CHEMISTRY

{®*ChemPubSoc

A EUROPEAN JOURNAL

DOI: 10.1002/chem.201301411

Dt Europe

Encapsulation of Metalloporphyrins in a Self-Assembled Cubic MgLs Cage: A
New Molecular Flask for Cobalt—Porphyrin-Catalysed Radical-Type

Matthias Otte,'*! Petrus F. Kuijpers,™ Oliver Troeppner,” Ivana Ivanovié¢-Burmazovié,

Reactions

[b]

Joost N. H. Reek,'® and Bas de Bruin*!*!

Dedicated to Prof. Dr. Roeland J. M. Nolte, in honour of his contributions to the field of supramolecular chemistry

Abstract: The synthesis of a new, cubic
ML cage is described. This new as-
sembly was characterised by using
NMR spectroscopy, DOSY, TGA, MS,
and molecular modelling techniques.
Interestingly, the enlarged cavity size
of this new supramolecular assembly
allows the selective encapsulation of
tetra(4-pyridyl)metalloporphyrins (M"-
(TPyP), M=Zn, Co). The obtained en-
capsulated cobalt—porphyrin embedded

the first example of a catalytically
active encapsulated transition-metal
complex in a cubic Mgl cage. The sub-
strate accessibility of this system was
demonstrated through radical-trapping
experiments, and its catalytic activity
was demonstrated in two different radi-

Keywords: cubic cages - homogene-
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cal-type transformations. The reactivity
of the encapsulated Co"(TPyP) com-
plex is significantly increased compared
to free Co"™(TPyP) and other cobalt—
porphyrin complexes. The reactions
catalysed by this system are the first
examples of cobalt—porphyrin-catalysed
radical-type transformations involving
diazo compounds which occur inside a
supramolecular cage.

in the cubic zinc—porphyrin assembly is

Introduction

The creation of complex, well-defined 3D structures through
self-assembly is an important and fast growing field of
modern chemistry, leading to new supramolecular architec-
tures with unprecedented functionality.!"! Elegant examples
are reported in which such supramolecular assemblies act as
hosts for small ions®® or molecules® large organic com-
pounds! or transition-metal complexes.”! In particular, the
ability of supramolecular hosts to act as so-called “molecu-
lar flasks” leading to unusual reactivities and selectivities is
an interesting advantage,® offering new opportunities to
steer and control catalytic reactions. In this perspective, cat-
alyst encapsulation is a fascinating method to achieve site-
isolation in homogeneous catalysis. Besides control over se-
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lectivity, the catalyst is also protected from the bulk, poten-
tially supressing (self-)deactivation. For example, unwanted
radical-radical coupling is an important catalyst deactivation
pathway®! in metallo-radical catalysis"”’ that can possibly be
prevented by encapsulation of the metallo-radical catalyst in
a capsule. Such a site-isolation methodology mimics in a
way the protective protein matrix surrounding the active
sites of metallo-enzymes, which frequently follow related
metallo-radical pathways. Self-deactivation seems to be par-
ticularly important in metalloporphyrin-catalysed processes,
and hence the development of new hosts that are capable of
encapsulating metalloporphyrins is an important goal to ad-
vance porphyrin-based (radical-type) catalysis. Only a few
papers have so far addressed this problem of self-deactiva-
tion in porphyrin-catalysed processes using supramolecular
approaches.)

Due to their symmetry and versatility, porphyrins are
widely used for the design of supramolecular host com-
plexes." They are easily accessible and adjustable in terms
of substituents and metals, and hence offer various synthetic
possibilities and handles to steer the electronic and structur-
al parameters of new (supramolecular) catalysts. Although
the encapsulation of porphyrins in so-called metal-organic
frameworks (MOFs)!' is well-established, fewer examples
are known in which they are guests in soluble, molecular
hosts.®*!?l Here we report the synthesis of a new, self-as-
sembled Nitschke-type cubic ML cage compound™ that
efficiently encapsulates tetra(4-pyridyl)metalloporphyrins
(M(TPyP)). The cage has sufficient space for additional or-
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Scheme 1. Synthesis of Nitschke’s cubic MgL, cage 1% and encapsulation studies.

ganic substrates and allows catalytic turnover inside the su-
pramolecular cavity.

