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Conformational studies of ligand-template assemblies
and the consequences for encapsulation of rhodium
complexes and hydroformylation catalysis†
Ivo Jacobs,a Adri C. T. van Duin,b Arjan W. Kleij,za Mark Kuil,a Duncan M. Tooke,c
Anthony L. Spekc and Joost N. H. Reek*a
The second coordination sphere around a transition metal catalyst can contribute to the activity and
selectivity that it displays. In this paper we present encapsulated catalysts using a template-ligand
assembly strategy based on Zn(II)salphen building blocks, and show that these have significantly
diﬀerent properties in catalysis than previously reported Zn(II)porphyrin-based analogues. The
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conformational properties of tris-Zn(II)salphen-based capsular catalysts were examined by a combination
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that as a result of the ability of the salphen-based capsules to adopt diﬀerent conformations compared
to porphyrin-based capsules, less stringent constraints are enforced to the catalytic centre, resulting in
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diﬀerent catalyst selectivities displayed by the rhodium complexes enclosed.

of solid state and solution phase analytical methods, as well as computational techniques. We found

Introduction
Self-assembled molecular capsules with hollow structures can
encapsulate smaller guest molecules within their cavities.1
Since the 1990s, various research groups have investigated
the application of such capsules as nanoreactors.2 A diversity
of chemical processes, both stoichiometric and catalytic, has
been carried out within molecular capsules.3 Reactions can be
accelerated, as shown for example by Raymond and coworkers.
They demonstrated that acid-catalyzed reactions can be carried
out inside nano-environments even if the outside conditions
are basic.4 Also the selectivity of a chemical process can be
changed completely, as shown by Fujita et al. in the Diels–Alder
reaction5 and this particular example, where unique selectivities
are obtained, shows the influential nature of the finite microenvironment within the capsule. Such unusual selectivities are
a
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generally not achieved using traditional catalytic approaches.
Although the field of supramolecular capsular catalysis is still in
its developmental stage, several successful examples of reactions
carried out within self-assembled nanoreactors have appeared
and demonstrate the power of the concept. Detailed studies are
required to fully understand the mechanisms behind the eﬀects
observed when carrying out reactions in these confined spaces.
We have previously reported a general strategy to encapsulate
phosphine ligands and metal complexes thereof (Scheme 1).6
The strategy is based on template-ligands, which are building
blocks that have one type of coordination site for the transition
metal that is active in catalysis, and another type of coordination
site used in the self-assembly of the capsule. Initially we used
Zn(II)porphyrin building blocks for the assembly process. A
tenfold increase in conversion and reversed regio-selectivity
(i.e., linear-branched ratio) was found when using 3a in the
rhodium catalysed hydroformylation of 1-octene. When using
internal octenes, a fourfold increase in yield was found as well as
unprecedented selectivity.7 In order to extend the diversity of the
building blocks and to vary the size and/or shape of the catalytic
capsules, we also used Zn(II)salphens.8 These are easier to
prepare than Zn(II)porphyrins, and can be structurally modified
using modular approaches.9 Initial results have also shown that
with these building blocks we obtained more active catalysts with
selectivities generally in between those of the non-encapsulated
Rh–phosphine complex and the porphyrin-based capsule. The
interaction between the Zn(salphen) building blocks and the
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Table 2 Results of the rhodium catalysed hydroformylation of 2-octene with
trispyridylphosphine and the building blocks illustrated in Scheme 1a

Entry

Ligand

Yieldb

TOFc

C2/C3

1
2
3
4

1
1 + 2a
1 + 2c
1 + 2d

17
32
47
48

2
5
7
7

1.3
0.11
1.0
0.86

Published on 23 January 2013. Downloaded by Universiteit van Amsterdam on 10/03/2014 11:53:01.

a

This table is compiled from various sources (ref. 7 and 10). All
experiments were performed at 25 1C in toluene, with a substrate/
catalyst ratio of 1052. The reaction time was 73 h. See Table S1 (ESI) for
more details. b In percent. c Average TOF in (mol aldehyde) (mol Rh)1 h1,
based on conversion.

