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ABSTRACT: To illustrate the supramolecular catalysis process in
molecular containers, two porphyrinatozinc(II)-faced cubic cages
with different sizes were synthesized and used to catalyze acyl-
transfer reactions between N-acetylimidazole (NAI) and various
pyridylcarbinol (PC) regioisomers (2-PC, 3-PC, and 4-PC). A
systemic investigation of the supramolecular catalysis occurring
within these two hosts was performed, in combination with a host−
guest binding study and density functional theory calculations.
Compared to the reaction in a bulk solvent, the results that the
reaction of 2-PC was found to be highly efficient with high rate
enhancements (kcat/kuncat = 283 for Zn-1 and 442 for Zn-2), as well
as the different efficiencies of the reactions with various ortho-substituted 2-PC substrates and NAI derivates should be attributed to
the cages having preconcentrated and preoriented substrates. The same cage displayed different catalytic activities toward different
PC regioisomers, which should be mainly attributed to different binding affinities between the respective reactant and product with
the cages. Furthermore, control experiments were carried out to learn the effect of varying reactant concentrations and product
inhibition. The results all suggested that, besides the confinement effect caused by the inner microenvironment, substrate transfer,
including the encapsulation of the reactant and the release of products, should be considered to be a quite important factor in
supramolecular catalysis within a molecular container.

■ INTRODUCTION
Inspired by the excellent catalytic performance of enzyme in
nature, “molecular containers” with defined cavities and active
sites have been constructed and employed to catalyze unique
chemical transformations. Of such artificial containers,
coordination-driven assembled metal−organic cages
(MOCs), in particular, have drawn considerable attention
because of their ability to accommodate guest molecules and
realize chemical transformations.1−9 On the basis of their
relatively rigid and hydrophobic central cavities, the hosts
provide a biomimetic approach to emulating the environment
of enzyme pockets and active sites.10−13

For the supramolecular catalytic reaction within a molecular
container, binding of the guests in the cage cavity driven by the
hydrophobic effect or other noncovalent interactions is the
initial step.14 Then the orientation and motion of the guest
within the confined cavity are restricted by their comple-
mentary shapes as well as the steric hindrance and noncovalent
interactions between the guest and host,15−17 especially for
multimolecular reactions or reactions catalyzed through direct
interactions between the reactant and host, and the arrange-
ment and orientation of the substrates within the confined
cavity have a great influence on the formation of the transition
state.18−21 At last, to be an efficient enzyme-like catalyst, it
needs to be able to catalyze reactions by binding transition
states and intermediates more strongly than the products.22

Compared to the molecular catalysis taking place in a bulk
solution, it has been demonstrated that the “confinement
effects” induced by the special microenvironment within the
host cavities could successfully enhance the reaction rate
through the preconcentration and preorientation of the
substrates, as well as the stabilization of the intermediates.23−25

Thus, for the supramolecular catalysis within the molecular
containers, the substrate transfer, including the ingress of the
reactants and the egress of the products, might become a
considerable rate-limiting step. As pointed out, the factors that
lead to efficient recognition of the transition state were often
linked to tight binding of the product, many artificial catalysts
often fail to achieve the catalytic cycle due to product
inhibition, and only stoichiometric reactions, rather than
catalytic reactions, have been performed in some coordination
cages.26−29

In the past decades, the host−guest interaction has been well
studied to elucidate the confinement effects within the
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cages.1−5,25 In order to allow for the design of an efficient
supramolecular catalyst with an inner microenvironment
isolated from the bulk solution, the substrate transfer needs
to be carefully studied. Multimetalloporphyrin compounds
have been shown to exhibit unique properties because of their
spatial arrangement with respect to each other, and supra-
molecular MOCs containing multiple metalated porphyrin
units offer a potentially facile route to biomimetic structures
for supramolecular catalysis research.30−36 We envisaged that
the catalytic activity occurring within the host cavities could be
influenced by the distance of the porphyrins if the reaction
requires orientation-specific, concerted binding of the reactants
by the metalated porphyrin centers. Herein, through regulation
of the cavity size of two porphyrinatozinc(II)-faced cubic
cages, a systemic investigation of the supramolecular catalysis
based on the two host cages was performed. The homogeneous
nature of coordination cages allows investigation of the
catalytic properties and host−guest interaction in solvated
media.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Cages. The ligand

