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Abstract: Confinement of a catalyst can have a significant
impact on catalytic performance and can lead to otherwise
difficult to achieve catalyst properties. Herein, we report the
design and synthesis of a novel caged catalyst system
Co—G@Feg(Zn—L- 1), which is soluble in both polar and
apolar solvents without the necessity of any post-functional-
ization. This is a rare example of a metal-coordination cage
able to bind catalytically active porphyrins that is soluble in
solvents spanning a wide variety of polarity. This system was
used to investigate the combined effects of the solvent and
the cage on the catalytic performance in the cobalt catalyzed
cyclopropanation of styrene, which involves radical intermedi-
ates. Kinetic studies show that DMF has a protective influence
on the catalyst, slowing down deactivation of both [Co(TPP)]

and Co—G@Feg(Zn—L-1),, leading to higher TONs in this
solvent. Moreover, DFT studies on the [Co(TPP)] catalyst show
that the rate determining energy barrier of this radical-type
transformation is not influenced by the coordination of DMF.
As such, the increased TONs obtained experimentally stem
from the stabilizing effect of DMF and are not due to an
intrinsic higher activity caused by axial ligand binding to the
cobalt center ([Co(TPP)(L)]). Remarkably, encapsulation of
Co—G led to a three times more active catalyst than [Co(TPP)]
(TOF;,) and a substantially increased TON compared to both
[Co(TPP)] and free Co—G. The increased local concentration
of the substrates in the hydrophobic cage compared to the
bulk explains the observed higher catalytic activities.

J

Introduction

Catalysis in confined spaces using self-assembled cages with
catalysts is an attractive approach to enhance catalytic
performance.” Several examples are reported in which cages
are used as hosts for catalytically active guests.” The encapsu-
lation of a catalyst in a molecular container with a well-defined
confined space imposes so-called second coordination sphere
effects, which can influence the activity and/or selectivity of a
catalytic reaction.” The confinement of such guests leads to
unprecedented reactivities and selectivities that can be difficult
to achieve via ligand modification.” However, the development
of supramolecular architectures able to bind catalysts is rather
challenging and associated with various different encounters:
(1) The design of a cage that has sufficient space to
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accommodate the desired catalytically active guest and and has
large enough apertures for substrate access and product
release;”™ (2) For any guest to be able to bind inside the cage a
complementary and enthalpically favorable host-guest interac-
tion is needed to form the respective inclusion complex;® (3)
The catalytically active caged catalyst needs to have enough
cavity space for a catalytic transformation to occur, as the lack
of space may lead to substrate or product inhibition; (4) The
solubility of the host-guest complex is typically the solubility of
the host and usually leads to solubilizing otherwise insoluble
guests in solvents that are favorable in certain catalytic
applications;” (5) The solubility of metal-coordination cages is
generally limited to polar solvents such as water, DMF, DMSO,
or acetonitrile and this may limit their application or perform-
ance in catalysis where different solvents are desired.

We previously reported a strategy in which a catalytically
active cobalt(ll) meso-tetra(4-pyridyl)metalloporphyrin (Co—G),
encapsulated in a MgLg cubic cage, showed higher TON than
the non-encapsulated catalyst in the radical-type cyclopropana-
tion of styrene, as confinement reduced the number of
unwanted side reactions of reactive radical intermediates.”*"
Interestingly, the solvent was found to influence the catalytic
efficiency, as the use of acetone/water mixtures instead of
acetone drastically increased the TON of the catalyst. Similarly,
the performance of the well-established cobalt(ll) meso-tetra-
phenylporphine [Co(TPP)] catalyst in radical-type transforma-
tions is strongly dependent on the solvent.” As such, we
decided to develop a caged catalyst system that is soluble in a
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wide range of solvents, allowing to study the effects of the
solvent in catalysis under confinement conditions. We antici-
pated that the combined effects of a protective environment of
a metal-coordination cage and the use of different solvents can
be used to optimize the performance of cobalt(ll)-catalyzed
radical-type transformations. To date, the majority of metal-
coordination cages are positively or negatively charged species,
which typically generate insoluble materials in apolar solvents.”
Herein, we report the synthesis of a novel supramolecular cage
that is soluble in a range of solvents and allowed us to
investigate the effects of both confinement and solvent on the
radical-type cyclopropanation of styrene.