Scheme 1 The assembly of the porphyrin/salphen capsules assisted by the
template-ligand, and a list of building blocks (i.e., 2–3) used in this paper.

pyridyl fragments of the phosphine template is stronger, which
apparently did not translate to higher selectivities.
In this paper we provide insight into the origin of this
diﬀerence supported by detailed investigations of the structure
of the salphen-based capsules both in the solid state and in
solution. Computational studies and solution-phase NMR have
been used to show the conformational behaviour of these ligands
in solution. This conformational flexibility of the encapsulated
ligands aﬀects the coordination environment around the transition metal centers, and ultimately the catalytic performance.

Table 3 Results of the rhodium catalysed hydroformylation of 3-octene with
trispyridylphosphine and the building blocks illustrated in Scheme 1a

Entry

Ligand

Yieldb

TOFc

C3/C4

1
2
3
4

1
1 + 2a
1 + 2c
1 + 2d

26
45
60
63

4
6
9
9

0.98
0.31
1.0
0.98

a

This table is compiled from various sources (ref. 7 and 10). All
experiments were performed at 25 1C in toluene, with a substrate/catalyst
ratio of 1052. The reaction time was 73 h. See Table S1 (ESI) for more
details. b In percent. c Average TOF in (mol aldehyde) (mol Rh)1 h1,
based on conversion.

Results and discussion
Eﬀects of the encapsulation by porphyrin or salphen units on
hydroformylation catalysis
Before discussing the conformational behavior we will summarize
the diﬀerences in catalytic behaviour observed for the capsules
based on porphyrins and various zinc(II)salphens. In Tables 1–3
some of the previously reported results in the hydroformylation
of various substrates (Scheme 2) using encapsulated catalysts
based on several zinc-containing building blocks and the metatrispyridylphosphine template are summarised.10 In addition,
we carried out reactions with shorter reaction times such that
the conversion indicates the relative reaction rate (Table 4).11
Table 1 Results of the rhodium catalysed hydroformylation of 1-octene with
trispyridylphosphine and the building blocks illustrated in Scheme 1a

Entry
d

1
2e
3
4
5
6

Ligand

Yieldb

TOFc

C1/C2

1
1
1
1
1
1

31 (6)
52
97
97
97
97

5 (3)
23
16
16
16
16

2.3 (2.9)
0.56
1.2
1.0
0.80
1.4

+
+
+
+
+

2a
2b
2c
2d
2f

a

This table is compiled from various sources (ref. 8 and 10). All
experiments were performed at 25 1C in toluene, with a substrate/
catalyst ratio of 1052. The reaction time was 65 h except where noted.
See Table S1 (ESI) for more details. b In percent. c Average TOF in (mol
aldehyde) (mol Rh)1 h1, based on conversion. d The numbers in
brackets are for an experiment run for 24 h. e Reaction time: 24 h.
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Scheme 2 The rhodium-catalysed hydroformylation of octenes gives rise to
several aldehyde products.

The diﬀerence between the non-encapsulated catalyst and
the porphyrin-based capsule (entries 1 and 2 in Tables 1–3
respectively) is clear: the average TOF increases from 3 to 23 for
1-octene, and the C1/C2 product ratio changes from 2.9 to 0.56.
Also for the internal octenes the activity increases (2–5), and a
profound eﬀect on the selectivity is observed. For 2-octene
the C2/C3 ratio changes from 1.3 to 0.11, and for 3-octene the
C3/C4 ratio changes from 0.98 to 0.31. This shows that the
catalyst can distinguish between the carbon centers at the 3- and
4-position of the substrate (i.e., between an ethyl and an n-butyl
group). This eﬀect represents one of the unique examples of an
unequalled selectivity induced by a nano-environment.12
When Zn(II)salphens are used for encapsulating the hydroformylation catalyst, the activity is in some cases still higher
compared to the non-encapsulated ligands, as is apparent from
the average TOFs reported in entries 1 and 3–6. From Table 4 it
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Table 4 Results of the rhodium catalysed hydroformylation of 1-octene with
trispyridylphosphine and the building blocks illustrated in Scheme 1a

