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The properties of transition-metal catalysts are largely
dominated by the direct environment around the metal
center, and traditionally the steric environment has been
adjusted by ligands that are coordinated to the metal center.
Enzymes create a suitable cavity around an active site to
provide the required steric and electronic environment. This
has inspired scientists to create nanosized capsules to
facilitate stochiometric and catalytic transformations in
synthetic cavities, resulting in unique conversions.-?

We have been particularly interested in the encapsulation
of transition-metal complexes and the effect on the catalytic
performance, and we therefore developed a template-ligand-
assisted approach as a new strategy to make such complexes
generally accessible.””! For example, trispyridylphosphine
templates and rhodium complexes thereof can be encapsu-
lated by three zinc(IT) porphyrin units through nitrogen—zinc
coordination. Rhodium encapsulation results in a remarkable
change in catalyst selectivity; in the hydroformylation of 1-
octene,”* mainly branched aldehydes are formed; for
internal octenes, such as 3-octene, regioselective reactions
were also accomplished.”’ The approach was extended to
templated ligand assemblies based on zinc(II) salphen com-
plexes (salphen = N,N'-bis(salicylidene)-o-phenylenediamine
dianion), which are more accessible building blocks and easier
to vary structurally.’) Scheme 1 shows an example of the
efficient ligand encapsulation by zinc(IT) salphen complexes
and also displays the solid-state structure of the three-to-one
assembly that was also shown to exist in solution.®)

So far, templated encapsulation has been based on the
complementary use of donor atoms; zinc has a low affinity for
phosphine ligands, and the monopyridyl ligands have lower
affinity for the catalytically active metals used to date. Herein,
we demonstrate that similar assemblies can be based on
template ligands that only have nitrogen donor atoms, in
which case selective coordination is based on steric differ-
ences. The palladium complexes thus obtained are active in
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Scheme 1. Formation of a three-to-one assembly as a typical example
of the template-ligand approach to encapsulation. The structure
depicts the three-to-one assembly; P orange, Zn light blue, O red,

N blue, Cl yellow, C green, H gray.

the CO/4-tert-butylstyrene copolymerization, and the activity
and selectivity strongly depend on the building blocks used
for the ligand assembly.

With the 3-pyridyl-bian ligand (mPy-bian (1), see
Scheme 2), encapsulation!®! takes place through the pyridyl
groups, whereas in the presence of zinc(II) salphen building
blocks, palladium complexes are coordinated to the bis-imine
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Scheme 2. Formation of an encapsulated neutral palladium complex
and the PM3-TM optimized structure of the assembly with salphen C
from Scheme 4; Pd, Zn, Cl all purple, O red, N blue, C green, H gray.
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site. It was anticipated that coordination of the zinc(II)
salphen unit to the imine nitrogen atom would not be possible
for steric reasons. Indeed, control experiments show that the
Ph-bian ligand does not coordinate to zinc(II) salphen
complexes. Furthermore, Job-plot analysis showed that the
mPy-bian ligand is encapsulated by two zinc(II) salphen
units.”) Coordination of these building blocks can therefore
only take place at the pyridyl nitrogen atom. In contrast, we
expected that the palladium precursor would have a prefer-
ence for the bis-imine ligand because of the chelate effect.
Indeed, when [(cod)PdMeCl] was added to a solution of the
mPy-bian ligand encapsulated by two zinc(II) salphen build-
ing blocks, the corresponding palladium complex was quanti-
tatively formed (Scheme 2). Interestingly, the same reaction
in the absence of zinc(IT) salphen building blocks resulted in
the formation of a mixture of complexes, thus indicating that
in this experiment the pyridyl groups are also coordinated to
palladium centers. Upon addition of two equivalents of
zinc(IT) salphen to a solution of this mixture, the expected
complex formed, with the salphen units coordinated to the
pyridyl groups and the {PdMeCl} moiety to the bis-imine
ligand. The current experiments imply that the complexes are
formed under thermodynamically controlled conditions. By
applying different zinc(II) salphen building blocks, different
encapsulated palladium complexes can be obtained.
Palladium complexes of bian ligands are well-studied
and have been used as catalysts in ethene homopolymeriza-
tion""! and CO/4-methylstyrene copolymerization.['>"*! Alter-
nating copolymerization of CO and olefins provides polymers
with interesting properties.'*"! Copolymers that are almost
completely isotactic were obtained from CO and propene!'®!
and from CO and alkylstyrene;["”! for the latter reaction, very
high degrees of syndiotacticity could also be achieved.” If 4-
tert-butylstyrene (TBS) is used, a soluble polymer is obtained.
The molecular weight and stereoregularity of this polymer
can be steered by the ligands applied."'**'*! The selectivity of
the catalyst strongly depends on the steric properties of the
ligands. We therefore evaluated the encapsulated bian
palladium complexes in the copolymerization of CO and
TBS, since the steric demand can be delicately changed by
altering the building blocks used for the assembly. As this
reaction requires cationic palladium complexes, the chloride
was abstracted from [(mPy-bian)PdMeCl] using NaBAr',
[Ar' =3,5-C,H;(CF;),].  Again, a
mixture of complexes was obtained
with a 1:1 stochiometry of mPy-bian
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defined encapsulated complexes, which simplified the prep-
aration of a series of such complexes.