As such we developed a new Nitschke-type cubic Mgl cage
compound that efficiently encapsulates tetrapyridyl porphyrins
and can be easily exo-functionalized to influence the solubility
(Figure 1A). The extension of the porphyrin building block
reported by Nitschke (Figure 1D)'” by one phenyl group
(Figure 1B) leads to the formation of a larger analog that has
sufficient space to encapsulate a catalytically active porphyrin
complex. The aperture of the cage is large enough to allow
substrates to enter and products to exit from the cage
(Figure 1A).

Results and Discussion
We started our investigation with the synthesis of a novel

supramolecular cage that is soluble in both polar and apolar
solvents. The extended porphyrin building block Zn—L was

(©)

(D)

HoN Zn-L*N NH,

Figure 1. (A) Molecular model of the extended ML, cubic cage (the icosyl
chains are omitted). (B) The extended porphyrin building block (Zn—L) used
in the self-assembly process. (C) The reported crystal structure of Nitschke’s
Mgls cage and (D) the corresponding building block (Zn—L-N).
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efficiently synthesized from 5,10,15,20-(tetra-4-bromophenyl)
porphyrin in two steps and overall yield of 85% (see Supporting
Information).

The reaction between subcomponent Zn—L (6 equiv.), 5-
(icosyloxy)picolinaldehyde (1, 24 equiv.) and iron(ll) triflate
(8 equiv.) in DMF at 70°C resulted in the formation of a new
species via imine bond formation (Figure 2A). Typical shifts in
the '"H NMR spectra are in line with the formation of a highly
symmetrical species containing low spin tris(pyridyl-imine) iron
(I moieties. '"H NMR diffusion-ordered spectroscopy (DOSY)
confirms the formation of a single species in solution that is
much larger than the components (Figure 2B). Based on the
diffusion constant the diameter of the self-assembled structure
is 45 A, which is in line with the formation of the desired cubic
cage (Feg(Zn—L-1),). Additional proof for the formation of the
cage was provided by high resolution electrospray mass
spectrometry (HR-ESI-MS), which shows various peaks associ-
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Figure 2. (A) Synthetic procedure of Feg(Zn—L- 1) and geometry optimized
structure of Feg(Zn—L- 1)s using a semi-empirical extended tight-binding
method (GFN2-xTB)."? Calculated inner cavity volume of Feg(Zn—L- 1),
displayed in red, using Voss Volume Voxelator. (B) 'H-DOSY NMR of
Feg(Zn—L- 1)¢ showing a diffusion constant of 3.1-107° cm?s~". (C) Obtained
(red) and calculated (black) HR-ESI-MS for the 11+ (left) and 14* (right)
species of Feg(Zn—L-1).

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202100344

Full Paper
Chemistry—A European Journal

doi.org/10.1002/chem.202100344

Chemistry
Europe

European Chemical
Societies Publishing

ated to the cubic cage (Feg(Zn—L-1),) with different charges, in
line with the formation of the desired multicationic species
(Figure 2Q). Our efforts to grow single crystals suitable for X-ray
diffraction were unsuccessful (solvent layering and vapor
diffusion at different temperatures only led to solid powders,
not suitable for analysis via X-ray diffraction). As anticipated, the
presence of 24 icosyl groups rendered Feg(Zn—L- 1), soluble in
a wide range of solvents. Although, cage Feg(Zn—L-1)gis a 16"
charged species, the presence of hydrophobic tails generated a
cage soluble in both apolar (dichloromethane, toluene, and
dichloromethane/hexane mixtures) and polar (dimeth-
ylformamide, acetone, tetrahydrofuran) solvents. This is the first
example where a metal-coordination cage is soluble in such a
wide range of solvents without any post modifications (i.e.
counterion exchange).”>'"

Molecular modeling studies were performed to calculate
the volume of the central cavity. As a starting point, the crystal
structure reported for the smaller analog by the group of
Nitschke was used"” to generate the new coordinates, and the
geometry of the cage was optimized with GFN2-xTB."? Thus
obtained models revealed that the Zn-tetrapyridyl porphyrin
(Zn—G) has an outer molecular volume of ~572 A* and the
empty cage Feg(Zn—L-1)s has a volume of ~3300 A’. Combined
with the Zn—Zn distance of 19 A between the opposite faces of
the cubic cage, the cavity size is optimal to bind Zn—G.
Furthermore, we anticipated that the tetratopic zinc-pyridyl
coordination provides optimal multivalent (tetratopic) binding

resulting in a high binding affinity of the symmetrical tetrapyr-
idine-porphyrin guest Zn—G.