Entry

Ligand

Yieldb

TOFc

C1/C2

1
2
3
4
5
6d

1
1
1
1
1
1

27
59
42
22
21
44

16
38
27
13
12
126

2.5
1.6
1.3
1.9
1.8
0.60

+
+
+
+
+

2b
2c
2e
2f
2a

a

All experiments were performed at 25 1C in toluene, with a substrate/
catalyst ratio of 1000. The reaction time was 16 h. See Table S1 (ESI) for
more details. b In percent. c Average TOF in (mol aldehyde) (mol Rh)1 h1,
based on conversion. d Substrate/catalyst ratio was 5000, reaction time was
18 h.

can be seen that at short reaction times the average TOFs vary
quite significantly when diﬀerent salphen building blocks are
applied. The TOFs range from 12 to 38, which means that the
slowest encapsulated catalyst 2f is slower than the non-encapsulated
catalyst. However, none of the catalysts based on salphen building
blocks converts 1-octene with a higher TOF than the porphyrinbased capsule. For the internal octenes, the salphen-based capsules
are also slightly faster than the porphyrin-based ones with TOFs up
to 7 for 2-octene and up to 9 for 3-octene. The selectivities are in
between those of the non-encapsulated catalyst and the porphyrinbased capsule, ranging from 1.9 to 0.80 for 1-octene, and close to 1
for the internal octenes. Clearly, the encapsulation by the
Zn(II)salphens leads to selectivities significantly diﬀerent from
those obtained with the Zn(II)porphyrin capsule. There is obviously
a diﬀerence in the steric impediment upon capsule formation
using the various building blocks. Here we further investigated
the conformational fluxionality of the capsule based on the smaller
Zn(II)salphen building blocks, and the consequence in coordination
chemistry and catalysis.
Solid state structure
The assembly 3b crystallized from a CH2Cl2–CH3CN solution.
Much to our surprise we found that the assembly exists in two
diﬀerent conformations, each being present in the unit cell. In
one conformation all the pyridyl groups point up, so that the
lone pairs of the pyridyl groups point in the same direction
as that of the phosphorous center (designated as the ‘‘in’’
conformation). This causes the salphen units to encapsulate
the phosphine (Fig. 1), similar to what molecular modelling
suggested and what was found for the porphyrin encapsulated
ligand. The other conformation has all the pyridyl groups
pointing down (denoted as the ‘‘out’’ conformation), which
makes the ligand very bulky, but the phosphorus donor atom is
not encapsulated. It is clear that the capsule with the ‘‘in’’
conformation can only form monophosphine coordinated
rhodium complexes, while in the ‘‘out’’ conformation maybe
Rh–diphosphine complexes can be formed. In this way the
conformation of the ligand directly influences the catalysis. It is
also interesting to note that the conformation around zinc is
diﬀerent for the two complexes. In the ‘‘in’’ conformation the
Zn ion resides 0.075(4) Å above the basal plane of the ‘‘close
to square pyramidal’’ coordination environment around Zn
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Fig. 1 The molecular structure of the tris-meta-pyridylphosphine/3b assembly
exhibits two conformations. Left the ‘‘in’’ conformation, right the ‘‘out’’ conformation, and below line drawings of the diﬀerent conformations of the central
part of the assembly. In light gray the salphen units and in dark grey the
trispyridylphosphine template. Selected bond distances (Å) and angles (1) with
esd’s in parentheses: P(1)–C(1) = 1.847(5), P(2)–C(38) = 1.827(4), Zn(1)–O(1) =
1.947(3), Zn(2)–O(3) = 1.971(3), Zn(1)–O(2) = 1.960(3), Zn(2)–O(4) = 1.959(3),
Zn(1)–N(1) = 2.131(4), Zn(2)–N(4) = 2.114(3), Zn(1)–N(2) = 2.092(4), Zn(2)–N(5) =
2.071(3), Zn(1)–N(3) = 2.074(3), Zn(2)–N(6) = 2.105(3), C(1)–P(1)–C(1a) =
100.7(2), C(34)–P(2)–C(34c) = 103.3(2).