Results and Discussion

The deactivation of catalysts via the formation of bridged
dimers is an important issue in metalloporphyrin-catalysed
processes. Prominent examples are the oxo-bridged dimers
in manganese—porphyrin-catalysed epoxidations of olefins,
which has been addressed by Hupp and co-workers.®! In
our previous studies we reported that dimerisation can also
occur in cobalt(IT)-porphyrin-catalysed reactions of diazo
compounds.”’? Although this reaction provided additional
experimental proof for radical-type pathways in cobalt—por-
phyrin-catalysed carbene transfer reactions,” it also re-
vealed the problem of unwanted catalyst self-deactivation
through radical-radical cou-

pling processes in cobalt—por-

phyrin-catalysed carbene trans-

fer reactions. We took it as a

challenge to avoid such self-de-

activation processes, and hence H,N NH,
we became interested in the use O
of supramolecular hosts capable

N No O
Q 24equiv</__>—<__\>—’/ ®),

amidite ligand 3, which proved to be valuable in homogene-
ous catalysis,'* to give host-guest complexes [2-H,@1], [2-
M@1] or [3@1]. Unfortunately, the cubic cage host 1 is not
large enough to encapsulate pyridine-appended porphyrins,
such as 2-Zn or 2-Co. The Zn-Zn distance between two
cube planes in 1 is about 15.0 A, which is smaller than the
N-N distance between two trans-pyridyl nitrogen atoms in 2
(15.5 A). Moreover, all attempts to encapsulate porhyrin 4-
Zn and phosphoramidite ligand 3 in 1 were unsuccessful in
our hands. We, therefore, decided to design and synthesise a
new ML, cubic cage, which is large enough to host 2.1

Synthesis and characterisation of large cubic MgL, cage 8:
We approached the synthesis of a larger cubic cage by re-
placing the 2-pyridine-aldehyde (5) moiety originally used
by the 5-bipyridine-aldehyde building block 6 (Scheme 2).
Treatment of 24 equiv 6 with 6equiv of the tetra(4-

8 equiv Fe(OTf),

of encapsulating porphyrins 6 equiv

while leaving enough space

available for organic substrates O O
to react inside the cavity. Dia- HaN 7 NH,
magnetic  Mgl, cage 1

(Scheme 1) which has been de-
scribed by Nitschke and co-
workers initially looked promis-
ing for this purpose.['*

The zinc—porphyrin planes of
1 allow, in principle, directed interactions with guests, such
as meso-tetra(4-pyridyl)porphyrin (H,-TPyP, 2-H,), their
metalloporphyrin analogues (M™-TPyP, 2-M) or phosphor-
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DMF, 70 °C, 16 h
96%

Scheme 2. Synthesis of the new and large cubic Mgl cage 8.

aminophenyl)porphyrinatozinc(IT) building block 7 in the
presence of 8 equiv Fe(OTTf), resulted in the selective forma-
tion of the new, larger cubic cage complex 8 through self-as-
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Figure 1. Top: "H NMR spectrum of 8. Middle: '"H NMR spectrum of 2-
Zn. Bottom: '"HNMR spectrum of [2-Zn@8]. All spectra were recorded
in [D,]JDMF. Assignment of signals a, b, ¢ follows the labelling of 2-M
shown in Scheme 3.

sembly. Notably, 8 is formed in high yields (96 %), and the
reaction is relatively easy to scale-up to yield 8 in 400 mg
isolated yield. Figure 1 (top) shows the 'H NMR spectrum
of cage 8. Except for one missing signal (belonging to the
porphyrin—aniline moiety), the chemical shifts, relative inte-
grals and multiplicity of the signals observed match well
with the structure of 8. Other signals stem from the solvents
used (and a minor trace of 6; signal at 10.3 ppm). Solutions
of 8 in DMF are remarkably stable, and remain unchanged
for several days at room temperature. To reveal any missing
signal hidden under the solvent peaks we performed DOSY
experiments (Figure 2). The DOSY separated spectrum
clearly revealed that all signals assigned to the cage indeed
belong to only one compound. Furthermore, DOSY experi-
ments helped to assign the missing '"H NMR signal of the
porphyrin building block hidden under the [D;]DMF solvent
peak at 8.0 ppm, which could not be identified by using

125 11.5 105 95 85 7.5 65 55 45 35 25 15 05 05 -15
1 (ppm)

Figure 2. Top: 'HDOSY separated NMR spectrum of 8. Bottom:
'"H DOSY separated NMR spectrum of [2-Zn@8]. All spectra were re-
corded in [D;]DMF. Assignment of signals a, b, ¢ follows the labelling of
2-M shown in Scheme 3.
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"H,'H COSY techniques. C NMR spectroscopy data fur-
ther support the structure of 8 in solution (see the Support-
ing Information). ""F NMR spectroscopy data showed no in-
dication for encapsulation of the triflate counter ions by 8.
The exact mass of 8 was unambiguously confirmed by Cryo-
UHR-ESI-ToF mass spectrometry (see the Supporting Infor-
mation). Unfortunately, thus far, we have been unable to
grow crystals suitable for X-ray diffraction. A MM-mini-
mised model (Spartan’08, SYBYL force field) of 8 is shown
in Figure 3. From this model it is clear that cage 8 is larger