When a DMF solution of pre-formed Feg(Zn—L-1)s was
stirred overnight in the presence of Zn—G, there was no
indication of a new species, as NMR and MS revealed only the
empty cage. The one-pot reaction of Zn—G with Zn—L, 1, and
iron(ll) triflate in the correct stoichiometric ratios led to the
disappearance of the '"H NMR peaks of the free Zn—G and three
new, strongly upfield shifted guest peaks appeared at 6.4, 5.6
and 2.54 ppm (Figure 3B) indicating molecular confinement of
Zn—G. Signals of the cage wall split in a 4:2 ratio upon
encapsulation of Zn—G. The observed AJ values of Zn—G upon
encapsulation are consistent with previous encapsulation
studies of Zn—G in similar cubic self-assemble cages.”**'¥ DOSY
reveals the same diffusion with Feg(Zn—L-1), for all signals
including the upfield NMR signals that are from protons of the
Zn—G, indicating the formation of a species with the same size
in solution but now with the guest included (Figure 3B). The
HR-ESI-MS spectra show peaks that can only be associated to a
structure in which one molecule of Zn—G is included in the
host Feg(Zn—L- 1)¢. Importantly, no other masses were observed
with different stoichiometries of host and guest, in line with the
binding of the guest inside the molecular cube (see Supporting
Information).

Convinced by the successful synthesis and characterization
of the diamagnetic host-guest complex Zn—G@Feg(Zn—L- 1),
we next decided to study the encapsulation of catalytically
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Figure 3. (A) Unsuccessful encapsulation of M—G (M=Zn, Co) in Feg(Zn—L- 1), (left) and one-step synthesis of M—G@Feg(Zn—L- 1), (right). (B) Obtained (red)
and calculated (black) HR-ESI-MS for the 137 (left) and 167 (right) species of Co—G@Feg(Zn—L-1)s. 'H-DOSY (middle) of Zn—G@Feg(Zn—L-1)s showing a

diffusion constant of 3-107° cm?s~". Guest peaks are indicated with a circle.
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active and paramagnetic cobalt(ll)-tetra(4-pyridyl)porphyrin
(Co—G) via the same approach. The caged-catalyst
(Co—G@Feg(Zn—L-1)s) was characterized by HR-ESI-MS (Fig-
ure 3B), and the spectra show signals for [(Co—G@Feg (Zn—L-1),)
(OTF),¢~x(OTF)[** (x=7-15) associated to the structure with the
correct elemental composition. Moreover, the EPR spectrum of
Co—G@Feg(Zn—L- 1) in frozen toluene:DMF mixture (100:1)
reveals a typical signal for an isolated S="'/, Co'(por) species
with clearly resolved cobalt hyperfine couplings (see Supporting
Information). In contrast the EPR signal of free, non-encapsu-
lated Co—G is very broad and does not show any hyperfine
couplings due to self-aggregation.”¥ Encapsulation of Co—G
within the cage assembly leads to much sharper signals
because the protective environment of the cage prevents self-
aggregation. Interestingly, the formation of
Zn—G@Feg(Zn—L- 1) and Co—G@Feg(Zn—L- 1) shows that our
strategy to accommodate metalloporphyrins in the new cage is
applicable to different metals (Zn and Co).