(86% of the Berry pseudo-rotation pathway between TP and SP).
In the ‘‘out’’ conformation the Zn ion is located 0.069(4) Å
above the basal plane (84%) defined by the N- and O donor
atoms of the salphen ligand.13
It is sterically impossible for the porphyrin-based capsule to
be in the ‘‘out’’ conformation according to molecular modelling.
A recent X-ray molecular structure of the capsule based on trismeta-pyridylphosphine and 3a shows that it is only in the
‘‘in’’ conformation in the solid state.14 If these salphen based
complexes are also able to adapt these out conformations in
solution, this would provide a clear explanation for the diﬀerent
selectivities that these complexes induce. The diﬀerence in the
solid-state structure can, however, be caused by packing eﬀects,
and does not necessarily represent the structures present in
solution. Therefore, we next studied these supramolecular
ligands in solution, to examine if this conformational flexibility
actually plays a significant role.
Ru(II)salphens as analogues for Zn(II)salphens
From NMR titrations that were performed previously to establish
the formation of assemblies of type 3 (Scheme 1), it is clear that
the building blocks are in fast exchange on the NMR timescale
despite a strong pyridyl–zinc interaction (Kass B 105 M1).8,9
NMR analysis of the Zn(II)salphen-based complexes therefore
does not give any information about the conformational
dynamics. Low-temperature NMR experiments of the
Zn(salphen) based assemblies 3 (down to 90 1C) only give rise
to a single set of 1H NMR and 31P NMR signals. As at these
temperatures the pyridyl–zinc complex is still in fast exchange
on the NMR timescale, the single set of signals does not mean
that co-existence of the two conformations (in and out) can be
ruled out. Therefore, we have studied the conformational
dynamics of these self-assembled capsules using Ru(II)salphen

Catal. Sci. Technol., 2013, 3, 1955--1963
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Fig. 2 The rotation of the pyridine ligand was calculated and compared
between the Zn(II) and Ru(II)salphens.

building blocks. Ru(II)salphen complexes15 are also known to
form strong bonds with pyridines, and the exchange rates
between coordinated and free pyridyl are slow on the NMR
timescale. As the same salphen framework can be used, the size
of the building block is very similar to Zn(II)salphens. The
Ru(II)salphens have a CO coordinated opposite to the axial
position of the pyridine donor, but since this will be on the
outside of the capsule this will not interfere with the formation
of capsule structure.
DFT calculations were performed to show the similarities
and diﬀerences between the Zn(II)salphen–pyridyl and the
Ru(II)salphen–pyridyl complexes. These calculations were performed
using the B3LYP functional and the DGDZVP basis set.16 An
energy profile was calculated for the rotation over the Npyr–metal
bond (Fig. 2). In Fig. 3 the energy is shown as a function of the
Osal–M–Npyr–Co,pyr torsion angle, and in Fig. 4 the length of the
Npyr–metal bond is shown. The Zn-complex has its energy
minimum when the pyridine plane is more or less parallel to
the direction of the Zn–O bonds,17 and the bond length is
intermediate at 2.16 Å. The energy barrier associated with this
rotation is very small amounting to 0.5 kcal mol1. The Ru(II)complex, however, has its global minimum when the pyridine
plane is perpendicular to the O–O line, and a local minimum
when it is parallel to this line. The bond length at the global
minimum is 2.24 Å with a still relatively low rotational barrier of
3 kcal mol1. From these calculations it can be concluded that