Figure 3. Model (Spartan’08, MM SYBYL FF) of empty cage 8 (hydro-
gen atoms and counter ions are omitted for clarity).

than cage 1. The average Zn-Zn distance between two op-
posite planes in the empty cage 8 (19.5 A) is about 4.5 A
larger than the corresponding plane distance in 1. Hence, by
modifying the aldehyde building block, derivatives of 1 can
be synthesised that offer significantly larger cavities, expand-
ing the scope of host-guest chemistry applications for this
new family of MgL, cubic cages.

Encapsulation of metalloporphyrins by cubic host 8: With
the new large cubic cage compound 8 in hand we became in-
terested in testing its ability for encapsulating guests
(Scheme 3, left). The cavity of 8 is, according to molecular
modelling,  sufficiently large to  host  tetra(4-
pyridyl)metalloporphyrins (2). Indeed, reaction of a 1:1 mix-
ture of 8 and 2-Zn ([(TPyP)Zn]) gives the new diamagnetic
host-guest complex [2-Zn@8] in 86 % yield (Scheme 3). The
"H NMR spectra clearly show the appearance of two new,
strongly upfield shifted signals at 6.3 and 5.7 ppm stemming
from encapsulated 2-Zn (Figure 1 bottom; for assignment
see Figure 1 and Scheme 3). The observed strong upfield

Chem. Eur. J. 2013, 19, 10170-10178
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Scheme 3. Left: encapsulation of 2-M (M =Zn, Co) in 8. Right: one-step synthesis of [2-Zn@8] by using 7 as the substrate.

shifts for 2-Zn are expected due to anisotropic ring-current
effects in the confined nanospace of 8, and are consistent
with data reported in related host-guest assemblies."” The
signals of 2-Zn reveal C,-symmetry of this encapsulated
guest, showing that 2-Zn is symmetrically bound in 8. More-
over, as a consequence of the reduced symmetry of host 8
upon binding 2-Zn (Figure 4), the signals belonging to the

» =
Al (e

~ e

s W

Figure 4. Model (Spartan’08, MM SYBYL FF) of [2-Co@8] (hydrogen
atoms and counter ions are omitted for clarity).

cage become broader and split-up. The DOSY separated
spectrum of [2-Zn@8] (Figure 2, bottom) was again required
to detect all signals separated from solvent signals, for exam-
ple, the signal at 2.7 ppm stemming from encapsulated 2-Zn,
and revealed that the assembly [2-Zn@8] is indeed one su-
pramolecular molecule in solution. The symmetry, the up-
field shifts of all pyridine moieties and the integrals of the
"H NMR signals rule out that guest 2-Zn binds to host 8
from the outside of the cage. The exact mass of [2-Zn@8§]
was unambiguously confirmed by Cryo-UHR-ESI-ToF mass
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spectrometry (see the Supporting Information), thus con-
firming inclusion of exactly one molecule of 2-Zn in host 8.
No other assemblies with different stoichiometries (e.g., [(2-
Zn),@8] or [2-Zn@8,]) were observed. Moreover, no signals
corresponding to empty cage 8 were observed, indicating
that no empty host remains after reaction with 1 equiv of
porphyrin. The NMR spectra shown in Figures 1 and 2 con-
firm that no empty cage is left (line as a guide for the eyes).

In a separate experiment we demonstrated that formation
of the assembly [2-Zn@8] can also be achieved in a one-pot
synthetic procedure by mixing 2-Zn, 6, 7 and Fe(OTf), in
the correct stoichiometric amounts (Scheme 3, right). These
results underline the highly selective assembly to [2-Zn@8]
and expanded scope of MgL, cubic cages through selective
cavity size variation.

Similar results were obtained when using 8 and the relat-
ed tetra(4-pyridyl)porphyrinatocobalt(Il) (TPyP)Co™ (2-
Co), showing that the approach to encapsulate metallopor-
phyrins in host 8 is general. The stoichiometry and exact
mass of the paramagnetic host-guest assembly [2-Co@8]
was revealed by Cryo-UHR-ESI-ToF mass spectrometry
(Figure S16 in the Supporting Information). Again, no sig-
nals corresponding to empty cage 8 were observed. A MM-
minimised model of [2-Co@8] is shown in Figure 4, illustrat-
ing that metalloporphyrins of the type 2-M fit perfectly in
the cavity of the cubic cage 8.