Having established the preparation of a cage containing a
cobalt porphyrin Co—G, which is soluble in polar and apolar
solvents, we decided to first investigate the solvent effects on
the cyclopropanation of styrene, by utilizing the well-estab-
lished [Co(TPP)] catalyst for radical-type cyclopropanation
reactions. Previous studies included the use of solvents such as
benzene, toluene, or chlorobenzene®'¥ but we felt that
studying the effect of the reaction medium in more detail using
separate experiments was needed before studying the effect of
the cage in different solvents. Importantly, radical-type trans-
formations involve highly reactive intermediates that can react
with the solvent (i.e. via hydrogen atom abstraction)," leading
to deactivation pathways. Thus, bond dissociation energies
(BDEs) can perhaps provide information to selection the solvent.
We hypothesized that the wuse of toluene (BDE of
90 kcal mol™)"" or DCM (BDE of 96 kcalmol™")""” may result in a
higher stability of the catalyst, as unfavorable reactions of the
solvent with the carbene intermediate leading to the formation
of catalytically inactive species via HAT can perhaps be
suppressed.'® A series of catalytic experiments were performed
to study the effect of the solvent on this reaction by utilizing
[Co(TPP)] at 0.25 mol % catalyst loading (Table 1).

The reactions were run at 40°C for 30 h after which the
conversion and yields of the product P1 and side product P2

were determined by 'H NMR. Surprisingly, DMF (BDE of
82 kcalmol™)" was found to be a compatible solvent for the
cyclopropanation of styrene, affording the desired product in
high yield (70%, TON =284, Table 1, entry 1). When the reaction
was carried out in toluene, the obtained yield was much lower
after 30 h reaction time (40%, TON=164, Table 1, entry 3).
When the reaction was carried out in DCM, which is the most
stable solvent in terms of BDEs, the product P1 was formed
only in 11% yield (TON=48, Table 1, entry 2). The positive
effect of DMF on the cyclopropanation of S1 was demonstrated
by performing the reaction in 100:1 toluene/DMF mixture,
leading to almost the same yield as the reaction carried out in
pure DMF (69%, TON=280, Table 1, entry4). In all these
experiments styrene was present in excess with respect to ethyl
diazoacetate. If, however, a 2-fold excess of S2 (ethyl diazo-
acetate) was used under the same conditions, an enhanced
yield of dimerization product 1 was obtained (5% vs 1%). This
stems from the selectivity of this reaction that is determined
after the formation of the cobalt-carbene radical
intermediate,”” as the reaction with styrene leads to cyclo-
propane P1, whereas the reaction with a second equivalent of
S2 leads to dimerization.

The differences in yield after 30 h reaction time under the
different conditions (Table 1) can be a result of differences in
reaction rate, incubation time and stability of the catalyst
systems. To distinguish between the different effects we
monitored the reaction in various solvents over time. From
these studies (Figure 4) it is clear that the initial TOFs in DMF,
toluene, and a toluene:DMF mixture (100:1) are similar, thus
suggesting that the solvent has little to no influence on the
(initial) activity of the catalyst (see also Figure S49 in the
supporting information for a zoom of the initial stage of the
reaction). However, monitoring the reaction over a longer
period reveals that the catalyst deactivates much quicker in
toluene than in DMF or in a 100:1 toluene:DMF mixture
(Figure 4A).

Next, density functional theory (DFT-D3, BP86, def2-TZVP)
calculations were performed to obtain more insight into the
role of DMF on the cobalt-catalyzed cyclopropanation of
styrene (Figure 5). In our previous studies, we reported the free
energy reaction profile of cobalt-porphyrin catalyzed cyclo-
propanation of styrene with EDA, in which the rate-determining

Table 1. The solvent effect in [Co(TPP)]-catalyzed cyclopropanation of styrene.*”’

Q CoTPP (0.25 mol %) SN 0
J . BRI bbbl o . ~_O.
D bfk o™ Solvent, 40 °C, 30 h @X /\OJ\/\IOr ~

s1 s2 P1 P2
Entry Solvent Conversion [%] P1 [%] P2 [%] TON®
1 DMF 71 70 1 284
2 DCM 12 11 1 48
3 Toluene 41 40 1 164
44 Toluene: DMF 70 69 1 280
5t DMF 35 30 5 140