Fig. 3 The energy profile for the rotation of the pyridine ligand. In the x-axis the
torsion angle O–M–Npyr–Co,pyr j is displayed.
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Catal. Sci. Technol., 2013, 3, 1955--1963

Fig. 4 The M–Npyr bond length as a function of the torsion angle O–M–Npyr–
Co,pyr j.

both complexes have virtually free rotation around the M–Npyr bond.
As the diﬀerence in the M–pyridyl distance is less than 0.1 Å the size
and the shape of the capsule that is formed is virtually the same.
NMR analysis of Ru(II)salphen based complexes
NMR titrations were performed in d8-toluene with a fixed
concentration of template-ligand 1 containing three pyridyl
units (0.1 mM) and by gradually increasing the amount of 2g
or 2h (0 to 0.3 mM).18 The 1H and 31P{1H} spectra clearly
demonstrate the slow exchange between the free and associated
components. Separate peaks for the free phosphine, the 1 : 1
complex, the 2 : 1 complex and the 3 : 1 complex were observed,
an observation also clearly visible in the 31P NMR spectra (Fig. 6).
In the 1H NMR spectra (Fig. 7) the aliphatic region shows
distinct peaks for all these associated states because the tertbutyl groups shift upon coordination. Interestingly, the tertbutyl groups of salphen 2h give two signals each in the 2 : 1
complex. This is not due to inequivalency of the salphens but
because the C2v symmetry of the salphens is broken in the 2 : 1
complex (see Fig. 5). In the 3 : 1 complex the C2v symmetry is
restored, and the tert-butyl groups give rise to only one peak.
This means that the trispyridylphosphine template can be
considered to have C3v symmetry in all its forms: free, in the
1 : 1 complex, in the 2 : 1 complex, and even in the 3 : 1
complex. From this we can conclude that the symmetry inversion
of the trispyridylphosphine unit is fast on the NMR timescale,
even in its fully encapsulated form. If the inversion would be slow
on the NMR timescale, we would observe the trispyridylphosphine
as a C3 symmetric entity, and the whole complex would have
lower symmetry. Based on the simplicity of the NMR patterns we
can also conclude that the salphens can freely rotate around the
Ru–Npyr bond, in line with the energy barriers that we computed.
The signals in the aromatic region (see the ESI†) display the
same symmetry for the various complexes: the 1 : 1 complex
gives one set of signals for the salphen fragment, and two sets
of signals (in a 1 : 2 ratio) for the pyridylphosphine. The 2 : 1
complex gives two sets of signals for the salphen groups and
two sets of signals for the pyridylphosphine. And finally the
3 : 1 complex gives one set of signals for both the salphen and
pyridylphosphine components.
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Fig. 7 1H NMR spectra (selected aliphatic region) from the titration of 1 with 2h
(left) and 2g (right). From top to bottom: 0, 0.5, 1, 1.5, 2, 2.5 and 3 equivalents of
Ru(II)salphen are present.

but we observe only one set of signals for the 3 : 1 complex. This
indicates that either (1) only one conformation exists in solution, or
(2) rapid interchange of diﬀerent conformations occurs on the
NMR timescale via a process that does not involve salphen
dissociation. In the next section this non-dissociative conformational exchange using molecular dynamics is discussed.
Molecular dynamics modeling

Fig. 5

The symmetry of the Ru(II)salphens is broken only in the 2 : 1 complex.

Fig. 6 31P{1H} NMR spectra from the titration of 1 with 2h (left) and 2g (right).
From top to bottom: 0, 0.5, 1, 1.5, 2, 2.5 and 3 equivalents of Ru(II)salphen are
present.

