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CHAPTER 3

Selectivity Control by Supramolecular
Encapsulation: Hydroformylation of Internal

Aliphatic Alkenes using
ZnIIPhthalocyanine–Encapsulated Rhodium

Catalyst

Abstract. Herein we report application of a Zn(phthalocyanine) (ZnPc) com-
plex as building block for ligand-templated encapsulation of transition metal
catalysts. Coordination studies in the solution and in the solid state show
that the binding of ZnPc to pyridylphosphines occurs selectively to N, with an
association constant two orders of magnitude higher than the analogous be-
tween Zn(tetraphenylporphyrine) (ZnTPP) and pyridine. The capsule formed
by assembly of three ZnPc molecules to tris-(meta-pyridyl)-phosphine is sig-
nificantly larger than the one formed using ZnTPP. The in situ high-pressure
FT-IR spectroscopy data of the catalyst encapsulated by coordination of three
ZnPc molecules to the tris-(meta-pyridyl)-phosphine template ligand, sug-
gest that, under hydroformylation conditions, monophosphine rhodiumhydrido
species is formed, which displays different selectivity in catalysis than the
ZnTPP-encapsulated rhodium catalyst. The encapsulation by ZnPc leads to
60-70% 2-aldehyde from (long-chained) linear 2-alkenes, while the ZnTPP-
encapsulated catalyst produces 87% 3-aldehyde from 3-aldehydes, represent-
ing a unique example of selectivity control by the size of the capsule wherein
the transition metal is coordinated. The ZnPc-encapsulated catalyst is within
a spacious capsule which does not hinder the substrate motion during catal-
ysis, especially during the hydride migration step, which is most likely the
selectivity-determining process in this reaction. DFT calculations of the hy-
dride migration step support this hypothesis, and correctly predict the product
distribution obtained by the ZnPc-encapsulated catalyst.

3.1. Introduction

Over the decades, efforts invested in chemical research have resulted in nu-
merous discoveries and we enjoy today the immense accumulated knowledge and
understanding of Chemistry, beside everyday life commodities as final fruit of the
discoveries. However, there are still many fundamental questions modern chemistry
faces today,1 one of them being efficient transformation of simple, cheap feedstock
materials like non-functionalised linear aliphatic internal alkenesi, in a controlled,
(regio)selective manner into high-added value products. Probably the most suit-
able and “the only rational means of producing useful compounds in an economical,
energy-saving and environmentally benign way” 6 is catalysis.

ithese are produced by ethylene oligomerisation, which itself is a by-product of cracking processes
in oil refineries158
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The basic difficulty these non-functionalised molecules present is the absence
of polar groups, which are typically used as selectivity-directing handles in catal-
ysis. The lack of electronic handles imposes exploitation of differences in size of
substituents’ on the double bond, which are very often too subtle to be used effi-
ciently. Nevertheless, by applying this approach on tris-substituted alkenes, Pfaltz
and co-workers were able to hydrogenate a number of branched aliphatic alkenes
with high enantioselectivities,22 demonstrating the feasibility of the principle.

Similar examples are scarce for transition metal-catalysed hydroformylation,
another very important industrial process used for alkene functionalisation.159,160
At the moment, satisfactory selectivities can only be achieved in production of
linear aldehydes, either directly from terminal, or indirectly from internal alkenes
through double bond isomerisation-hydroformylation sequence.11 Regrettably, po-
tential high-added value products, accessible only through a regioselective, isome-
risation-free hydroformylation process, are practically lost due to lack of a suitable
transition metal catalyst. The catalyst required for this transformation must be
very special, as it should be able to select one of the two electronically nearly
identical carbon atoms by distinguishing their sterically very similar substituents.
Attempts to achieve selective hydroformylation of internal alkenes relying on the
primary coordination sphere of the catalyst included use of ligands such as phos-
phabarrelenes or phosphinines to modify the rhodium centre.159,161,162 These cata-
lysts favoured formation of branched aldehydes in the hydroformylation of styrene,
however, the linear internal alkenes yielded a near 1:1 mixture of branched aldehy-
des. Inspiration for a way to tackle this issue could be found in the manner enzymes
achieve exceptional selectivities: in many cases a pocket for substrate binding is
provided, which pre-orientates the substrate, activates it by distortion, and possibly
stabilises transition states.163–165

A tailored, well-defined synthetic “substrate binding pocket” around the cat-
alytic centre could provide a microenvironment able to convey the subtle steric
differences to the catalyst. Synthetic capsules and encapsulated transition metal
catalysts have already lead to remarkable discoveries in various reactions32,36,38,47
and this strategy is expected to deliver more fundamental discoveries in the fu-
ture.42

In our research group, ZnII(porphyrin) and ZnII(salphen) complexes were em-
ployed as building blocks in the ligand-templated encapsulation of transition metal
catalysts and creation of a confined space around the catalytic centre.27,31,166
Rhodium hydroformylation catalyst encapsulated by ZnTPP (Fig. 3.1.1) displayed,
besides significantly increased activity, very unusual selectivity in hydroformyla-
tion of terminal alkenes, favouring the branched aldehydes.27 Moreover, the en-
capsulated catalyst was able to distinguish between an ethyl and n-butyl group
in 3-octene, and transform simple linear 2-alkenes to C3-aldehydes with selectivi-
ties of up to 87%.60 This is the single reported example of isomerisation-free, (re-
gio)selective hydroformylation of non-functionalised linear internal alkenes. How-
ever, only the one of the branched aldehydes could be obtained as major product
and none of the catalysts displayed preference for the formation of the other alde-
hyde isomer.

Knowing that the change of the cavity shape in enzymes can lead to remarkable
change in selectivity,167,168 we postulated that similar phenomenon could occur
upon changing the shape of our synthetic capsule. Following the ligand-templated
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Figure 3.1.1. Comparison of ZnTPP and ZnPc structures and the ligands used in
this study.

approach for encapsulation, we employed a ZnII(phthalocyanine) (ZnPc, Fig. 3.1.1)
complex as building block in order to modify the shape of the synthetic capsule, i. e.
the shape of the substrate binding pocket. Herein we show that the ZnPc-based
capsule indeed causes change of the cavity shape, making it significantly larger than
the ZnTPP-based pocket. Importantly, the ZnPc-encapsulated catalyst displays
selectivity almost opposite to that observed with the ZnTPP-encapsulated catalyst.
In order to gain more insight into the mechanism of the catalytic cycle we studied
the ZnPc-encapsulated catalyst in situ by high-pressure FT-IR spectroscopy. DFT
computations used to calculate the theoretical product distribution agree with the
experiment, indicating that the hydride migration step determines the selectivity
of the reaction.