[a] Reaction conditions: Catalyst (0.25 mol%) with respect to ethyl diazoacetate (52, 0.32 mmol) and styrene (S1, 0.64 mmol) in solvent (1 ml), 40°C, 30 h
under N, atmosphere. [b] Conversion of S2 and yields with respect to S2 were determined by NMR spectroscopy, using 1,3,5-trimethoxybenzene as internal
standard, and averaged from three measurements. [c] Toluene: DMF (100:1). [d] 2-fold excess of S2 vs S1. The conversion and the yields were determined
with respect to styrene. [e] Turnover number (TON) was determined by dividing the conversion through the catalyst loading (conv/0.25).
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Figure 4. (A) Reaction profile of [Co(TPP)] in the cyclopropanation of styrene
at 0.25 mol % catalyst loading in DMF (black), toluene (red), toluene:DMF
(100:1, blue). (B) Plot of TOF,, calculated at 10% conversion in different

solvents.
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Figure 5. Free energy changes for the rate-determining step in the cyclo-
propanation of styrene with EDA using [Co(TPP)], [Co(TPP)(-O-DMF)],
[Co(TPP)(-N-DMF)] and [Co(TPP)(-H,0)]. All energies are relative to A
([Co(TPP)] or [Co(TPP)(L)1. The activation energies for TS1 are reported
between parenthesis.
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step was found to be the formation of the cobalt-carbene
intermediate (TS= + 13.6 kcalmol").2%?" We, therefore, re-
examined computationally the formation of the carbene-radical
species upon axial DMF (O- and N-coordination) and water
coordination (Figure 5). If anything, axial ligand coordination
was found to lead to (somewhat) higher instead of lower
barriers, and the effects are very small for DMF. Interestingly,
these results differ from the results obtained by Yamada and
co-workers, who showed that in the cobalt(ll)-mediated cyclo-
propanation of olefins using an optically active aldiminato
complex the addition of an axial N- or O-donor ligand has a
positive effect on the catalytic efficiencies in terms of selectivity
and activity.”? On the basis of a computational follow-up study,
they showed that for that catalyst the energy barrier for the
formation of the cobalt-carbene intermediate is lowered upon
axial ligand coordination.”

The DFT calculation clearly confirm that the improved TONs
in the presence of DMF are not due to a higher activity caused
by N- or O- coordination. These results, combined with the
experimental reaction profile, suggest that instead the presence
of DMF slows down catalyst deactivation, even with a minor
amount of DMF. DMF clearly has a stabilizing effect, and as a
result, higher yields of cyclopropane are obtained. While
interesting and noteworthy, the exact mechanistic explanation
is outside the scope of this work, and is under current
investigation in a follow up study.

Next, we decided to investigate the effect of the combined
solvent and second coordination sphere effects on the activity
of the supramolecular Co—G@Feg(Zn—L- 1), catalyst. First, we
conducted a series of control experiments and optimization of
reaction conditions that are summarized in Table 2.

Importantly, Feg(Zn—L-1); and Zn—G@Feg(Zn—L- 1) are not
catalytically active, as performing the reaction at 40 or 65°C did
not yield any product (Table 2, entries 1-4). Performing the
reaction with Co—G@Feg(Zn—L-1); at 40°C led to 90% con-
version, whereas at 65°C the conversion was similar (Table 2,
entries 5 and 6) but led to a higher amount of P2 (14% vs
17 %). Interestingly, the addition of S2 after stirring S1 and the
supramolecular catalyst for 30 min resulted in higher conversion
and lower dimerization of S2 (Table 2, entry 7). Compared to
[Co(TPP)], the caged catalyst gives rise to higher conversions
and higher cyclopropane yields, but also leads to a higher
amount of dimer product P2 (Table 2, entries 7 and 8).

With the optimized reaction conditions, the catalytic
performance for the caged-catalyst Co—G@Feg(Zn—L-1)s was
studied in different solvents, focusing on differences in stability,
activity, and selectivity. Table 3 shows the catalytic results for
the cyclopropanation of S1 in the solvents used for [Co(TPP)]
(vide supra). The activity of Co—G@Feg(Zn—L- 1), is substantially
higher than the free catalyst (Co—G). We infer that encapsula-
tion of Co—G sterically protects the cobalt-porphyrin catalyst
from pyridine-cobalt coordination, and therefore hinders self-
deactivation by blockage of the catalytic cobalt center. For this
reason, we focused on comparing the catalytic performance of
Co—G@Feg4(Zn—L- 1), with [Co(TPP)], in which self-aggregation
is much less profound. When Co—G@Feg(Zn—L- 1), was used as
the catalyst the conversion in toluene was lower (TON=32,

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 2. Control experiments and optimization of the reaction conditions for the cyclopropanation of styrene in cages.””!