zinc(II) tetrakis(p-aminophenyl)porphyrin (Zn-TAPP) was
synthesized according to the reported procedure,37 and
zinc(II) 5,10,15,20-tetraryltetrakis(benzene-4,1-diyl)tetrakis-
(2,2′-bipyridine-5-carboxamide)porphine (L2) was synthe-
sized by reacting Zn-TAPP with 2,2′-bipyridine-5-carboxyl
chloride. As shown in Scheme 1, the cage Zn-1 was prepared
by a subcomponent self-assembly from Zn-TAPP (6 equiv), 2-
formylpyridine (24 equiv), and Zn(OTf)2 (8 equiv) in N,N-
dimethylformamide (DMF) at 70 °C, according to the
procedure reported by Nitschke and co-workers.37−39 Different
from Zn-1, the cage Zn-2 was directly obtained by heating L2

(6 equiv) and Zn(NTf2)2 (8 equiv) in CH3CN at 70 °C in a
sealed vessel. Single crystals of Zn-1 were obtained by diffusion
of diethyl ether into a mixture DMF solution.
Electrospray ionization mass spectrometry (ESI-MS) anal-

ysis suggested the formations and stability of Zn-1 and Zn-2 in
solution. The spectrum of Zn-1 showed peaks clearly
displaying the expected isotopic patterns at m/z 712.30,
798.53, 903.91, 1035.40, 1204.60, and 1430.02 belonging to
[Zn8(L1)6·nOTf]

(16−n)+ [n = 5−10; L1 = zinc(II) 5,10,15,20-
tetraryltetrakis(benzene-4,1-diyl)tetrakis(1-(pyridin-2-yl)-
methanimine)porphine], respectively. Also peaks at m/z
781.96, 870.45, 975.12, 1100.33, 1253.91, 1445.63, and
1692.28 for Zn-2 were observed and assigned to [Zn8(L2)6·
nNTf2]

(16−n)+ (n = 3−9) (Figure 1), respectively.
The formations of the two cages were further characterized

by carrying out 1H, 13C, 19F, 1H COSY, and 1H DOSY NMR
analyses (Figures S1−S14). The 1H and 13C NMR spectra of
each cage displayed only one set of ligand resonance signals in
solution, which also confirmed the formation of a discrete and
highly symmetric assembly. Most of these signals each showed
a slight downfield shift with respect to the free ligand. A single
peak was observed for each proton of the ligand, with 1H−1H
COSY NMR data allowing the assignment of each signal.
Additionally, a two-dimensional (2D) 1H DOSY NMR
technique was used, and from these experiments, the diffusion
coefficient (D) values of Zn-1 and Zn-2 were determined to be
2.18 × 10−10 and 2.63 × 10−10 m2 s−1, respectively. 19F NMR
spectroscopy data showed no indication of encapsulation of
the counterions by Zn-1 or Zn-2.
A single-crystal X-ray diffraction study of Zn-1 revealed the

formation of a highly symmetric face-capped cubic cage
(Figure 2a,b). Zn-1 crystallized in the tetragonal space group
P4/n, with one-fourth of the formula unit in the asymmetric

Scheme 1. Illustration of the Self-Assembly of Cubic Cages (a) Zn-1 and (b) Zn-2
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unit. Each face of Zn-1 was observed to be covered by one zinc
porphyrin-based ligand, and each corner was observed to be
occupied by a six-coordinate Zn(II) ion, with each corner Zn
atom chelated by three ligands. The corner Zn atoms along the
cage edges were measured to be separated by 14.90−15.17 Å.
The cavity of the cage showed inner voids with volumes of
about 1436 Å3, large enough to encapsulate both of the N-
acetylimidazole (NAI) and X-pyridylcarbinol (X-PC, where X
= 2, 3, or 4) guests and allow the ingress and egress of the
corresponding reactants and products. Zn−Zn distances of
14.48−15.74 Å were measured between the porphyrin centers
of the opposite faces. Also Zn atoms on the adjacent faces were
measured to be separated by 10.6 Å. The faces of the cubic