3.2. Results and Discussion

The (metallo)phthalocyanines (MPc) are structurally related to metallopor-
phyrins but not as widely applied in supramolecular chemistry. Contrary to por-
phyrins, they are not biosynthetic products, but purely human–made, first at the
beginning of the 20th century.68,69 Due to their strong absorption of red light
and exceptional stability, (metallo)phthalocyanines have since mainly been used
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in large scale as pigments and dyes.ii 70,174,175 Besides high stability, the (meta-
llo)phthalocyanines are characterised by low solubility in most solvents. Phthalo-
cyanine derivatives of improved solubility have been obtained using various sub-
stituents which decrease the degree of π − π stacking and provide additional inter-
actions with the solvent.176,177 For our purposes we chose and synthetised octakis-
(4-tbutylphenoxy)-phthalocyaninatozincII (further: ZnPc, see Fig. 2.2.2a), which
was shown to display good solubility and comparably low degree of aggregation in
non-coordinating solvents.178,179

Figure 3.2.1. Molecular structure of ZnPc-L3 assembly in the solid state. Displace-
ment ellipsoids drawn at 50% probability. Highly disordered atoms were refined isotropi-
cally and are drawn as spheres. Only the major conformations of the disordered moieties
are shown. H atoms are removed for clarity. Selected distances (in Å): Zn–Npy 2.129(3),
Zn–N(1) 2.031(3) Zn–N(2) 2.013(3) Zn–N(3) 2.019(3) Zn–N(4) 2.010(3).

3.2.1. Coordination Studies. The coordination behaviour of L2 and L3 to-
wards ZnPc was studied both in solution and in the solid state. From the titration
monitored by UV-Vis spectroscopy132,133 the association constant was determined:
K = 1.2·105l·mol−1. The Job-plot analysis showed formation of 1:1 assemblies. The
K value is around two orders of magnitude higher than that of ZnTPP and pyridine-
based systems (K = 1.2·105l·mol−1) and similar to that of the Zn(salphen)-pyridine

iiLately, the investigations of (metallo)phthalocyanines focus on their electrochemical and spectro-
scopic properties and seek to find applications for these molecules in medical treatments,169–171

as well as photo-sensitisers in light harvesting systems.172,173
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(a) (b) L4·(ZnPc)3

Figure 3.2.2. 3:1 Interaction stoichiometry between L4 and ZnPc (left) and the molec-
ular model of the L4·(ZnPc)3 assembly illustrating the encapsulation (right). Geometry
optimised with PM6 semi-empirical method as implemented in MOPAC2009 using the
MOZYME module.180–182

assemblies. Importantly, this association constant is sufficient for construction of
ligand-templated supramolecular ligands.52,110,132,183,184 The molecular structure
of the ZnPc–L3 assembly in the solid state (Fig. 3.2.1) was determined by X-ray
diffraction on crystals obtained from saturated toluene solution of ZnPc and L3 in
1:1 ratio by gas-phase diffusion of hexanes. The association occurs selectively via
nitrogen coordinating to the ZnII centre, leaving phosphorus atom free for coordi-
nation to a soft transition metal.iii

The stoichiometry of the ZnPc–L4 interaction was studied by NMR spec-
troscopy using the Job’s method. We monitored the aromatic proton signal of
ZnPc at 9.3 ppm, which shifts downfield in the region where [ZnPc]/[L4] ≤ 1:1.
Addition of the second ZnPc equivalent, that coordinates to the next free pyridyl
group of L4, leads to a significant upfield shift of the monitored signal. The upfield
shift is due to mutual shielding of the two coordinated ZnPc molecules caused by
their ring currents. The shift is largest at the ZnPc/L4 ratio of 3:1, indicative
of the stoichiometry of the complex formed (Fig. 3.2.2a). The molecular model
(PM6, MOPAC2009/MOZYME) of the assembly shows no steric hindrances for
the formation of the 3:1 assembly (Fig. 3.2.8b). Just like in the solid state, the
aryloxy substituents of ZnPc point in random directions and do not influence the
core geometry of the assembly.

3.2.2. Catalysis. Application of the supramolecular assembly L4·(ZnPc)3 as
a ligand for rhodium catalysed hydroformylation (Fig. 2.2.6b) has led to about a 7-
fold increase of conversion of terminal alkenesiv as compared to the non-encapsulated
catalyst or triphenylphosphine (compare the entry 3 to entries 4 and 5 in Tab. 3.2.1).

iiiThe ligand L3 coordinates to ZnPc in two manners, neither ideally perpendicular to the ZnPc-
plane, but 4.5◦ or 11◦ tilted.
ivon the example of 1-octene, entries 3 and 5 in Tab. 3.2.1
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Table 3.2.1. Hydroformylation of terminal and internal octenes

Entry Alkene Ligand Conv. (%) Iso. (%) P1 P2 P3
1 1-pentene L4·(ZnPc)3 76 ≤1 72 28 -
2 1-hexene L4·(ZnPc)3 55 ≤1 78 22 -
3 1-octene L4·(ZnPc)3 63 ≤1 76 24 -
4 1-octene L1 7 ≤1 75 25 -
5 1-octene L4 9 ≤1 72 28 -
6 1-decene L4·(ZnPc)3 87 1.1 76 24 -
7 1-dodecene L4·(ZnPc)3 56 1.3 71 24 -
8 1-tetradecene L4·(ZnPc)3 66 1.1 71 28 -
9 1-hexadecene L4·(ZnPc)3 65 0.8 71 28 -
10 1-octadecene L4·(ZnPc)3 34 1.6 72 26 -
11 trans-2-pentene L4·(ZnPc)3 9 ≤0.1 - 53 47
12 trans-2-hexene L4·(ZnPc)3 9 ≤0.1 - 55 45
13 trans-2-octene L4·(ZnPc)3 8 ≤0.1 - 59 41
14 trans-2-octene L1 2 ≤1 - 56 44
15 trans-2-octene L4 2 ≤1 - 55 45
16 cis-2-octene L4·(ZnPc)3 8 ≤0.1 - 63 37
17 trans-2-nonene L4·(ZnPc)3 9 ≤0.1 - 70 30
18 trans-2-decene L4·(ZnPc)3 8 ≤0.1 - 69 31

Common conditions: [P]/[Rh] = 5.0, p = 20 bar, CO/H2 = 1:1. Conditions terminal
alkenes: [Rh] = 0.10mmol/l, [1-alkene]/[Rh] = 1000, T= 40°C, 18 hours. Conditions
internal alkenes: [Rh] = 0.50mmol/l, [2-alkene]/[Rh] = 500, T= 25°C, 85 hours.
Reaction mixture quenched by cooling and addition of tributylphosphite. For GC

analysis crude mixture diluted with CH2Cl2 and injected directly in GC.

