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The tris(para-pyridyl)phosphine template (1) has been used in
conjunction with a series of meso-substituted Zn(II)−tetraphe-
nylporphyrins complexes (2−10) to create supramolecular encap-
sulated ligand assemblies via Zn−Npyr interactions. The structural
features of supramolecular ligand 1‚[2]3 have been investigated
in detail using X-ray crystallography, NMR specroscopy, and UV−
vis spectroscopy. The pyridylphosphine−porphyrin stoichiometry
determined in solution (1:3) differs markedly with that observed in
the solid state (2:5, for assembly [1]2‚[2]5). The difference originates
from an unusual coordination behavior of one of the Zn centers,
which is octahedrally surrounded through double axial coordination
by the pyridyl groups of the two different molecules of 1.

Porhyrins are widely used and highly versatile building
blocks in (supramolecular) chemistry.1 In particular, the
photophysical and catalytic properties of metalloporphyrin
systems have been the subject of numerous investigations.2

One interesting application of metalloporphyrins can be
found in catalysis, in which case the metal center is used as
an active site. On the other hand, metalloporphyrins have
been used to construct various supramolecular assemblies
via coordinative patterns. Generally, axial coordination of
N-donor ligands to the metal center represents the supramo-
lecular binding motif. This self-assembly strategy has been

successfully applied for the construction of molecular
squares, coordination polymers, and other types of struc-
tures.3 Porphyrins have also been used for supramolecular
catalysis in which the metal centers in porphyrin building
blocks are utilized as catalytic centers, as well as binding
motifs. For instance, a Mn(III)porphyrin unit has been
incorporated into a self-assembled superstructure and ap-
plied as a catalyst for the epoxidation of conjugated olefins,
thereby giving rise to an increased catalyst performance.4

We reported a templated approach for the encapsulation
of transition metal catalysts. Various Zn(II)- and Ru(II)-
porphyrin complexes were used as supramolecular building
blocks that selectively associate with the nitrogen donor
atoms of a tris(meta-pyridyl)phosphine template, resulting
in encapsulated phosphine ligands and their respective metal
complexes.5 These sterically demanding phosphine ligands
gave rise to selective mono-coordination in various transition
metal complexes and consequently to enhanced reactivity
and unexpected selectivities of the catalysts formed, par-
ticularly in the hydroformylation reaction. We recently
showed that this concept can be extended to zinc(II)salphen
building blocks and that the pyridylphosphine template
structure (cf.1, Scheme 1) controls the coordination geometry
around the transition metal and thus the performance in
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homogeneous catalysis.6 In this communication, we present
an unusual solid-state structure of a tris(para-pyridyl)-
phosphine-porphyrin assembly and its relation to the solu-
tion-phase structure, as well as preliminary results of the
application of these assemblies in the rhodium catalyzed
hydroformylation of 1-octene.

Crystals were grown from CH2Cl2/heptane by slow
evaporation of a mixture of1 and2, present in a 1:3 ratio.
Although the template-encapsulated structure was evidently
formed, as is clear from the structure of the assembly
presented in Figure 1, it did not have the expected 1:3 ratio
of building blocks, but instead a 2:5 stoichiometry was
observed. One of the Zn(II)porphyrin units is part of two
adjacent capsule assemblies as a result of a rather unusual
hexacoordinated zinc metal, leading to assembly [1]2‚[2]5.
The structure can therefore be described as a fusion of two
‘1:3’ assemblies through the central Zn(II)porphyrin unit.
The unique hexacoordinated Zn center bridges the two parts
of the 2:5 assembly via a double axial ligation of two pyridyl
donors (Zn-Npyr ) 2.4736 vs ∼2.20 Å for the five-
coordinate Zn centers) of different molecules of1. As a result
of inversion symmetry, the Zn center is perfectly planar with
the porphyrin N atoms of this unit, whereas in the other four
Zn(II)porhyrins, the Zn centers reside, as usual, slightly out
of the porphyrin plane (Nporph-Zn angles between 94° and
101° for Zn(2) and 94-103° for Zn(3)). The presence of
both hexa- and pentacoordinate Zn(II)porphyrins within one
supramolecular structure is very rare.7 The unusual structure
is surprising because the association of a second pyridine
ligand to Zn(II)porphyrins is known to be weak.8 Fajer et
al. recently described two-dimensional supramolecular Zn-
(II)porphyrin assemblies with all-six-coordinated zinc centers
linked through substituents with an axial Zn-N distance of
2.473(5) Å.9 It is interesting to note that the current structure

is stabilized by fourπ-π interactions between aryl rings of
the central porphyrin ring and those of adjacent units.