cage did not form regular planes: of the three groups of the
opposite faces, the faces of two of them were observed to
display inward concave shapes and the faces of the third group
formed outward protrusions. Unfortunately, weak X-ray
diffraction limited the crystal structure determination of the
Zn-2 cage. Because ligand L2 was prepared as a tetrabidentate
ligand similar to ligand L1 in Zn-1, Zn-2 should also have
cubic topology. A molecular mechanical (MM)-minimized
model of Zn-2 is shown in Figure 2c,d. This model shows
porphyrin Zn−Zn distances of about 17.01 Å between the two
opposite planes and of about 12.03 Å between the adjacent
faces, larger than the corresponding distances in Zn-1. The
adjacent porphyrin Zn−Zn distances in the two cages were
comparable with those of the previously reported multi-
metalloporphyrin compounds, which could efficiently catalyze
the acyl-transfer reactions.40−43

Supramolecular Catalysis Study. The supramolecular
catalysis behaviors of the cages were first evaluated by
examining their catalysis of the acyl transfer reaction between
NAI and 2-PC. As shown in Figure 3, both Zn-1 and Zn-2
significantly accelerated the reaction rate, with their initial
reaction rates measured to be 3.5 and 4.6 mM h−1, respectively.
Control experiments showed that, in the absence of the cages,
the reaction of 2-PC with NAI only gave an approximately
12.5% yield at 50 °C after 96 h (Table S4), and the apparent
second-order rate constant for the uncatalyzed reaction was
determined to be 2.26 × 10−5 M−1 s−1. The kcat (Michaelis−
Menten enzymatic rate constant) values for Zn-1 and Zn-2
were found to be 6.4 × 10−3 and 1 × 10−2 M−1 s−1,
corresponding to an overall acceleration (kcat/kuncat) of 283 and
442, respectively (Figures S52 and S53). The efficiency of both
the supramolecular catalysts (Zn-1 and Zn-2) in the acyl-
transfer reaction was also evaluated against the control
reactions in which the cages were displaced by the monomers

Figure 1. ESI-MS spectra of the synthesized cubic cages (a) Zn-1 and
(b) Zn-2. (c) Experimental and calculated peaks for [Zn-1 (OTf)8]

8+

(left) and [Zn-2 (NTf2)6]
10+ (right).

Figure 2. Perspective views of (a) the single-crystal X-ray structure of Zn-1 and (c) the MM-minimized model of Zn-2 and (b and d) their space-
filling models. Color code: orange (corners) and green (face-centers), Zn; blue, N; gray, C; red, O; white, H. Disorder, anions, and solvent
molecules are omitted for clarity.
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Zn-TAPP and L2. In the presence of the monomer Zn-TAPP
and L2 (24 mol %), the initial rates of the transacylation only
increased 4-fold and 2.5-fold, respectively. The reactions with
varying concentrations of 2-PC and NAI are shown in Figure 4,

and when 2-PC and NAI were both 12 mM, the reaction rates
were 1.6 and 2.2 mM h−1 in Zn-1 and Zn-2, respectively; at
concentrations of 12 mM 2-PC and 18 mM NAI, the reaction
rates were 3.0 and 3.2 mM h−1 in Zn-1 and Zn-2, respectively.
To investigate the preconcentration effect of the cages, acyl-

transfer reactions were carried out with other derivatives of 2-
PC and NAI (Table 1). When the m-R1 group in 2-PC was
replaced with a large aromatic group (phenyl, biphenyl,
anthryl, and so on), the Zn-1 and Zn-2 cages showed well
activity toward the reaction, with good yields (over 90%, Table
1). When the substrate scope was further expanded to
modifying R3 (methyl or phenyl), i.e., that positioned ortho
to the N atom of 2-PC, the yields of the reaction dramatically
decreased (11−17% for Zn-1 and 13−20% for Zn-2). In the
case of NAI with an isopentyl R2 group (2e), the substrate 2e
exhibited a small reduction of the yield.
The reaction rates of 3-PC and 4-PC in the given cage were

significantly lower than those of 2-PC (Figure 5). For Zn-1,
when using 3-PC, the acyl-transfer reaction proceeded at a
medium rate (2.2 mM h−1) and the rates for 4-PC was quite

lower (0.17 mM h−1). Interestingly, although the reaction of 2-
PC catalyzed by Zn-2 had a higher rate than that by Zn-1, Zn-
2 just showed fairly low catalytic activity toward both 3-PC and
4-PC, with the reaction rates being only 0.22 and 0.20 mM h−1,
respectively.
Finally, to a solution of Zn-1 or Zn-2 (0.5 mM) in CH3CN/