This effect is similar to what Slagt and co-workers observed with the ZnTPP-
encapsulated rhodium catalyst.27 The ZnPc-encapsulated catalyst, contrary to the
ZnTPP-encapsulated one, converts terminal alkenes with essentially identical selec-
tivity as triphenylphosphine L1.

With internal alkenes we observe similar increase of conversion (entries 13 and
15 in Tab. 3.2.1). This increase of activity appears to be common for the encap-
sulated catalysts, regardless of the employed ZnII building block. The selectivity
in internal alkene hydroformylation displays an interesting trend: in cases of short-
chained substrates (C5–C6) the selectivity is the same as with the non-encapsulated
catalyst (entries 11-12 and 14-15, respectively). Remarkably, the longer chain sub-
strates lead preferentially to P2 product (the less branched aldehyde), with trans-
2-nonene and trans-2-decene giving ca. 70% P2 (entries 17 and 18). 2-Octenes are
in between with around 60% P2. This selectivity is exactly the opposite of what
was observed with the ZnTPP-encapsulated catalyst and similar substrates.60 To
our best knowledge there are no catalysts able of reaching such selectivity with
these difficult, non-functionalised substrates. It is, however, even more fascinating
that the change of ZnII building block leads to such remarkable switch of selectivity,
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remotely resembling the sensitivity of enzymes’ selectivity when the shape of their
substrate binding pocket is changed.167,168,185
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substrate consumption (blue x-markers). Initially formed rhodium hydride species is
regenerated after full substrate conversion (left). Concentration profiles and reaction
orders in respect to 1-octene obtained with in situ HP-FTIR spectroscopy (right).

3.2.3. In situ Infrared Spectroscopy. Upon mixing Rh(acac)(CO)2 with
(L4·(ZnPc)3) under syngas atmosphere in the IR-autoclave,143 RhH(CO)3(L4·(ZnPc)3)
is readily formed in less than 20 minutes. This mono-phosphine tris-carbonyl rhodi-
umhydrido species is characterised by three CO bands at 1948, 2005 and 2047 cm−1,
(black line in Fig. 3.2.4a), similar to the ZnTPP-encapsulated rhodium species other
reported earlier.27,186 Molecular model of the species related to it, in which one CO
molecule was replaced by ethylene, [RhH(CO)2(η

2−C2H4)[(L4)·(ZnPc)3], is shown
in Fig. 3.2.8. It is clear that the sheer size of the supramolecular ligand does not
allow coordination of the second phosphine ligand to rhodium, as it was also the
case with the ZnTPP-encapsulation.27
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When 200 equivalents of 1-octene were injected into the autoclave in which this
rhodiumhydrido species is present, the carbonyl bands in IR changed,v red line in
Fig. 3.2.4a, making the interpretation difficult. The new IR spectrum suggests that
most likely the starting species 5 (RhH(CO)3(L4·(ZnPc)3)), and a not identified
rhodium species, possibly a resting state, are both present during catalysis. Impor-
tantly, the initial rhodiumhydrido species is fully regenerated (blue line, Fig. 3.2.4a)
after full substrate consumption, as estimated from intensities in IR (compare the
black with the blue line, Fig. 3.2.4a). Clearly, the catalysts returned to the same
resting state as before the reaction. The second batch of 1-octene (200 equiv.)
was converted with essentially same rate as the the first one, confirming that the
catalytic activity was fully retained, as can be seen in Fig. 3.2.4b.vi The formation
of aldehyde products was also monitored in time using HP-IR spectroscopy. Ap-
plying the reaction progress kinetics187 to these data we found that the rate order
in respect to the substrate is 1.0, (see insert in Fig. 3.2.4b), which is typical for the
type I hydroformylation kinetics.vii This allows us to look deeper into the mech-
anism, especially into the selectivity-determining hydride migration step, which is
the commonly accepted selectivity-determining step type in I kinetics, provided it
is irreversible.188,189 This is true for the ZnPc-encapsulated catalyst, since there is
virtually no isomerisation was observed.

3.2.4. Computational Studies. We used computational methodsviii to study
the hydride migration step from rhodium to the coordinated alkene to give the
rhodium alkyl intermediate. The hydride can be transferred to the sp2-C atom
closer to P (“inner” C, Fig. 3.2.5a) or to the other sp2-C atom (“outer” C). Migra-
tion to the inner C atom requires that it rotates towards H, and leads to formation
of square-planar rhodium alkyl species with P and alkyl group trans to one another
(Fig. 3.2.5a). In the other case H is transferred to the outer C, and the alkyl group
ends up cis to P. ix With two hydride transfer options and four rhodium alkene
isomers (Fig. 3.2.5b), there are eight hydride migration pathways in total. The
computations were performed for two model systems: the non-encapsulated mono-
phosphine rhodium catalystx (with L4 as ligand and trans-2-octene as substrate),

vthe intensity of the band at 1948 cm−1 decreases and a new band at ca. 1980 cm−1 appears
viThe changes in the IR during the hydroformylation of the second substrate batch were identical
to those seen before.
The turnover frequency (TOF, h−1) of the second run (TOFinit = 33 h−1) was calculated slightly
higher than in the first run (TOFinit = 29 h−1). This is the systematic error caused by the
changed position of the autoclave with respect to the optical path of the spectrometer, brought
about by second substrate injection.
viiThe reaction rate order in respect to substrate is indicative of the type of kinetic mechanism of
hydroformylation. In the two border cases, the order in substrate may be 0 (type II kinetics) and
1 (type I kinetics), for which the rate-limiting and the rate determining step are both early in the
catalytic cycle.
viiiusing DFT and Gaussian 03 package;190 pbe1pbe/dgdzvp was used for the non-encapsulated
catalyst case; DFT:DFT ONIOM191,192 method (pbe1pbe/dgdzvp:pbe1pbe/3-21G**) for the
ZnPc-encapsulated case. See the Experimental Section for more details.
ixThe cis-alkylrhodium intermediates are in the non-encapsulated model catalyst are in general
slightly higher in energy than the trans-alkylrhodium species. However, in the ZnPc’-encapsulated
catalyst, the energies of these isomers are random and apparently not affected by encapsulation.
This is also expected, as the capsule is large and does not hinder the substrate rotation, vide infra.
xNB: this catalyst is not accessible experimentally in pure form; a mixture of rhodium carbonyl
species is usually formed from rhodium precursor and monodentate phosphine ligands under hy-
droformylation conditions.12,160
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Figure 3.2.6. Hydride migration transition states of the a1 isomer demonstrating the
rotation of the “inner” and “outer” C-atom.

and the catalyst encapsulated by ZnII(phthalocyanine) without the aryloxy sub-
stituents, further termed ZnPc’.xi Further details and computational results can be
found in the Experimental Section.

xiWe did not consider transition states of CO-dissociation and alkene coordination, as their barriers
are usually significantly lower than that of the hydride migration.193
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In the energy diagrams shown in Fig. 3.2.7 we see that the calculated migration
barriers are below 20 kcal·mol−1, in agreement with experiments, as the reaction
readily proceeds at room temperature. In the ZnPc’-encapsulated case the migra-
tion barriers are slightly higher than in the non-encapsulated model catalyst, what
is most likely due to energy required for conformational change of the secondary co-
ordination sphere (i. e., the rearrangement of the capsule in order to accommodate
the transition state).