Entry Catalyst TrA Conversion [%] P1 [%] P2 [%]
1 Feg (Zn—L-1)s 40 - - -

2 Feg(Zn—L-1)¢ 65 - - -

3 Zn—G@Feg(Zn—L-1)g 40 - - -

4 Zn-G@Fey(Zn—L-1); 65 - - -

5 Co—G@Fey(Zn—L-1), 40 920 76 14

6 Co—-G@Feg(Zn—L-1)g 65 95 78 17

74 Co—G@Feg(Zn—L- 1), 40 96 84 12

8 [Co(TPP)] 40 71 70 1

[a] Reaction conditions: Catalyst (0.25 mol %) with respect to S2, Styrene (S1, 0.16 mmol), ethyl diazoacetate (S2, 0.08 mmol) in DMF-d, (1 ml), 30 h under N,
atmosphere. [b] Conversion of S2 and yields with respect to S2 were determined by 'H NMR spectroscopy, using 1,3,5-trimethoxybenzene as internal
standard. [c] The reaction mixture was stirred for 30 min prior to addition of S2.

Table 3. The solvent effect in Co—G@Feg(Zn—L- 1)s-catalyzed cyclopropanation of styrene.®”!

Entry Catalyst Solvent Conversion [%] P1 [%] P2 [%] TON®
1 Co—G@Fe8(Zn—L- 1), DMF 96 84 12 384

2 Co—G@Fe8(Zn—L- 1), DCM 20 18 2 80

3 Co—G@Fe8(Zn—L-1)¢ Toluene 8 7 1 32

41 Co—G@Fe8(Zn—L-1); Toluene:DMF 33 28 5 132

5 Co—G DMF 5 3 2 20
6 Co-G@Fe8(Zn—L- 1), DMF 65 39 26 260

[a] Reaction conditions: Catalyst (0.25 mol%) with respect to S2, ethyl diazoacetate (52, 0.32 mmol) and styrene (S1, 0.64 mmol) in solvent (1 ml), 40°C, 30 h
under N, atmosphere. [b] Conversion of S2 and yields with respect to S2 were determined by NMR spectroscopy, using 1,3,5-trimethoxybenzene as internal
standard, and averaged from three measurements. [c] Toluene: DMF (100:1). [d] 2-fold excess of S2. [e] Turnover number (TON) was determined by dividing

the conversion through the catalyst loading (conv/0.25).

Table 3, entry 3) compared to [Co(TPP)] (TON=164, Table 1,
entry 3). This is most likely due to the formation of aggregates
of the cage catalyst in solution, which leads to diffusion
limitation for substrate enter and product exit. When the
diamagnetic Zn—G@Feg(Zn—L- 1), was dissolved in toluene-dg
in the same concentration as the catalytic process a gel-like
solution was formed and the corresponding 'H-NMR signals of
the cage became very broad (see Supporting Information).?”
The reaction in toluene/DMF mixture (100:1), resulted in
increased  conversion due to less aggregation of
Co—G@Feg(Zn—L-1)¢ in solution (TON=132, Table 3, entry 4),
as evidenced by the lower viscosity of the solution and the less
broad 'H-NMR of the diamagnetic analog
(Zn—G@Feg(Zn—L-1);). The reaction in DCM led to the
formation of P1 and P2 in 18% and 2% vyield, respectively
(TON=280, Table 3, entry 2). The use of Co—G@Feg(Zn—L- 1), in
DMF efficiently facilitated the cyclopropanation and converts
the substrates to P1 and P2 in 84% and 12% yield (TON =384,
Table 3, entry 1).

Remarkably, the encapsulated catalyst increased the con-
version by 25%, outperforming both [Co(TPP)] and Co—G.
Although the confined catalyst enhances dimerization of S2,
the yield of P1 was 14% higher than with [Co(TPP)]. Pure DMF
is clearly the optimal solvent for cyclopropanation with both
Co—G@Feg(Zn—L-1)s and [Co(TPP)]. Interestingly however, the
use of small amounts of DMF in toluene has a smaller beneficial
effect on the TONs of Co—G@Feg(Zn—L- 1), (Table 3, entries 3—
4) than was observed for [Co(TPP)] (Table 1, entries 3-4). We
ascribe this to complete and incomplete breakdown of
aggregates of Co—G@Feg(Zn—L- 1), in pure DMF and in 100:1
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toluene:DMF mixtures, respectively. A lower effective concen-
tration of DMF in the hydrophobic interior of the caged catalyst
leading to less efficient protection of the catalyst by DMF from
deactivation cannot be fully excluded though.

