the pockets of the selective capsules.

We looked into a few geometry parameters which may help describe the reg-
ularity of our capsules. For this purpose we determined the angles α between the
ZnII complex planes (which are formed so to contain the four nitrogen atoms that
coordinate to Zn). The angle β between the ZnII complex plane and the Rh–P axis
was regarded as a measure of capsule’s openness, i. e., the capsule is more open,
as the angle is closer to 0◦. Illustration of these structural features are shown in
Fig. 4.4.8. In addition, we determined also the distance d from the porphyrinic
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Table 4.4.5. Average angles between the ZnII-building blocks’ planes, and between
them and the Rh–P axis. Where available, the average distance between the (meta-)H
atom and the porphyrins’ pyrrole moiety is listed.

Zn building block α σ(α), % β σ(β), % d/Å σ(d), %
ZnTPP, x-ray 61.3◦ 2.6 - - 2.9 3.9
ZnTPP, DFT 62.7◦ 5.4 9.7◦ 26 2.7 7.4
ZnTPP(m-OMe) 64.0◦ 9.4 12◦ 28 3.2 6.2
ZnTPP(o-OMe) 62.3◦ 3.5 8.8◦ 22 5.0 47
ZnTPP(p-OMe) 63.1◦ 0.56 10◦ 19 4.7 54

ZnTPP(m,m-OMe) 62.4◦ 27 11◦ 54 5.4 23
ZnTPP−F20 65.5◦ 8.1 10◦ 59 4.5 25
ZnTPP(m-NO2) 63.3◦ 2.6 10◦ 34 2.9 8.3

ZnTCx 60.0◦ 15 9.4◦ 61 4.7 31
Zn(protoPorph) 68.5◦ 12 17◦ 18 – –

ZnPc 60.5◦ 5.1 4.6◦ 73 – –

pyrrole centre to the closest hydrogen atom of the neighbouring porphyrin mole-
cule (usually the meta-H of the phenyl group), which are the likeliest to engage in
attractive interactions.

In order not to be redundant with numerical data, we present here the average
values of these parameters, α, β, d, along with the corresponding relative mean
standard deviations, σ(α), σ(β), and σ(d) (Tab. 4.4.5). These average values were
calculated using following formulas:xxii

(4.4.1) a =
1

n

n∑
i=1

ai

(4.4.2) σa =

1
n

n∑
i=1

|ai − a|

a
· 100%

This data set does not make it easy to come to conclusions, however a few
comments can be made. The selective capsules display average H–pyrrole distance
d ≤ 3.2Å, while in the non-selective capsules this value is significantly higher, what
reflects the ability of the former capsules to form attractive cooperative interactions
and thereby lead to preferential production of P3 aldehyde.
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(a) ZnTPP (b) ZnTPP(m−OMe) (c) ZnTPPm(-NO2)

(d) ZnTPP(o−OMe) (e) ZnTPP(p−OMe) (f) ZnTPP(m,m−OMe)

(g) ZnTPP−F20 (h) ZnTCx (i) Zn(proto-porphyrin)

Figure 4.4.5. Surface representations of the capsules based on ZnTPP building blocks
with varied substituent pattern on the remote phenyl groups. For easier comparison,
the substituents were replaced by a H atom in the structure for surface rendering.
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(a) X-ray–ZnTPP (b) x-ray–ZnTPP(m-NO2) (c) x-ray–ZnTPP(m-OMe)

(d) x-ray–ZnTPP(o-OMe) (e) x-ray–ZnTPP(p-OMe) (f) x-ray–ZnTPP(m,m-OMe)

(g) x-ray–ZnTPP−F20 (h) x-ray–ZnTCx (i) x-ray–Zn(proto-Porphyrin)

Figure 4.4.6. X-ray crystal structure of the capsule overlaid with the modeled cap-
sules. H atoms, Rh(CO)2H fragment and substituents not shown. Colours different
than in the man text, the x-ray structure is always white.
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(a) ZnTPP (b) ZnPc (c) ZnPc vs ZnTPP

Figure 4.4.7. Cavity volume comparison of ZnPc- and ZnTPP-based supramolecu-
lar capsules. Cavity is rendered as semi-transparent surface (ZnTPP: magenta, ZnPc:
cyan), and the surface of the capsule as mesh. Structure optimisation of the ZnPc-
capsule performed in two steps: the RhH(CO)(η2-ethylene)P(m-pyridyl)3-fragment was
optimised using DFT (Gaussian 03, pbe1pbe/dgdzvp), and was kept frozen in the sub-
sequent optimisation of the assembly with PM6 semi-empirical method as implemented
in MOPAC2009 using the MOZYME module.181,182

(a) ZnTPP(m-NO2) (b) ZnPc

Figure 4.4.8. Illustration of the determined structural parameters on the examples of
the ZnTPP(m-NO2)- and ZnPc-encapsulated catalyst. The diameter of the Rh–P axis
(blue) is enlarged, so that the angle between it and the Zn-complex planes in clearer,
as well as the angles between themselves.