EPR spectra of [2-Co@8] are clearly different from those
of free 2-Co, and illustrate selective encapsulation of 2-Co
in 8 (Figure 5). The EPR spectrum of 2-Co in frozen DMF
reveals a broad, featureless signal. In the region between
5000-1500 gauss only a single broad line was detected
(Figure 5, top). Similar signals, albeit much sharper (and
therefore revealing resolved cobalt hyperfine couplings),
have been reported for S='/, (por)Co systems with axially
bound pyridine or related o-donor ligands."" Strong dilution
of the sample had no effect, and did not lead to sharper or
different signal shapes. The spectrum indicates a mixture of
self-aggregated assemblies due to intermolecular Co—pyri-
dine interactions between different species 2-Co. Important-
ly the EPR spectrum of [2-Co@8] is markedly different
(Figure 5, bottom). It is much sharper, shows a larger aniso-
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Figure 5. Top: EPR spectrum of 2-Co recorded in frozen DMF at 20 K.
Bottom: EPR spectrum of [2-Co@8] recorded in frozen DMF at 20 K.
For both spectra the signals marked with and an asterisk are due to an
impurity in the EPR cryostat (also detected without a sample tube).

tropy and reveals clearly resolved cobalt hyperfine cou-
plings. The signal is typical for S='/, (por)Co" metallo-radi-
cals with weakly coordinating axial ligands (likely DMF).['"]
Clearly, encapsulation of 2-Co by host 8 protects the system
from self-aggregation, and the cubic Mgl host isolates the
paramagnetic centres [2-Co@8] separated from each other.
The diamagnetic free host 8 is EPR silent.

Additional evidence for encapsulation of 2-Co in 8 was
obtained through metallo-radical-trapping experiments. The
paramagnetic nature of [2-Co@8] prevented us from directly
detecting the characteristic NMR signals of encapsulated 2-
Co, and therefore, we decided to convert the metallo-radical
[2-Co"@8] into a diamagnetic species ([2-Co™-R@8]) by
treating the Co" centre with ethyl diazoacetate (9) in the
presence of the hydrogen-atom-transfer (HAT) agent 1,4-cy-
clohexadiene (10; Scheme 4). In this way, diamagnetic [2-
Co™-CH,CO,Et@8] could be obtained. [2-Co™-
CH,CO,Et@8] indeed revealed clear upfield-shifted TPyP
signals comparable to those observed for [2-Zn@8] (see the
Supporting Information). Moreover, the exact mass of [2-
Co™-CH,CO,Et@8] was unambiguously confirmed by Cryo-
UHR-ESI-ToF mass spectrometry (see the Supporting Infor-
mation). This not only proves selective encapsulation of 2-
Co in 8, but also reveals the accessibility of the catalytically
active (TPyP)Co" moiety within the cavity of 8 towards sub-
strates. In agreement, TGA experiments suggest inclusion of
a substantial number of solvent molecules in the cavity of
[2-Co@8] (see the Supporting Information). Notably, we
found no indication for the encapsulation of 3 or 4-Zn in
cage 8. These results underline the selective encapsulation
of 2-M in 8.

Metallo-radical catalysis: To prove that [2-Co@8] is a cata-
Iytically active “molecular flask”, and the concept that
“caging” can have a beneficial influence on the catalytic per-
formance of metallo-radical catalysts, we studied the activity
of [2-Co@8] in catalysing transformations of diazo com-
pounds. Moreover, we compared the obtained results with
several other cobalt(II)-porphyrins, namely (TPP)Co" (4-
Co), (TPyP)Co" (2-Co), (TPyP)Co"™*4(TPP)Zn (2-Co*4(4-
Zn)) and 11-Co (Figure 6)."*!

We started our investigations with the cobalt(IT)-porphy-
rin-catalysed radical cyclopropanation of styrene (12) with
ethyl diazoacetate (9) in DMF to give cyclopropane 13
(Table 1).'12% Indeed, the “caged catalyst” [2-Co@8] is

o HH
EtO)HrH Q
N

(9) (10) ,

DMF,70°C, 1h

Via:

[2-Co@8]

Scheme 4. Radical-trapping experiment.
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oi
11-Co

Figure 6. Structure of catalyst 11-Co reported by Zhang et al.'*!