The the ratio of the products can be calculated as the ratio of their formation
rates using the formula:

(3.2.1)
[P3]

[P2]
=
r(P3)

r(P2)
=

∑
i c(ai) · kP3(ai)∑
i c(ai) · kP2(ai)

where c(ai) are the relative concentrationsxii of the alkene isomers ai, kP2(ai) and
kP3(ai) micro-constants of the hydride migration rate towards P2 and P3, respec-
tively.xiii In either case we find that the computational model predicts the aldehyde
P2 to the major product, with 85% for the non-encapsulated model catalyst, and
89% for the case of the ZnPc’-encapsulated catalyst. Considering the size of the
the encapsulated system and the computational challenge, this result is an excellent
agreement with the experimental (60-70% P2) results.xiv

In the ZnPc’-encapsulated structures we did not observe significant degree of
strain or steric hindrance, indicating that the capsule can easily adapt to steric

xiiEstimated according to the Boltzmann distribution law using their relative (free) energies.

xiiiCalculated using the Arrhenius’ equation kP2(ai) = A · e−
∆E

#
A,P2

(ai)

RT or kP3(ai) = A ·

e−
∆E

#
A,P3

(ai)

RT .
xivThe non-encapsulated monophosphine rhodium species we calculated is only a model and it is
not present in the reaction solution, so it cannot be compared to results shown in entries 5 and
15 in Tab. 3.2.1.
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(a) ZnTPP-encapsulation (b) ZnPc-encapsulation

Figure 3.2.8. Surface representation of ZnTPP-encapsulated RhH(CO)3(L4) and
ZnPc-encapsulated RhH(CO)2(η

2−C2H4)(L4) complexes, showing the difference in
cavity shape. For details on molecular modelling please see the Experimental Section.

demands of the intermediate rhodium species. Comparing the rhodium species en-
capsulated by ZnTPP with the one encapsulated by ZnPc, Figs. 3.2.8a and 3.2.8b
respectively, we see that the cavity formed by ZnPc is significantly larger than that
of the ZnTPP-based one. Being more spacious, the ZnPc-capsule does not hinder
the relative motion of the substrate required in the reaction, allowing preferen-
tial formation of the P2 aldehyde, which is also favoured by the monophosphine
rhodium catalyst. In contrast, the confined microenvironment of the ZnTPP-pocket
is more likely to reduce the motion freedom of the substrate, which is most likely
the reason for preferential formation of the P3 aldehyde. Thus, the current data
suggests that the most important role of the ZnPc-based capsule is to facilitate the
selective formation of the mono-phosphine rhodium species while simultaneously
providing sufficiently large inner space for unhindered substrate motion during the
catalytic cycle.

3.3. Conclusions and Outlook

Application of ZnII(phthalocyanine) complex as a building block in ligand-
templated encapsulation of a rhodium hydroformylation catalyst has led to the
formation of a supramolecular capsule spacious enough to accommodate the sub-
strate and not hinder it during the hydride migration. As a consequence, this
hydroformylation catalyst forms preferentially the C2-aldehyde (P2) in the hydro-
formylation of long-chained, linear aliphatic 2-alkenes, what is nearly opposite to
the selectivity displayed by the ZnTPP-encapsulated catalyst.

These results demonstrate that constructing catalysts with confined microen-
vironments around the active site could be a successful design strategy for next
generation catalysts. It provides tools to even selectively functionalise difficult sub-
strate molecules in an atom-economical fashion. We find it fascinating, to be able
to control the product of catalysis by merely choosing the appropriate building
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block that creates the cavity around the catalyst. Therefore we continue our work
on supramolecular encapsulation, towards providing tools which might help fulfill-
ing the synthetic chemist’s great dream: to be able simply to “go in the lab and
synthesize an arbitrary molecule in 100% yield in pure form”.1

3.4. Experimental Section

3.4.1. General. Solvents and reagents used for synthesis of ZnII(phthalocya-
nine) and its precursor compounds were used as obtained from supplier, except in
the synthesis steps requiring dry reaction medium. The solvents used for pyridyl-
phosphine synthesis, catalysis, spectroscopic (HP-FTIR, UV-Vis) and crystallisa-
tion experiments were dried and freshly distilled prior to use: toluene and hexane
over Na/benzophenone and CH2Cl2 over CaH2. The deuterated solvents were dried
and degassed using the freeze–pump–thaw technique and kept over 4 Å molecular
sieves. The alkenes (substrates in catalysis) were purified by filtration over a plug
of alumina and degassed by Ar-bubbling. All handling and manipulations, except
synthesis of ZnPc and, partly, its precursor compounds, were performed under oxy-
gen and water-free atmosphere (dinitrogen, Ar or syngas). The pyridylphosphine
ligand L4 was prepared using previously published procedure.149

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 done 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 in the in-situ IR-autoclave,143 which was cleaned, dried, tested for
leaks (pressurised with 40 bar hydrogen for 16 hours), and flushed (3×15 bar) with
syngas prior to every use.