Importantly, the free building blocks and the 1 : 1, 1 : 2 and
1 : 3 complexes can be distinguished by NMR as the Ru–pyridine
exchange is slow on the NMR timescale. We expect substantial
spectral diﬀerences if diﬀerent capsular conformations are present,
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The conversion between the ‘‘in’’ and the ‘‘out’’ conformation
was studied by molecular dynamics simulations. As pyridyl
decoordination may be required for this process, it is important
to use a computational model that allows bond breaking. For
this reason, we used the ReaxFF reactive force field19 method for
these simulations. ReaxFF has been successfully applied in previous simulations on transition metal–organic interactions.19b,c To
enable application to the Ru–pyridine systems here we extended
the ReaxFF C/O/N/H description, as developed for protein-based
materials19d with P–C, Zn–N and Ru–N bond- and angle parameters
against a DFT-based training set, containing P–phenyl and P–CH3
bonds, Ru–pyridine and Zn–NH2 and Zn–NH3 bond dissociation
curves. The ReaxFF H/C/N/O parameters successfully reproduce
rotational barriers in aromatic and non-aromatic hydrocarbons19
and heteroatoms19d and provide a geometry-dependent chargecalculations, indicating that this method is suitable for studying
complex rotational barriers in metallo-organic complexes, as
described here.
In our molecular dynamics simulations we investigated
three types of conformational changes, as shown in Fig. 8.
The first is a so-called ‘‘propellor flip’’ (A) of the pyridylphosphine,
which only changes the handedness of the pyridylphosphine
propellor, but not the up or down orientation of the pyridyl groups.
The second conformational change relates to the rotation of the
salphen units around the Npyr–Zn or Npyr–Ru bond (B). These two
types of rotation were performed as a benchmark, as these are
known to be fast on the NMR timescale, thus providing a
reference point.
Finally, and most importantly, we studied the pyridyl group
rotation (C), which is necessary to go from the ‘‘in’’ to the ‘‘out’’

Catal. Sci. Technol., 2013, 3, 1955--1963
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The rotations that were investigated with ReaxFF molecular dynamics.

conformation. All these simulations were performed for both
the ‘‘in’’ and the ‘‘out’’ conformation of the supramolecular
assemblies based on the Zn complex 3b and the Ru complex 3g.
From Fig. 9 and 10 it can be deduced that for both the Zn
and the Ru assembly the energy barrier for the propellor flip is
much higher for the ‘‘out’’ conformation (35 and 80 kcal mol1,
respectively) than for the ‘‘in’’ conformation (20 and 40 kcal mol1,
respectively). The calculated energy barriers are higher than
would be expected from the NMR measurements, as dynamic
processes with barriers higher than 16–20 kcal mol1 should be
slow on the NMR timescale. This can be explained by a
relatively short timescale used for the simulations (25 ps).
While the complexes have plenty of time to equilibrate in the
NMR experiment (nanosecond timescale), for example by rotation of the salphen units, this is not the case in the simulation.
This can result in higher energy barriers for the simulations
than in the experiments.25 The relative barriers that are

Fig. 11 Energy profile of the rotation of the salphen fragment (B) in the
assembly based on complex 3b starting from the ‘‘in’’ conformation (red) and
from the ‘‘out’’ conformation (blue) at t = 0. Negative time signifies rotation in
the opposite direction.

calculated can still be compared. Also for the salphen rotations
(Fig. 11 and 12) relatively high barriers were found (up to
35 kcal mol1 for the rotation of a Ru(II)salphen from the
‘‘out’’ conformation), whereas these rotations have also proven
to be fast on the NMR timescale.
The barriers for pyridine rotation (Fig. 13 and 14) are in the
order of 20 kcal mol1. Since this is lower than the barrier for
the propeller flip, which is fast on the NMR timescale, we can
conclude that the non-dissociative conformational exchange is also
fast on the NMR timescale. This means that the supramolecular
ligands 3b and 3g can exist as a mixture of conformations in
solution, while the NMR spectra will give an average signal. Based
on the current data we do not know the relative amount of each
conformer in solution, and the calculations are not suﬃciently
accurate to predict the relative stability.
Metal complexes
The nature of the active species under hydroformylation conditions was previously determined directly using high-pressure
infrared spectroscopy (HP-IR)20 for the catalyst based on the

Fig. 9 Energy profile of the ‘‘propellor flip’’ (A) of complex 3b starting from the
‘‘in’’ (red) and from the ‘‘out’’ conformation (blue) at t = 0.