Table 1. Cobalt-catalysed cyclopropanation of styrene.!
o CO,Et
Co-cat. (0.8 mol %)

N, DMF, 70 °C
12 9 13

1.2 equiv 1.0 equiv

Entry®  Catalyst t[h]  Yield [%] d.r. (transicisy ~ TONL!
1 - 1 trace unknown -
2 4-Co 1 34 78:22 41
3 2-Co 1 7 67:33 9
4 2-Co*4(4-Zn) 1 10 79:21 13
5 8 1 trace unknown -
6 [2-Co@8] 1 28 65:35 33
7 - 4 trace unknown -
8 4-Co 4 37 78:22 44
9 2-Co 4 15 75:25 18
10 2-Co*4(4-Zn) 4 15 78:22 18
1 [2-Co@8] 4 50 63:37 60
12 11-Co 4 56 74:26 70

[a] The entries in bold highlight the effect of the caged porphyrins.
[b] Reaction conditions: 12 (1.16 mmol), 9 (960 pmol), catalyst (8 umol),
DMF (3.2mL), 70°C, argon atmosphere. [c] TON (turnover number)=
number cycles/number sites within 1 or 4 h.

active in small catalyst loadings (0.8 mol %) towards the for-
mation of 13 (entry 6, 28%, TON=33; TON (turnover
number) =number cycles/number sites within indicated
time).”"! Control experiments show that [2-Co@8] is sub-
stantially more active than the free tetra(4-pyridyl)porphy-
rin catalyst 2-Co (entry 3, 7%, TON=9), which is not sur-
prising given the self-aggregation behaviour of 2-Co
(Figure 5). Encapsulation of 2-Co in 8 protects the cobalt—
porphyrin catalyst 2-Co from deactivating itself via pyri-
dine—cobalt coordination, which blocks its active sites. More
noteworthy is the fact that [2-Co@8] is almost as equally
active as free tetra(phenyl)porphyrin catalyst 4-Co (compare
entries 2 and 6). Hence, 2-Co must be tightly bound in the
protective cage 8 and apparently does not easily escape
from the cage, in which case a similar poor activity to that
observed for free 2-Co would be expected (entry 3). Nota-
bly, a mixture of 2-Co with 4 equiv of (TPP)Zn (4-Zn) (2-
Co*4(4-Zn)) gave very poor results in this reaction (entry 4,
10%, TON=13); hardly better than free 2-Co. The im-
proved activity and enhanced catalytic lifetime of [2-Co@8]
compared to 2-Co*4(4-Zn) can be explained by a stronger
binding and better protection of 2-Co in 8. Importantly, the
empty cage 8 shows no catalytic activity at all, thus ruling

Chem. Eur. J. 2013, 19, 10170-10178
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out that the iron cage corners are involved in the cyclopro-
panation reaction (entry 5). To the best of our knowledge,
these are the first examples of transition-metal catalysed
radical-type reactions of diazo compounds occurring inside
the cavity of a supramolecular cage. The Mgl cage 8 has
apparently two major effects on the activity of cobalt—por-
phyrin 2-Co in [2-Co@8]: 1) it activates the encapsulated
guest as a catalytically active species, and 2) it (sterically)
delays unwanted radical-type side reactions (e.g., radical-
radical coupling or catalyst deactivation via HAT). These ef-
fects were confirmed by additional experiments described
below.

The yield and turnover number achieved with “caged cat-
alyst” [2-Co@8] (entry 11, 50%, TON=60) after a longer
reaction time (4 h) is substantially higher than with the non-
protected catalysts 4-Co (entry 8, 37 %, TON =44) or 2-Co
(entry 9, 15%, TON=18). Also, 2-Co*4(4-Zn) gave a lower
yield and turnover number (entry 10, 15%, TON=18).
Moreover, the turnover numbers of 4-Co do not differ sig-
nificantly between 1 and 4 h reaction time, indicating that 4-
Co became inactive after 1h of reaction (entries 2 and 8),
whereas the encapsulated catalyst [2-Co@8] remained active
in this period (entries 6 and 11) effectively leading to higher
yields (50%) than obtained with 4-Co (37%) after 4 h in
DMF.”Y From all tested catalysts, 11-Co is the only one that
overall performs better than [2-Co@8] (entry 12, 56%,
TON=70) under the applied reaction conditions. In a way,
the steric bulk of this catalyst likely provides a similar pro-
tective “cage” around the metal as is the case for [2-Co@8],
but additionally the H-bonding motifs contribute to the rela-
tively high activity of 11-Co.""

To further explore the scope of [2-Co@8] towards diazo
compounds capable of entering the cage and reacting with
the encapsulated cobalt centre, we tested the reactivity of
diazo ester 14 (Scheme 5). Activation of 14 with cobalt(II)-
porphyrins yields carbon centred radical 15. In the absence
of any external radical acceptor, intermediate 15 can in prin-
ciple undergo two different reaction pathways. Intramolecu-
lar radical addition to the aromatic ring results in the forma-

@\/\)'\f\z
COzMe

H Al
-por
@/\i.cozwle
H
via: 15 via:
radical addition 1,2-hydrogen atom shift
to the arene

CO;Me
Z>Co,Me Z Y
16 17-E 17-Z2
Scheme 5. Intramolecular reactions of 15.
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tion of 16, similar to the approach described by Gansiuer,
Flowers and co-workers.’” Alternatively, a 1,2-hydrogen
atom shift yields the olefins 17. Although olefin formation
from diazo compounds has been described for other cata-
lysts based on rhodium or copper,® cobalt(II)-porphyrin-
catalysed olefin formation from diazo esters like 14 has not
been described to date.