Molecular graphics images were produced using the UCSF Chimera package
from the Resource for Biocomputing, Visualization, and Informatics at the Univer-
sity of California, San Francisco.150

3.4.2. Synthesis. ZnPc was synthesized from the 4,5-bis-(4-tbutylphenoxy)-
phthalonitrile and Zn(CH3COO)2·2H2O catalysed by DBU (1,8-diazabicyclo[5.4.0]-
undec-7-ene) by heating in 1-pentanol.179 The required 4,5-bis-(4-tbutylphenoxy)-
phthalonitrile was prepared from 4,5-dichlorophthalonitrile, which is easily obtained
from commercially available 4,5-dichloro-1,2-benzenedicarboxylic acid in four steps,
according to the reported procedure.178 The intermediate products were controlled
by taking their IR and/or NMR spectra, which were in agreement with the pub-
lished data, so we went on with the protocol till we obtained the desired ZnPc in
the final step.
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ZnPc. was prepared following the procedure described by Yamada et al.178
4,5-bis-(4-tbutylphenoxy)phthalonitrile (500 mg, 1.18 mol, 4,0 equiv.) and Zn-
(OAc)2·2H2O were stirred in 7 ml pentanol with 30 µl DBU (1,8-Diazabicyclo-
[5.4.0]undec-7-ene) overnight at 150°C in a sealed tube. The dark green mixture
was cooled down and the ZnPc precipitated by addition of methanol. The bright
green product was filtered off and washed thoroughly with methanol. The crude
product was purified by column chromatography on silica in two stages. First
the soluble impurities were washed away with dichloromethane (2% methanol),
and the ZnPc was obtained when thf was used as eluent. Insoluble black residue
remained on the top of the column. Yield: 400 mg (77%). High-resolution MS:
m/z = 1766.4906 (MH+) found, 1765.5312 calculated. UV-Vis absorption bands
(353.6, 613.9, 653.1 and 681.4nm) as well as 1H NMR data (400 MHz, CDCl3,
25°C, δ[ppm]: 9.28 (s, 8H), 7.82 (d, 16H), 7.37 (d, 16H), 1.29 (s, 72H)) confirmed
the identity of the product. The purity was estimated >95% by NMR and the
ZnPc was used without further purification.
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Figure 3.4.1. UV-Vis Spectra during ZnPc–L2 titration (above) and changes at 350
and 680 nm during the UV-Vis titration of ZnPc and L2 (bellow).
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(a) (b) Job-plot

Figure 3.4.2. The titration curve (left) and the stoichiometry of ZnPc–L2 interaction
(right).

3.4.3. UV-Vis Titration.
3.4.3.1. Determination of the ZnPc-L2 association constant. The experiment

was carried out using the Varian Cary 4 UV-Vis spectrophotometer, scanning the
range between 270 and 900 nm with scan rate of 909 nm/minute.

Procedure: to 2.500 ml 8.20·10−6mol·l−1 toluene solution of ZnPc complex in
a quartz cuvette aliquots (10 µl for first 10 points, 15 µl for points 10-15 and 20 µl
for all following points) of 3.84·10−4mol·l−1 solution of L2 were added. After each
addition, the cuvette was shaken and left to equilibrate shortly before recording
a UV-Vis spectrum. Blueshift of the band at 350 nm and slight redshift of the
band at 680 nm were observed (Fig. 3.4.1). Using the absorbance data at these
wavelengths two values for the titration curves were fitted (one shown in Fig. 3.4.2a)
the equilibrium constant was calculated according to methods described in the
literature.132,133 The mean value of K is 1.23·105l·mol−1. Other details: optical
pathlength = 10.00 mm, ε(ZnPc, 365nm)·l=17241.54 l·mol−1, ε(ZnPc, 672nm)·l=-
8718.80 l·mol−1. The full data set obtained in the titration is given in the table
(aliquots are cumulative) 3.4.1.

3.4.4. The Job–Analysis.
3.4.4.1. Determining the stoichiometry of ZnPc–L2 interaction. Solutions of

ZnPc and L2 in toluene (c = 25.0 · 10−6mol·l−1) were mixed in 9 samples in order
to vary the ratio [ZnPc]/[L2]= 0:1; 1:7; 1:3, 3:5; 1:1; 5:3; 3:1; 7:1; 1:0. The total
concentration ([ZnPc]+[L2]) was 25.0·10−6mol·l−1 in all samples. The spectra were
recorded on the Varian Cary 4 spectrophotometer. Data were extracted from the
spectra (shown in Table 3.4.2) and plotted according to Job-method.133 The maxi-
mum of the curve in Fig. 3.4.2b is precisely at 1:1 stoichiometry of the interaction.
ε(ZnPc, 368nm)·l=47860 l·mol−1, ε(L2, 368nm)·l=327 l·mol−1, optical pathlength
= 10.00 mm.

3.4.4.2. Determining the stoichiometry of the ZnPc-L4 interaction. This ex-
periment was performed analogously to the previous one, at total concentration
of 0.80·10−3mol·l−1 (benzene-d6), the signals were monitored by NMR (Bruker
400MHz). 13 samples were made: [ZnPc]/[L4]= 1:0; 11:1; 5:1; 3:1; 2:1;

√
2 : 1;

1.1; 1 :
√

2; 1:2; 1:3; 1:5; 1:11; 0:1. The singlet at 9.3 ppm belonging to ZnPc was
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Table 3.4.1. Data from the UV-Vis titration of ZnPc with L2

Entry Aliq. [µl] A-A0(365nm) A-A0(672nm) c(L2) [10−9l·mol−1] Equiv. L2
1 0 0.00000 0.00000 0.00000 0.00
2 10 0.00613 0.00905 13.1821 0.16
3 20 0.01246 0.01830 26.2740 0.32
4 30 0.01893 0.02799 39.2765 0.48
5 40 0.02795 0.04171 52.1905 0.64
6 50 0.03107 0.04725 65.0169 0.79
7 60 0.03406 0.05209 77.7568 0.95
8 70 0.03720 0.05932 90.4108 1.10
9 80 0.03801 0.06337 102.9799 1.26
10 90 0.03898 0.06737 115.4649 1.41
11 100 0.04117 0.07326 127.8667 1.56
12 115 0.04336 0.07773 146.3151 1.79
13 130 0.04541 0.08116 164.5809 2.01
14 145 0.04845 0.08640 182.6667 2.23
15 160 0.05057 0.09036 200.5752 2.45
16 175 0.05230 0.09332 218.3089 2.66
17 195 0.05492 0.09747 241.6866 2.95
18 215 0.05684 0.10090 264.7640 3.23
19 235 0.05828 0.10378 287.5470 3.51
20 255 0.06066 0.10699 310.0412 3.78
21 275 0.06205 0.11015 332.2520 4.05

Table 3.4.2. Job-method analysis of ZnPc–L2 interaction.

Entry c(ZnPc) [10−3mol·l−1] L2 [10−3mol·l−1] L2 molar ratio AZnPc·L2
1 0.025000 0.000000 0.000 0.000000
2 0.021875 0.003125 0.125 0.054107
3 0.018750 0.006250 0.250 0.083661
4 0.015625 0.009375 0.375 0.112948
5 0.012500 0.012500 0.500 0.128439
6 0.009375 0.015625 0.625 0.085236
7 0.006250 0.018750 0.750 0.048803
8 0.003125 0.021875 0.875 0.019357
9 0.000000 0.025000 1.000 0.000000

monitored, see the NMR spectra in Fig. 3.4.3 and 3.4.4. The data used to produce
the plot in Fig. 3.2.2a is given in the Table 3.4.3.