Fig. 10 Energy profile of the ‘‘propellor flip’’ (A) of complex 3g starting from
the ‘‘in’’ (red) and from the ‘‘out’’ conformation (blue) at t = 0.

1960
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Fig. 12 Energy profile of the rotation of the salphen fragment (B) of the
assembly based on complex 3g starting from the ‘‘in’’ conformation (red) and
from the ‘‘out’’ conformation (blue) at t = 0. Negative time signifies rotation in
the opposite direction.
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Fig. 13 Energy profile of the rotation of the pyridyl group with salphen
attached (C) of complex 3b (red) and 3g (blue) starting from the ‘‘out’’
conformation at t = 0, ending up with the ‘‘in’’ conformation.
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Fig. 15
ligand.

HPIR of the active species in hydroformylation when using 3f as the

Fig. 14 Representation of the pyridyl group rotation of complex 3b. Energy
profile in Fig. 13.

porphyrin capsule comprising 3a.6 In HP-IR three distinct
bands were observed in the carbonyl-stretching region. This
means that a monophosphine–rhodium species is formed,
which is in line with the HP NMR data and the distinct catalytic
properties. For catalysts based on the salphen capsule, only
indirect evidence of mono-phosphine species has been
reported so far.8 In previous studies of the catalyst precursor
it has been shown that a 2 : 1 mixture of 3f and Rh(acac)(CO)2
in CDCl3 gives rise to two signals in the 31P NMR: a singlet at
20.9 ppm (free ligand), and a doublet at 43.4 ppm with a
coupling constant of 182 Hz, which is characteristic for a
monophosphine–Rh complex.
We also recorded the HPIR spectrum under actual hydroformylation conditions, which shows the typical bands
observed for a mixture of complexes with two phosphorus
donor atoms in the ee and ea coordination mode (Fig. 15).
The HP-IR spectrum can be simulated16 relatively well by
making a 1 : 1 : 1 linear combination of the equatorial–axial
and equatorial–equatorial bis-phosphine complexes and the
equatorial monophosphine complex (Fig. 16). In combination
with the molecular modeling studies that show rapid exchange
between ‘‘in’’ and ‘‘out’’ conformations, we conclude that it is
most likely that these salphen-based catalysts are able to adopt
‘‘out’’ conformations upon coordination that do not exclusively
enforce formation of mono-phosphine complexes.

to determine that complexes of type 3 most likely exist as multiple
conformations both in solution and in the solid state. Whereas the
porphyrin based assemblies were found in only one conformation
in which the phosphorus donor atom was shielded by the
porphyrins, the salphen based analogues can also adapt a conformation in which the phosphorus donor atom is much less shielded.
The consequences for coordination chemistry are large, as for the
porphyrins we found that the shielding resulted in exclusive monophosphorus coordination complexes,6 whereas for the salphen
based assemblies bis-phosphorus complexes are also formed.
Although in these complexes the metal is also shielded by the
salphens,9c the activity and selectivity is very diﬀerent from the
encapsulated mono-phoshine rhodium complexes. Further exploration of the salphen framework might result in a structure that does
share this ability with the porphyrins, although a valid question is
whether this salphen would be as synthetically accessible as the
easily prepared parent Zn(II)tetraphenylporphyrin. More interestingly, chiral versions of these salphen or porphyrin-based capsules
are an attractive target for future directions in this area.

Conclusions

Notes and references

By a combination of X-ray analysis, spectroscopic analysis, DFT
and ReaxFF molecular dynamics calculations we have been able
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Fig. 16 The simulated IR spectrum of the Rh-hydroformylation catalyst based
on 3f is a 1 : 1 : 1 linear combination of the ea and ee bis-phosphine complexes
and the equatorial mono-phosphine complex.
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