Table 2 gives an overview of the results obtained when
treating 14 with 1 mol% of the cobalt catalysts mentioned
above. In none of the performed experiments cyclisation
product 16 could be observed. Employing (TPP)Co™ (4-Co)
as a catalyst yields 17 as sole product after 1 h, but in poor

Table 2. Cobalt-catalysed synthesis of olefins 17.*

Entry”  Catalyst mol%  t[h] Yield17 [%] d.r. (E/Z)
1 4-Co 1 1 10 40:60
2 2-Co 1 1 trace unknown
3 [2-Co@8] 1 1 30 13:87
4 [2-Co@8] 1 3 40 16:84
5 11-Co 1 3 20 10:90
6 4-Co 2 3 22 43:57
7 2-Co 2 3 <7 22:78
8 2-Co*4(4-Zn) 2 3 15 29:71
9 [2-Co@8] 2 3 72 16:84

[a] The entries in bold highlight the effect of the caged porphyrins.
[b] Reaction conditions: 14 (0.5 mmol), DMF (2.5 mL), 70°C, argon at-
mosphere.

yield and with poor diastereoselectivity (entry1, 10%,
E/Z=40:60, TON=10). Free 2-Co gave 17 only in trace
amounts (entry 2). Notably, the encapsulated catalyst [2-
Co@8] gave the best results after 1h in terms of yield
(30%) and diastereoselectivity favouring 17-Z over 17-E
(entry 3, E/Z=13:87). Increasing the reaction time to 3h
further improved the yield (entry 4, 40%, E/Z=14:86). Re-
markably, whereas 11-Co gave better results in the cyclopro-
panation of styrene than [2-Co@8], the situation was clearly
reversed for the transformation of 14 to 17. Catalyst 11-Co
produced olefin 17 with a significant lower yield but slightly
higher diastereoselectivity (entry 5, 20%, E/Z=10:90) than
[2-Co@8] (entry 4, 40%, E/Z=16:84). Increasing the load-
ing of employed catalyst further improved the yield. Cata-
lyst [2-Co@8] clearly gave the best results with 72% yield
(entry 9, 72%, E/Z=16:84). The mixture of 2-Co with
4 equiv of (TPP)Zn (4-Zn) (2-Co*4(4-Zn)) gave only 15%
of 17 in 3h under similar reaction conditions (entry 8).
These results undoubtedly demonstrate that the reactivity of
a cobalt—porphyrin can be dramatically influenced by encap-
sulation in a supramolecular host.

Conclusion

We here present the design, synthesis and characterisation
of a new “molecular flask”. This MgL, cubic cage is suffi-
ciently large to encapsulate tetra(4-pyridyl)porphyrins,
which represent an important class of catalysts. The synthe-
sis of this host is based on a self-assembly process using
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Bipy-functionalised porphyrin building blocks. The encapsu-
lation of tetra(4-pyridyl)metalloporphyrins, as presented
here, provide the first examples of encapsulated transition-
metal complexes in such hosts. Importantly, the encapsulat-
ed porphyrins are active catalysts and show higher TON
than the non-encapsulated analogues in radical-type trans-
formations as the shielded environment reduces the number
of unwanted side reactions of reactive radical intermediates.
The systems presented here are rare examples of (molecu-
larly) caged metalloporphyrins capable of catalytic turnover.
The encapsulated tetra(4-pyridyl)porphyrinatocobalt(1I)
(TPyP)Co (2-Co) was active in radical-type cyclopropana-
tion of styrene with ethyl diazoacetate as well as Z-selective
olefin synthesis using a disubstituted diazo compound as the
substrate. Improved activities and catalyst lifetimes were
demonstrated through a combination of control experi-
ments. The results show that the reactivity of a transition-
metal complex can be dramatically influenced by encapsula-
tion in a supramolecular host.

We are currently exploring the full potential of this
system in (metalloradical-type) reactions. Moreover, we aim
at the synthesis of new, neutral and robust hosts (e.g., those
lacking imine functionalities) to further expand the scope
and usability of this new class of supramolecular hosts.