The potential 3-fold rotational symmetry around the P(1)-
O(1) bond is broken by the peripheral porphyrin systems at
both sides of the molecule which are not superimposable.
The phosphine atoms in the assembly were partially oxidized
during the crystallization process, an observation that was
quantified by31P{1H} NMR spectroscopy (∼50%).

The coordination behavior of pyridylphosphine1 with
meso-substituted Zn(II)tetraphenylporphyrin2 in solution
was further investigated using NMR and UV spectroscopy.
NMR analysis of a 1:3 ratio of1 and Zn(II)porphyrin2 in
CD2Cl2 indicated that the expected formation of multicom-
ponent assembly1‚[2]3 had formed through Zn-Npyr interac-
tions. Upon complexation of the pyridyl groups to the
metalloporphyrin, a diagnostic upfield shift is observed for
the protonsH1 andH2 of the pyridyl unit (∆δH1 ) 6.08 ppm,
∆δH2 ) 2.80 ppm), caused by the shielding effect of the
porphyrin.2,5 Only a marginal shift of the phosphorus
resonance (δ ) -9.41 ppm,∆δ ) 0.39 ppm, CD2Cl2) was
observed compared to1, which confirms the selective axial
binding of the pyridyl groups to the Zn(II) centers in solution.
The 1H NMR characteristics of crystalline [1]2‚[2]5, after
dissolving in CD2Cl2, also showed large upfield shifts for
both protons (Figure 2). Signal integration confirmed the
observed solid-state ratio (2:5) for1 and 2. The 31P{1H}
NMR spectrum recorded for the crystalline material, dis-
solved in CD2Cl2, revealed the presence of nearly equimolar
amounts (by signal integration) of the assembled phosphine
and its oxidized parent compound and accordingly pairs of
signals were observed forH1 and H2 in the 1H NMR
spectrum (Figure 2).10
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Scheme 1. Formation of Supramolecular Phosphine Ligands via
Zn(II)-NPyr Interactions Using Various Zn(II)porphyrin Building Blocks

Figure 1. Plot of the molecular structure of [1]2‚[2]5 in the crystal.
Hydrogen atoms, co-crystallized solvent molecules, and numbering scheme
have been omitted for clarity. Color scheme: green) Zn, yellow ) P,
blue ) N, gray) C, red) O. Selected bond distances (Å)/ angles (deg),
esd’s in parentheses: Zn(1)-N(1) ) 2.4736, Zn(2)-N(2) ) 2.2056, Zn-
(3)-N(3) ) 2.1931, N(1)-Zn(1)-N(5) ) 89.44, N(1)-Zn(1)-N(4) )
87.27, N(2)-Zn(2)-N(6) ) 98.83, N(2)-Zn(2)-N(7)) 96.94, N(2)-Zn-
(2)-N(8) ) 94.83, N(2)-Zn(2)-N(9) ) 100.58, N(3)-Zn(3)-N(10) )
102.53, N(3)-Zn(3)-N(11)) 103.16, N(3)-Zn(3)-N(12)) 94.36, N(3)-
Zn(3)-N(13) ) 95.23.
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The solution-phase structure was further investigated by
performing UV-vis titrations of 2 with 1 in toluene. As
expected, these titration experiments showed that the2-to-1
stoichiometry in solution is 3:1, which contrasts with the
solid-state structure obtained (Figure 1). The titration curve
was fitted against a 3:1 model to give the association
constants of the first (K1 ) 2.1 ( 0.2 × 103 M-1), second
(K2 ) 2.3( 0.2× 103 M-1), and third binding (K3 ) 1.9(
0.2 × 103 M-1) of 2 to the tris-pyridylphosphine1. The
similarity of theKass values indicates that in this assembly
there exists no observable degree of cooperativity unlike we
have previously observed for the assembly with tris(meta-
pyridyl)phosphine as template.5