To gain more insight on the cage effect on catalysis, the
reaction was monitored over time by 'H NMR spectroscopy,
from which the kinetic profiles in DMF for [Co(TPP)] and
Co—G@Feg(Zn—L- 1) were obtained (Figure 6A and B). As the
environment of the caged-catalyst differs from the bulk
solution, different kinetics are expected relative to the free
[Co(TPP)] catalyst. Interestingly, Co—G@Feg(Zn—L- 1), exhibits a
higher activity compared to [Co(TPP)], which is accompanied
by higher dimerization of S2. We ascribe both effects to
accumulation of substrate in the hydrophobic cage, thus
leading to a higher local substrate concentration than in the
bulk, and therefore the reaction rates for both cyclopropanation
and carbene dimerization are enhanced. The accumulation of
substrate is supported by the increased formation of dimer P2,
as a result of the initial higher concentration of the diazo
compound compared to styrene.

As shown in Table 1 (entry 1), dimerization with [Co(TPP)] is
negligible, whereas Co—G@Feg(Zn—L-1); forms a relatively
higher amount of dimer (Table 3, entry 1). Additionally, the
reaction profile of Co—G@Feg(Zn—L- 1), in the first 10 minutes
reveals the concurrent formation of dimer and cyclopropane,
which is followed by the exclusive formation of P1, as P2
formation is suppressed by the decreasing concentration of S2.
Importantly, the confined catalyst reached a TON of 384,
outperforming [Co(TPP)] (TON=284) and Co—G (TON=20) in
the cobalt-mediated cyclopropanation of styrene (Figure 6C)
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Figure 6. (A) Reaction profile of [Co(TPP)] and (B) Co—G@Feg(Zn—L-1)¢ in
the cyclopropanation of styrene at 0.25 % catalyst loading. (C) TON for
[Co(TPP)] and Co—G@Fey(Zn—L- 1), in different solvents. (D) Plot of TOF,, for
the formation of P1 calculated at 10% conversion. Data is obtained by fitting
the initial part of the reaction rate curve of Co—G@Feg(Zn—L-1)s and
[Co(TPP)] (see Supporting Information).

and the initial TOF of the caged catalyst Co—G@Feg (Zn—L-1)4 is
nearly 3 times higher than that of [Co(TPP)] (Figure 6D). These
results clearly show that encapsulation of Co—G renders the
catalyst with a higher activity than both free Co—G and
[Co(TPP)].

Next, we explored the alkene substrate scope of the
cyclopropanation reaction by the caged catalyst in order to
investigate whether the enhanced catalytic performance of the
Co—G@Feg(Zn—L- 1) compared to [Co(TPP)] is substrate de-
pendent. We started our investigations testing 4-methoxy
styrene. As anticipated the use of a styrene with an electron
donating-group led to increased yields for cyclopropane and
dimer formation when Co—G@Feg(Zn—L-1); was used (see
Supporting Information, Table S4, entries 1 and 2). Styrenes
with electron-withdrawing substituents also proved to be
formed in higher yields when the caged catalyst was used (see
Supporting Information, Table S4, entries 3-6). Similarly, the use
of an electron-deficient alkene such as ethyl acrylate resulted in
22% higher EDA conversion when using Co—G@Feg(Zn—L- 1),
instead of [Co(TPP)] as the catalyst (see Supporting Information,
Table S4, entries 7 and 8). Interestingly, the use of simple olefins
such as 1-hexene gave the corresponding cyclopropane in low
yields with minor enhancement (9% vs 5%) when the caged
catalyst was used (see Supporting Information, Table S4, entry 8
and 9).