Experimental Section

Synthesis of 6: Pd(PPh;),Cl, (104 mg, 0.15mmol), PPh; (77 mg,
0.30 mmol), 2-(tributylstannylpyridine) (1.09 g, 2.95 mmol), 6-bromo-3-
pyridinecarbaldehyde (660 mg, 3.54 mmol) and toluene (40 mL) were
added to an oven-dried Schlenk flask under argon. The resulting mixture
was stirred for 72 h under reflux. The resulting mixture was cooled to
room temperature and the solvent was removed under reduced pressure.
The obtained solid was dissolved in CH,Cl, (50 mL) and washed with a
saturated NH,Cl solution (30 mL). The aqueous phase was extracted
with CH,Cl,. The organic layers were combined, the solvent was removed
under reduced pressure and the crude product was purified by SiO, chro-
matography (20% EA, 20% CH,Cl, and 60% CH, R;=0.16) to give 6
(200 mg, 1.09 mmol, 37%) as a colourless solid. 'HNMR (300 MHz,
CDCly): 6=10.18 (s, 1H), 9.13 (d, /=2.1 Hz, 1H), 8.76-8.71 (m, 1H),
8.63 (d, J=8.5Hz, 1H), 8.52 (m, 1H), 830 (dd, /=8.2 Hz, /J=2.1 Hz,
1H), 7.89 (td, /=7.8 Hz, /=19 Hz, 1H), 7.40 ppm (ddd, /J=7.5Hz, J=
48Hz, J=12Hz, 1H); "CNMR (75 MHz, CDCl): 6=190.8, 160.7,
154.8, 151.8, 149.6, 127.4, 137.1, 131.2, 125.0, 122.4, 121.5 ppm; 'H and
3C NMR data are in agreement with those published.!

Synthesis of 8: Compound 7 (48.8 mg, 66 pmol), Fe(OTf), (30.5mg,
88 umol), 6 (48.6 mg, 264 ymol) and DMF (5 mL) were mixed in an
oven-dried Schlenk flask under an argon atmosphere. The mixture was
degassed three times and stirred for 16 h at 70°C. The mixture was
cooled to room temperature and diethyl ether was added. The mixture
was filtered and washed with diethyl ether. The remaining solid was dis-
solved in DMF. The solvent was removed under reduced pressure to give
8 as a purple solid (119 mg, 10.6 umol, 96%). 'HNMR (400 MHz,
[D;]DMF): 6=9.33 (d, J=9.3 Hz, 24H, H-5), 9.24 (d, /=8.4 Hz, 24H, H-
4),9.05 (d, J=82 Hz, 24H, H-6), 8.93 (s, 48H, H-11), 8.79 (s, 24H, H-8),
8.66 (s, 24H, H-7), 8.45 (s, 24H, H-3), 8.25 (d, /=8.6 Hz, 24H, H-10),
8.10 (m, 24H, H-10), 7.87-7.79 (m, 48H, H-1, H-2), 7.60 (d, J=8.4 Hz,
24H, H-9), 7.48 ppm (d, J=8.5Hz, 24H, H-10'); "C NMR (125 MHz,
[D;]DMF): 6=160.50, 159.58, 158.41, 156.01, 152.84, 152.33, 151.00,
150.83, 142.39, 140.50, 137.37, 137.17, 136.96, 136.65, 132.78, 132.46,
129.60, 126.68, 125.87, 124.10, 121.52, 121.39, 118.70 ppm; “F NMR
(282 MHz, [D,]DMF): 6=-77.5 ppm; IR (neat): #=2970, 2360, 2340,
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1660, 1390, 1255 1155, 1090, 1030 cm™'; UV/Vis (DMF): A, =312, 359,
424, 443, 565, 607 nm; exact mass ESI-MS: see Table S1 in Supporting In-
formation.

Synthesis of [2-Zn@8]: Encapsulation of 2-Zn in preformed cubic cage 8:
compound 8 (150 mg, 134 pmol), 2-Zn (9.1 mg, 134 pmol) and DMF
(20 mL) were treated in the same manner as for the synthesis of 8 to give
[2-Zn@8] as a purple solid (137 mg, 11.4 umol, 85%).