In a typical catalysis experiment, the cationic palladium
complex was mixed with two equivalents of one of the zinc
salphen building blocks (A-D, Scheme 4) in a mixture of
dichloromethane and TBS and subsequently stirred under
CO pressure for 16 h. The activity of the catalyst and the
molecular weight, polydispersity, and stereoregularity of the
obtained copolymer (CP) were evaluated and are displayed in
Table 1. For comparison, complex [(Ph-bian)PdMe(MeCN)]-
[BAr'y]” (4), which lacks sites for zinc salphen coordination,
was synthesized” and studied under the same conditions.
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Scheme 3. Formation of an encapsulated cationic palladium complex.
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Scheme 4. Zinc salphen units used in the copolymerization study.

Table 1: CO/TBS copolymerization catalyzed by various catalyst assemblies.?

and {PdMe}'[BAr,]", which was entry Pdcomplex  Znsalphen  Activity M,, [g mol ]! Stereoregularity!
likely the result of pyridyl coordi- (equiv) [Beogra 1 (Mu/My) %I %ul I %uu
nation to the vacant site of palla- 1 3 A (2.0) 98 44%10° (1.9) 2 27 71
dium. Similar to the neutral 2 3 B (2.0) 184 58x10° (1.9) <1 21 79
palladium(methyl)chloride =~ com- 3 3 € (2.0) 259 118x10° (29) <1 15 85
plex, this mixture gave the expected 4 3 D (2.0) 411 104><10§ (22) <1 13 87

. .. . 5 3 D (1.0) 167 34x10° (1.6) 2 28 70
species upon addition of two equiv- 6 3 ~ 0 - _ _ :
alents of zinc(Il) salphen, which 4 -0 284 35%10° (1.2) 18 57 25
efficiently blocked the pyridyl g 4 D (2.0) 92 18x10° (1.4) 17 56 27

groups (Scheme 3). The cationic
complex in [(mPy-bian)PdMe]-
[BAr,] proved to be a good pre-
cursor for the formation of well-
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[a] Reaction conditions: 12.5 pmol Pd complex, 1.0 mL (5.5 mmol) TBS, 1.5 mL CH,Cl,, 10 bar CO,
25°C, 16 h. [b] Determined by size-exclusion chromatography relative to polystyrene standards.
[c] Determined by *C NMR spectroscopy. [d] |=like, u=unlike; this notation refers to a triad of two
chiral centers with the same (I) or opposite (u) stereochemistry in the CP.
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From ligand 3 and building blocks A-D, four assembled
active catalysts for the CO/TBS copolymerization are formed
that give very different results (Table 1, entries 1-4). Activ-
ities vary between 98 and 411 gepgp, ! depending on the
structure of the salphen building block. This maximum
activity is much higher than that of parent complex 4, which
showed an activity of 284 gcpgpy ' (Table 1, entry 7). Addition
of zinc(IT) salphen to this catalyst gave a lower activity
(Table 1, entry 8), which we currently cannot explain. Inter-
estingly, the supramolecular catalysts 3-A,-3-D, all provide
much more selective catalysts, thus leading to highly stereo-
regular polymers, as is clear from the 'H and *C NMR
spectra.’! Whereas 4 gives rise to atactic copolymers, the
supramolecular catalysts provide syndiotactic copolymers.
The highest degree of syndiotacticity is displayed by complex
3-D, with a maximum percentage of uu triads of 87 %, which
places 3-D, among the most selective catalysts known to date.
Moreover, the molecular weight of the copolymer can be
tuned by small changes to the salphen building blocks and is
much higher than the molecular weight of the polymer
produced by the parent complex 4. The copolymer produced
by 4 has an average molecular weight of 35 x 10> gmol ', and
that of the copolymer formed by the supramolecular catalysts
varies between 44 x 10° (3-A,) and 118 x10° gmol™' (3-C,).
For the activity of complex 3, the coordination of salphen
building blocks is crucial. Complex 3 is completely inactive in
the absence of salphen ligands (Table 1, entry 6), and the
activity is much lower if only one equivalent of salphen is
present (Table 1, entry 5).

In conclusion, we have developed a supramolecular ligand
approach, based on the new ligand 3-pyridyl-bian (mPy-bian),
for the preparation of palladium catalysts for the CO/TBS
copolymerization. The catalytic activity of the complex and
the molecular weight of the copolymer obtained can be tuned
by altering the properties of the zinc salphen units used to
assemble the catalyst. The catalyst activity and copolymer
stereoregularity are amongst the best reported for CO/TBS
copolymerization under similar conditons (no use of trifluoro-
ethanol,™ room temperature), and the molecular weight of
the copolymer produced under these conditions by 3-C, (118 x
10° gmol™) is the highest reported to date.*!”
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