As the environment of the caged-catalyst differs from the
bulk solution, we were interested to explore the possibility to
detect the elusive Co-carbene species embedded in the
protective cage. We therefore followed the reaction of the
caged catalyst (Co—G@Feg(Zn—L-1)¢) with EDA by EPR spectro-
scopy, measured in frozen toluene:DMF mixtures (100:1).
Addition of 40equiv. of EDA to the solution of
Co—G@Feg(Zn—L- 1), at RT resulted in a considerable decrease
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Figure 7. (A) EPR spectra of Co—G@Feg(Zn—L- 1), after adding ethyl diazo-
acetate (40 equiv.) in frozen toluene:DMF mixture (100:1) at 20 K followed in
time upon thawing and refreezing (microwave frequency: 9.357052 GHz;
microwave power 0.63 mW; modulation amplitude: 4 Gauss). (B) Zoomed
part showing the organic radical.

in intensity of the S='/, Co"(por) species (Figure 7A) in the
caged catalyst (Co—G@Feg(Zn—L-1)) (measured at 20 K), and
the initial formation of a weak signal (Figure 7A-i) with g-values
of a species that are in the range of previously characterized
terminal carbene species (Co'-(Cor)(CHCOOEY)™® and [Co'"(3,5-
Di-'BuChenPhyrin)-(CHCOOE®)]®). Interestingly, the stability of
the detected Co-carbene radical species embedded in the cage
is higher than with [Co(TPP)], as previous attempts to character-
ize the [Co(TPP)]-carbene were unsuccessful (EPR silence).
Following the reaction of Co—G@Feg(Zn—L- 1), with excess EDA
over time, by repeated thawing/warming and refreezing of the
EPR tube, led to the gradual disappearance of the EPR signals of
(Co—G@Feg(Zn—L- 1)), appearance and disappearance of the
carbene radical signals and appearance of an EPR signal without
any hyperfine couplings indicating the formation of a free
organic radical presumably trapped in the supramolecular cage
(Figure 7B-ii). Interestingly, signals corresponding to a “bridging
carbene” species (see Figure S47, supporting information), as
reported previously for [Co"(3,5-Di-‘BuChenPhyrin)(CHCOOEY)],
were not observed. Presumably, formation of such a “bridging
carbene” is disfavored by the molecular confinement inside the
cage, and formation of such species would probably lead to a
distorted [Co"(por)] system that does not bind properly inside
the Feg(Zn—L-1)s cage. Overlap of the resulting signals of a
“bridging carbene” in low(er) concentrations with the signals
stemming from Co—G@Feg(Zn—L-1)¢ cannot be fully excluded
though.

Conclusions
To summarize, we have developed a novel and catalytically
active caged-system Co—G@Feg(Zn—L- 1), soluble in both polar

and apolar solvents without the necessity of any post-
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functionalization. The icosyl functionalization method devel-
oped herein may well also allow other Nitschke-type cages to
be solubilized in various solvents to expand their reach of
desired applications. This is a rare example of a large cage able
to encapsulate catalytically active porphyrins soluble in several
solvents of different polarity. The synthesis is based on the self-
assembly of subcomponents 1 and Zn—L in which the catalyst
acts as a template for the formation of an octahedral iron-
iminopyridine coordination complex. Moreover, we demon-
strate that DMF has a protective influence on the catalysts,
slowing down deactivation of both [Co(TPP)] and
Co—G@Feg(Zn—L-1); during radical-cyclopropanation  of
styrene. DFT studies reveal similar energy barriers for the rate-
determining step of this reaction for [Co(TPP)] and [Co(TPP)(L)],
with DMF acting as an axial ligand L, thus showing that the
observed higher TONs in DMF are not due to an intrinsic higher
activity caused by axial ligand binding. Kinetic studies confirm
that initial rates in toluene and DMF are similar, but that catalyst
deactivation is faster in toluene than in DMF or toluene:DMF
(100:1) mixtures. The combined effects of the solvent and the
cage on the activity and stability of the Co—G@Feg(Zn—L-1),
catalyst were investigated. Interestingly, encapsulation of Co—G
led to a three times more active catalyst than [Co(TPP)] (TOF,,)
and a substantially increased TON compared to both [Co(TPP)]
and free Co—G. The enhanced performance of the catalyst upon
encapsulation demonstrates the effect of the cage. We infer
that the increased local concentration of ethyl diazoacetate and
styrene in the cage compared to the bulk leads to higher
catalytic activities.
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