One-step synthesis of [2-Zn@8] starting from 7: Compound 7 (30 mg,
41 pmol), Fe(OTf), (19 mg, 53 umol), 6 (30 mg, 164 umol), 2-Zn (4.2 mg,
6.8 umol) and DMF (5.0 mL) were treated in the same manner as for the
synthesis of 8 to give [2-Zn@8] as a purple solid (53 mg, 4.4 umol, 65%).
'HNMR (400 MHz, [D,]DMF): 6=9.46-9.19 (m, 44H), 9.18-8.69 (m,
102H), 8.68-8.06 (m, 90H), 8.01-7.72 (m, 55H), 7.71-7.34 (m, 45H), 6.3
(s, 8H), 5.77-5.65 (m, 8H), 2.81-2.67 ppm (m, 8H); *C NMR (125 MHz,
[D,]DMF): 6=160.45, 160.00-159.30, 158.71-158.03, 155.88, 152.81,
151.45-151.01, 150.73, 149.19, 147.75, 142.47-141.74, 140.33, 137.87-
136.16, 133.09-132.00, 130.51, 129.50, 126.52, 125.71, 123.87, 121.67-
120.71, 119.37-118.14, 116.52, 113.60 ppm; IR (neat): 7=2360, 2340,
2260, 1650, 1255, 1155, 1030, 660, 635, 460 cm™'; UV/Vis (DMF): A=
315, 356, 413, 450, 567, 611 nm; exact mass ESI-MS: see Table S3 in the
Supporting Information.

Synthesis of [2-Co@8]: Compound 2-Co (7.4 mg, 11 pmol), 8 (125 mg,
11 umol) and DMF (10 mL) were treated in the same manner as for the
synthesis of 8 to give [2-Co@8] as a purple solid (114.5 mg, 9.6 pmol,
87%). FNMR (282 MHz, [D,]DMF): 6 =—77.5 ppm; IR (neat): #2365,
2340, 1655, 1250, 1225, 1150, 1030, 990, 790, 635, 635, 435, 410 cm™'; UV/
Vis (DMF): 1,,..=316, 357, 420, 443, 567, 610 nm; exact mass ESI-MS:
see Table S4 in the Supporting Information; for TG/DSC see Figure S16
in the Supporting Information.

Synthesis of [2-Co™-CH,CO,Et@8]: Compound [2-Co@8] (32mg,
2.7 umol) and DMF (0.5 mL) were added to an oven-dried Schlenk flask
under nitrogen. Ethyl diazoacetate (70 mg, 12, 620 umol) and 1,4-cyclo-
hexadiene (9 mg, 13, 110 pmol) were added to the stirred solution and
the mixture was heated to 70°C. After 90 min the solution was cooled to
room temperature and dry diethyl ether (10 mL) was added. The ob-
tained suspension was filtered and the remaining solid was washed with
diethyl ether. After being dried under reduced pressure [2-Co™-
CH,CO,Et@8] was obtained as a dark purple solid (17 mg). '"H NMR
(400 MHz, [D;|]DMF): 6=9.45-8.69 (m, 155H), 8.69-8.13 (m, 72H),
8.13-7.89 (m, 44H), 7.89-7.07 (m, 65H), 6.50-6.31 (m, 8H), 5.84-5.68 (m,
8H), 2.96-2.82 ppm (m, 8H); exact mass ESI-MS: see Table S5 in the
Supporting Information.

Synthesis of 2-Co*4(4-Zn): Compound 2-Co (49.8 mg, 73.7 mmol), 4-Zn
(200 mg, 295 mmol) and DMF (10 mL) were added to an oven-dried
Schlenk flask under nitrogen. The stirred reaction mixture was degassed
three times and heated to 70°C for 16 h. After the reaction mixture was
cooled to room temperature all solvents were removed under vacuum to
yield 249 mg of a purple powder.

Generalised procedure for the catalytic cyclopropanation experiments:
The cobalt catalyst (8 umol) and DMF (3.2 mL) were added to an oven-
dried Schlenk flask under argon. Compounds 12 (120 mg, 1.16 mmol) and
9 (109 mg, 960 umol) were added to the mixture and the reaction mixture
was stirred for one or four hours at 70°C oil-bath temperature. The mix-
ture was cooled to room temperature and EtOAc was added. After being
filtered and washed with EtOAc the solvents were removed from the
mixture under reduced pressure and the crude product was purified by
SiO, chromatography (25% EA, 75% CH) to give 13 as a pale yellow
oil. 'H NMR data of thus obtained cyclopropane 13 were in agreement
with those published.!

Generalised procedure for the synthesis of 17: The cobalt catalyst
(10 pmol) and DMF (2.5 mL) were added to an oven-dried Schlenk flask
under argon. Compound 14 (109 mg, 500 pmol) was added and the reac-
tion mixture was stirred for the indicated time at 70°C oil-bath tempera-
ture. The mixture was cooled to room temperature and EtOAc was
added. After filtration and washing with EtOAc the solvents were re-
moved under reduced pressure and mixtures of product 17 and substrate
14 were obtained. '"H NMR data of thus obtained olefins 17 are in agree-
ment with those published.*
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