We have prepared a series of phosphine assemblies based
on 1 and Zn(II)porphyrin building blocks2-10, and these
assemblies were applied as ligands for the rhodium-catalyzed
hydroformylation of 1-octene (Table 1). It is clear that the
activity and selectivity for the linear aldehyde product
obtained using these Rh(I) catalysts derived from the
phosphine assemblies (entries 2-10) resembles the parent
phosphine1 (entry 1). This implies that the assemblies based
on tris(para-pyridyl)phosphine show typical behavior of
bisphosphine-ligated Rh(I) complexes in hydroformylation.
Furthermore, it appears that the activity of the supramolecular
porphyrin-based catalysts can be regulated by the meso-
phenyl substituents.

Strong electron-donating ether-type substituents (entries
5-7) give rise to very slow catalysis, whereas for electron-
withdrawing groups, much higher reactivity is noted (entries
8-9). Since the supramolecular ligands can form diphosphine
Rh complexes, the resultant activity is probably the sum of
electronic and steric features. Another interesting result is
obtained with the Ru(II)porphyrin building block11, which
gives the highest catalytic rate, likely as a result of electronic
effects. It is known that Ru(II)porphyrins show much higher

association with pyridines than their respective Zn ana-
logues,5 and the exchange rate is much lower, which may
also partly account for the results obtained.

In summary, we report a rare supramolecular structure in
which penta- and hexacoordinated Zn(II)porphyrins coexist.
The six-coordinate Zn complex acts as a bridging unit
between the two parts of the assembly, thereby enabling a
lower 2:1 stoichiometry (5:2) as compared to the expected
3:1 ratio as found in solution (UV-vis). This coordination
behavior is likely a result of crystal packing effects andπ-π
interactions between the porphyrin rings. The preliminary
catalysis data indicate that the phosphine assemblies give
rise to diphosphine metal complexes, in which the reactivity
is controlled by the substitution pattern of the meso-phenyl
groups. Currently, we are expanding this series of sterically
demanding, supramolecular phosphine assemblies toward
systems based on chiral building blocks and the use of
generally more appealing substrates and other organic
transformations.
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Figure 2. Selected region of the1H NMR spectrum recorded for the
isolated and dissolved crystalline material [1]2‚[2]5. The asterisk denotes
the solvent residual peak. The inset shows the31P{1H} resonances.

Table 1. Rhodium-Catalyzed Hydroformylation of 1-Octene with the
Pyridylphosphine-Zn(II)porphyrins Ligand Assemblies Based on
Building Blocks1-10a,b

entry ligand meso-R
conv
(%)

ISc

(%)
TOF
(h-1)

L
(%)

1 1 - 28 0.8 18 78
2 1‚[2]3 H 26 1.0 17 81
3 1‚[3]3 p-tBu 14 0.9 9 81
4 1‚[4]3 p-OAc 21 0.9 14 79
5 1‚[5]3 p-OMe 2 7.7 1 74
6 1‚[6]3 m,m-OMe 1 12 1 79
7 1‚[7]3 p-OC16H33 5 3.3 3 81
8 1‚[8]3 penta-F 25 1.0 16 79
9 1‚[9]3 p-NO2 12 0.3 8 78

10 1‚[10]3 H (M ) Ru) 38 0.8 25 81

a Abbreviations: L) linear, B ) branched, IS) isomerization level,
TOF ) average turnover frequency.b Conditions: t ) 16 h,T ) 25 °C, P
) 20 bar CO/H2 (1:1), [phosphine]) 9.3 mM, [Rh]) 1.7 mM, decane as
internal standard.c Based on converted 1-octene.
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