3.4.5. Crystallographic Analysis of the ZnPc-L3 Assembly. Monocrys-
tals suitable for X-ray diffraction analysis were grown from saturated solution of
ZnPc and L3 (mixed in 1:1 ratio) in toluene by diffusion of hexanes via the gas
phase.

3.4.5.1. Crystallisation Procedure. Equimolar amounts of ZnPc and L3 were
weighed in two separate 5 ml Schlenk-tubes equipped with stirring bars and set
under dinitrogen atmosphere. 1 ml toluene was added to ZnPc, and the mixture
was warmed to 50°C under stirring. Additional toluene was added continuously in
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Table 3.4.3. The data for determination of ZnPc–L4 interaction stoichiometry.

Entry δ [ppm] [ZnPc]
[ZnPc]+[L4] (δ0 − δ)· [ZnPc]

[ZnPc]+[L4]

1 9.436 1.000 0.00000
2 9.426 0.917 -0.00917
3 9.406 0.833 -0.02500
4 9.399 0.750 -0.02850
5 9.395 0.667 -0.02667
6 9.416 0.585 -0.01170
7 9.439 0.500 0.00150
8 9.443 0.415 0.00290
9 9.444 0.333 0.00267
10 9.450 0.250 0.00350
11 9.455 0.167 0.00317
12 9.460 0.083 0.00200
13 - 0.000 0.00000

Figure 3.4.3. The singlet of ZnPc changing during the Job-analysis of ZnPc–L4
interaction stoichiometry.

small portions until ZnPc was fully dissolved.xv The hot solution was transferred to
L3 and the stirring at 50◦C was continued for 15 minutes. Still hot, it was quickly
filtered through HPLC filter into a Pasteur-pipette, previously sealed at the thin
end, (ca 1.2 ml), in a tall Schlenk-tube, all under dinitrogen. Hexanes were added

xvas it was possible to judge against light - the solution was very dark



3.4. EXPERIMENTAL SECTION 51

Figure 3.4.4. Proton NMR spectra of the ZnPc–L4 system during Job-analysis.
Signals on L4 highlighted.

(ca. 15 ml) to the bottom of the Schlenk, which was then tightly closed and kept at
ambient temperature and protected from light. After three weeks crystals on the
walls of the pipette were observed.

3.4.5.2. X-ray crystal structure determination of ZnPc·L3. C129H126N9O8PZn+
disordered solvent, Fw = 2026.73xvi , green plate, 0.80 × 0.28 × 0.16 mm3, mon-
oclinic, P21/n (no. 14), a = 22.2116(1), b = 23.1168(1), c = 22.6678(1)Å, β =
90.9171(2)◦, V = 11637.54(9)Å3, Z = 4, Dx = 1.16 g·cm−3†, µ = 0.28mm−1xvii.
163050 Reflections were measured on a Nonius KappaCCD diffractometer with
rotating anode and graphite monochromator λ = 0.71073Å) up to a resolution
of (sin(θ/λ))max = 0.60Å−1 at a temperature of 125(2) K. Intensity data were
integrated with the HKL2000 software.153 An absorption correction was not con-
sidered necessary. 21221 Reflections were unique (Rint = 0.071), of which 15773
were observed [I>2σ(I)(I)]. The structure was solved with Direct Methods using
the program SIR-97156 and refined with SHELXL-97155 against F2 of all reflec-
tions. The structure contains voids (894.5Å3/unit cell) filled with disordered sol-
vent molecules. Their contribution to the structure factors was secured by back-
Fourier transformation using the SQUEEZE routine of the PLATON package,157
resulting in 127 electrons/unit cell. 1317 Parameters were included in the least-
squares refinement. Two of the tbutyl groups were refined with a split model for
rotational disorder. The L3 ligand was refined with two conformations, which have

xviDerived values do not contain the contribution of the disordered solvent.
xviiDerived values do not contain the contribution of the disordered solvent.
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Figure 3.4.5. Solid state structure of the ZnPc–L3 assembly: packing in the crystal
and the stacking interactions (detail on the right).

the coordinated N atom in common. The ordered non-hydrogen atoms and the dis-
ordered P-atoms were refined with anisotropic displacement parameters. All other
disordered non-hydrogen atoms were refined with isotropic displacement param-
eters. Hydrogen atoms were introduced in calculated positions and refined with
a riding model. 1537 restraints were used to model the disorder. R1/wR2 [I >
2σ(I)]: 0.0878/0.2446. R1/wR2 [all refl.]: 0.1114/0.2638. S = 1.074. Residual elec-
tron density between −0.94 and 1.33 e·Å−3. Geometry calculations and checking
for higher symmetry was performed with the PLATON program.157 CCDC 796962
contains the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

3.4.6. In situ High-Pressure Infrared Spectroscopy. ZnPc (423.25 mg,
0.200 mmol, 15 equiv.) and L4 (21.220, 0.080 mmol, 5 equiv.) were stirred under Ar
in a Schlenk-tube in dichloromethane (dcm, 10 ml) at 25◦C for 20 minutes and then
transferred into the IR-autoclave. The Schlenk-tube was washed with 4 ml dcm,
which were also added to the autoclave, which was then flushed with syngas (3×25
bar) and pressurised to 19 bar. Solution of rhodium precursor Rh(acac)(CO)2 in
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Figure 3.4.6. Detail of π − π stacking interaction. The distance between the layers
was calculated as the distance between the planes defined by the four N atoms that
bind ZnII; d = 3.29 Å, comparable to graphite (3.31 – 4.30 Å) and other MPc struc-
tures.135–137,141,194,195 At a closer look, we see that L3 is coordinated to opposite sides
of two stacking ZnPc molecules, which makes the stoichiometry of ZnPc–L3 interac-
tion 2:2, rather than 1:1. The 2:2 is likely the correct stoichiometry of the ZnPc–L2
system at concentrations higher than ca. 15·10−6mol·l−1 and could be the reason for
asymmetry of the curve in the Fig. 3.4.2b. .

1 ml dcm (4.128 mg, 16.0 µmol, 1 equiv., [Rh]= 1.00 · 10−3mol·l−1) was added to
the injection chamber and pressurised to 30 bar. After heating the autoclave to
40◦C the pressure in it grew to ca. 20.3 bar. Background was taken (256 scans)
after the baseline stabilised and the rhodium precursor was then injected. Three
bands were immediately observed. Two of them (2080 and 2012 cm−1) belonged to
the square-planar rhodium precursor, Rh(acac)(CO)2, while the third at 1990 cm−1
corresponds to the square-planar species 2 (Fig. 3.2.3). The same peak was ob-
served under 1 bar Ar when the supramolecular ligand assembly L4 · (ZnPc)3 was
mixed with Rh(acac)(CO)2 under otherwise identical conditions (see Fig. 3.4.8).
This peak disappears very quickly, however, and the other two of the precursor are
replaced within 15 minutes with three new bands (1948, 2005 and the weak band at
2047 cm−1), see the main text. The injection chamber was cleaned, charged with
1-octene solution (502 µl, 200 equiv. in 0.5 ml dcm, totalling the liquid volume
in the autoclave to 16.0 ml) and pressurised to 35 bar. Conversion or the alkene
began immediately after 1-octene was injected with initial TOF of about 30 h−1
(Fig. 3.4.9a).

The second batch of 200 equivalents of substrate was injected after the first
one was fully consumed. The catalysis started readily with initial TOF of 33 h−1
(Fig. 3.4.9a). The reaction rates in both batches decrease with decreasing substrate
concentration, pointing to a positive rate order in substrate. By plotting logarithm
of rate vs. logarithm of substrate concentration and taking the slop of the resulting
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Figure 3.4.7. Illustration of the angles between ZnPc and pyridyl planes of the two
L3 fragments. The angle between ZnPc plane (blue) and the green plane is 4.5°, and
11° between the yellow and blue one. Displacement ellipsoids drawn at 50% probability.
All H atoms omitted. Colour legend: C white, N blue, O red, P orange, Zn dark violet.
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Figure 3.4.8. Square planar rhodium species under 1 bar Ar: Rh(acac)(CO)(L4 ·
(ZnPc)3). In

31P NMR this complex displays a doublet at 38 ppm (J= 179Hz).
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Figure 3.4.9. Concentration dependency of the turnover frequency (left) and the reac-
tion rate order in respect to substrate is 1, as calculated from both batches (logarithmic
scale, right).

curve we obtained the reaction order in respect to substrate of 0.87 and 1.00 for
the batches 1 and 2, respectively (Figure 3.4.9b).

3.4.7. Catalysis. The mini-4 autoclaves were closed, filled under nitrogen
with stock solutions (all in toluene) of L4 · (ZnPc)3 (or other ligand), Rh(acac)(CO)2,
substrate and was topped with toluene to 5,0 ml total volume. After filling, the
autoclaves were flushed with syngas (3×25bar), pressurised to 20 bar and immersed
in a pre-warmed oil bath. After 18 (terminal alkenes) or 85 (internal alkenes) hours
the pressure was released and the autoclaves quenched in an ice bath. Upon open-
ing of the autoclaves to air, few drops of n-tributylphosphite were added to each
reaction mixture for additional quenching. The reaction mixture (about 50 µl)
was diluted with dichloromethane and injected into GC directly without workup or
product isolation.

Catalysis concentrations and conditions (per one run):
• Terminal alkenes:

– [Rh]= 0.10 · 10−3mol·l−1
(0.130mg, 0.05 · 10−5mol Rh(acac)(CO)2)

– [L4]= 5·[Rh]= 0.50 · 10−3mol·l−1
(0.663mg, 0.25 · 10−5mol L4)

– [ZnPc]= 3·[L4]= 15·[Rh]= 1.50 · 10−3mol·l−1
(13.226mg, 0.75 · 10−5mol)

– [1-alkene]= 1000·[Rh]= 0.50mol·l−1
(2.50 · 10−3mol)

– p= 20bar, CO/H2= 1 : 1
– T= 40◦C

• Internal alkenes:
– [Rh]= 0.50 · 10−3mol·l−1

(0.645mg, 0.25 · 10−5mol Rh(acac)(CO)2)
– [L4]= 5·[Rh]= 2.50 · 10−3mol·l−1

(3.316mg, 1.25 · 10−5mol L4)
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– [ZnPc]= 3·[L4]= 15·[Rh]= 7.50 · 10−3mol·l−1
(66.13mg, 3.75 · 10−5mol)

– [trans-2-alkene]= 500·[Rh]= 0.25mol·l−1
(1.25 · 10−3mol)

– p= 20bar, CO/H2= 1 : 1
– T= 25°C.

Table 3.4.4. Amounts of alkenes used in catalysis (per one run)

Alkene Amount [µl] Alkene Amount [µl]
1-pentene 279 1-octadecene 801
1-hexene 312 trans-2-pentene 139
1-octene 392 trans-2-hexene 156
1-decene 473 trans-2-octene 196

1-dodecene 555 cis-2-octene 196
1-tetradecene 637 trans-2-nonene 220
1-hexadecene 718 trans-2-decene 236

3.4.8. Computational details. The calculations were performed using MO-
PAC2009 for semi-empirical optimisations and Gaussian 03 Rev. C.02 on for all
DFT calculations. Gaussian 03 was used on the Dutch national computing cluster
Lisa, which was installed by SARA, The Dutch National High Performance Com-
puting and e-Science Support Center.xviii We used the hybrid functional pbe1pbe
with either dgdzvp (normal and high level in ONIOM computations) or 3-21g**
(low level in ONIOM computations) as basis sets.180–182,190 Molecular modelling
of the assembly L4·(ZnPc)3 was done using the PM6 semi-empirical method as
implemented in MOPAC 2009, with the MOZYME module for calculation of large
molecules.

The model of the RhH(CO)2(η
2−C2H4)(L4·(ZnPc)3) was made by first opti-

mising the fragment RhH(CO)2(η
2−C2H4)(L4) without ZnPc with DFT method

(pbe1pbe/dgdzvp). We used the DFT-optimised fragment to build the fully en-
capsulated model of RhH(CO)2(η

2−C2H4)(L4·(ZnPc)3), which we then optimised
with MOPAC2009 using PM6/MOZYME method. The geometry of the DFT-
optimised fragment was kept frozen during the optimisation of the full capsule with
MOPAC2009.

3.4.8.1. Hydride Migration – The Non-Encapsulated Model Catalyst. The Gauss-
ian input files were generated using GaussView 3.0. Optimisation of stationary ge-
ometries of all complexes were accompanied by immediate frequency calculations.
Transition states were found by performing a preliminary relaxed scan along the
reaction coordinate, which was followed by the TS-search with calculation of forces
at every search step. The transition states were usually located after 3–5 search
steps, and were confirmed by additional frequency calculation, which displayed only
one imaginary frequency (the one describing the transfer of the hydride H from Rh
to C atom of the alkene).

The formula we used to estimate the product distribution:

xviiiSARA http://www.sara.nl/aboutsara/aboutsara_pr_eng.html
Lisa: https://subtrac.sara.nl/userdoc/wiki/lisa64/description
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r(P2)
=

∑
i w(ai) · C · kP3(ai)∑
i w(ai) · C · kP2(ai)

=

∑
i w(ai) · C · (A · e−

∆G
#
P3

(ai)

RT )∑
i w(ai) · C · (A · e−

∆G
#
P2

(ai)

RT )

simplified as

(3.4.2)
[P3]

[P2]
=
r(P3)

r(P2)
=

∑
i w(ai) · e−

∆G
#
P3

(ai)

RT∑
i w(ai) · e−

∆G
#
P2

(ai)

RT

with relative abundance of the ai species estimated according to the Boltzmann
distribution law

(3.4.3) w(ai) =
g(ai) · e−

G(ai)
RT

Z

and the partition function:

(3.4.4) Z =
∑
i

g(ai) · e−
G(ai)
RT

[P3] concentration of the product P3
[P2] concentration of the product P2
r(P3) rate of formation of P3
r(P2) rate of formation of P2
w(ai) relative concentration of species ai
C total concentration of all four ai species
G(ai) relative free energy of the rhodium alkene species ai
kP3(ai) rate constant of hydride migration from species ai to form the C3-

alkylrhodium species (the P3 product)
kP2(ai) rate constant of hydride migration from species ai to form the C2-

alkylrhodium species (the P2 product)
A the pre-exponential factor in the Arrhenius equation
∆G#

P3(ai) activation energy for hydride migration from species ai to form the
C3-alkylrhodium species (the P3 product)

∆G#
P2(ai) activation energy for hydride migration from species ai to form the

C2-alkylrhodium species (the P2 product)
Z the partition function
R the universal gas constant
T the absolute temperature
g(ai) degeneracy of states, g(ai) = const. = 1 for all four isomers.

The energies and other data are given in Tables 3.4.5 and 3.4.6. The average
activation energy for the hydride migration to C3- and C2-alkylrhodium are 11.1
and 10.0 kcal·mol−1, respectively.
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Table 3.4.5. The non-encapsulated catalyst: energies (in kcal·mol−1) of the species
involved in the hydride migration.

G(ai) TS-inner C TS-outer C ∆G]P3 ∆G]P2 cis-alkyl trans-alkyl
a1 0.00 9.13 9.79 9.13 9.79 -1.33 -5.19
a2 -1.38 12.11 7.83 13.49 9.21 0.42 -5.86
a3 -0.74 9.62 9.55 10.29 10.36 -3.62 0.69
a4 -0.83 9.84 10.58 11.41 10.67 -5.92 1.63

Table 3.4.6. The non-encapsulated catalyst: relative abundances of the rhodium
alkene species and the product ratios.

w(ai) [%] kP3(ai)/(A · 10−9) kP2(ai)/(A · 10−9)
a1 5.34 204 66.6
a2 54.5 0.130 180
a3 18.6 25.4 28.5
a4 21.5 15.1 4.36

Thus, r(P3, total)/(A · 10−9) = 18.9 and r(P2, total)/(A · 10−9) = 108, pre-
dicting r(P3)/r(P2) ratio of 0.176, i. e. 85% P2 and 15% P3. Calculation of
the product ratio neglecting the relative concentrations189 of species ai predicted
99.28% P2.

3.4.8.2. Hydride Migration – The ZnPc’-Encapsulated Model Catalyst. In these
calculations the aryloxy substituents on ZnPc were replaced by H atoms in order
to reduce the cpu time.xix The geometries of these molecules were optimised using
the two-layer ONIOM method available in Gaussian 03.191,192 For both layers DFT
method were used, pbe1pbe/dgdzvp for the high level layer, pbe1pbe/3-21g** for
the low level layer. The border between the layers was set between Npyridyl and Zn
atoms. The rhodium core with the substrate belonged to the high level, while the
ZnPc’ molecules were in the low level. No dummy atoms were used. The illustration
of the ONIOM layers is is shown in Fig. (3.4.10).

For the energies of the transition states we used geometries of the corresponding
previously located non-encapsulated transition states, to which we added the ZnPc
molecules. During the optimisation we kept the four atoms involved directly in TS
(Rh–H–Csp2–Csp2) frozen, assuming that their coordinates in the encapsulated and
the non-encapsulated TS will be the same. This was a necessity, since technical
requirements for real TS search and frequency calculations on this large systems
could not be met. For the calculation of the product ratio we used equations
3.4.1–3.4.4 in which the free energy G was replaced with the SCF energy E (Tab.
3.4.7). The energies and other data are given in Tables 3.4.7 and 3.4.8. The average
activation energy for the hydride migration to C3- and C2-alkylrhodium are 13.9
and 12.1 kcal·mol−1, respectively.

xixoptimisation of one ZnPc’-encapsulated structure took 20–25 days running in four parallel
processes.



3.4. EXPERIMENTAL SECTION 59

(a) RhH(CO)3(L4·(ZnPc’)3) (b) a1-ZnPc

Figure 3.4.10. Division of the encapsulated catalyst into ONIOM layers. Red coloured
atoms are high level (pbe1pbe/dgdzvp), and the green atoms the low level (pbe1pbe/3-
21g**).

Table 3.4.7. The ZnPc-encapsulated catalyst: energies (in kcal·mol−1) of the species
involved in the hydride migration.

E(ai) TS-inner C TS-outer C ∆E]P3 ∆E]P2 cis-alkyl trans-alkyl
a1 2.15 19.93 15.05 17.78 12.90 1.13 -1.02
a2 7.51 15.04 18.77 7.53 11.26 -1.62 0.09
a3 9.19 22.92 25.60 16.41 11.73 -1.74 -3.28
a4 0.00 12.67 13.92 13.92 12.67 1.38 -2.84

Table 3.4.8. The ZnPc’-encapsulated catalyst: relative abundances of the rhodium
alkene species and the product ratios.

w(ai) [%] kP3(ai)/(A · 10−9) kP2(ai)/(A · 10−9)
a1 2.57 0.00009 0.351
a2 0.0003 3020 5.64
a3 0.00002 0.0009 0.091
a4 97.4 0.063 0.518

Thus, r(P3, total)/(A · 10−9) = 0.070 and r(P2, total)/(A · 10−9) = 0.514,
predicting r(P3)/r(P2) ratio of 0.137, i. e. 88% P2 and 12% P3. Calculation f
the product ratio neglecting the relative concentrations189 of species ai predicted
99.98% P2.
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