DMF (3:1 in volume), we added several successive portions of
NAI and 2-PC, waiting until each aliquot had completely
reacted before adding the next. The total turnover numbers for
Zn-1 and Zn-2 could reach 158 and 162, respectively. Also,
with the product increased, the yields decreased from 91.5% to
55.0% for Zn-1 and from 98.8% to 60.0% for Zn-2 during the
course of five times (Figure 6).

Host−Guest Binding Study. The binding constants of
each substrate with Zn-1 or Zn-2 were then determined by
performing UV−vis titration, using a noncooperative 1:1
host−guest binding model. As shown in Table 2, the substrate
NAI binds well to Zn-1 (Ka = 1224 M−1) and Zn-2 (Ka = 4000

Figure 3. Kinetic data for the acyl-transfer reaction of 2-PC (18 mM)
and NAI (12 mM) performed in the presence of (a) Zn-1 (black
squares), Zn-1 together with 0.5 mM imidazole (red circles), Zn-1
together with 0.5 mM 2-(acetoxymethyl)pyridine (2-AMPy) (blue
triangles) and Zn-TAPP (green triangles) and (b) Zn-2 (black
squares), Zn-2 together with 0.5 mM imidazole (red circles), Zn-2
together with 0.5 mM 2-AMPy (blue triangles) and L2 (green
triangles).

Figure 4. Kinetic data for the acyl-transfer reaction performed in
various concentrations of substrates in the presence of (a) Zn-1 and
(b) Zn-2, respectively: [NAI] = 12 mM, [2-PC] = 18 mM (black
squares); [NAI] = 12 mM, [2-PC] = 12 mM (red circles); [NAI] =
18 mM, [2-PC] = 12 mM (blue triangles).

Table 1. Acyl-Transfer Reactions of a Series of Substrates
Catalyzed by the Cubic Cagesa

entry catalyst R1 R2 R3 yield (%)

1 Zn-1 Ph H H 3a/96
2 Zn-2 Ph H H 3a/95
3 Zn-1 PhOMe H H 3b/93
4 Zn-2 PhOMe H H 3b/95
5 Zn-1 biphenyl H H 3c/90
6 Zn-2 biphenyl H H 3c/95
7 Zn-1 anthryl H H 3d/91
8 Zn-2 anthryl H H 3d/94
9 Zn-1 H isopentyl H 3e/80
10 Zn-2 H isopentyl H 3e/84
11 Zn-1 H H Me 3f/17
12 Zn-2 H H Me 3f/20
13 Zn-1 H H Ph 3g/11
14 Zn-2 H H Ph 3g/13

aReation conditions: catalyst (0.5 mM, 4 mol %), 1 (18 mM), 2 (12
mM), CH3CN/DMF [3:1 (v/v), 4 mL], 50 °C. All yields were
determined by GC analysis.

Figure 5. Formation of the three X-(acetoxymethyl)pyridine (AMPy,
where X = 2, 3, or 4) isomers from acyl-transfer reactions between 1-
acetylimidazole and X-PC, as catalyzed by (a) Zn-1 and (b) Zn-2.
Concentration versus time plots are shown for the formation of 2-
AMPy (black squares), 3-AMPy (red circles), and 4-AMPy (blue
triangles).
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M−1), and the substrate 2-PC exhibits weak binding for Zn-1
(Ka = 262 M−1) and Zn-2 (Ka = 200 M−1). For the meta-
position-substituted 2-PCs, the affinity changed little or
became stronger, possibly due to the π···π interactions (Figures
S41 and S42). The ortho-position-substituted 2-PC showed
negligible binding toward the two cages (Figures S33−S36).
Also the NAI derivate 2e bound less well to the cages, with Ka
values of 213 and 333 M−1 for Zn-1 and Zn-2, respectively
(Figures S43 and S44).
For the relative products, the UV−vis absorption spectrum

of Zn-1 changed very little upon the addition of 2-AMPy to
Zn-1, indicating the weak interaction between them. The
corresponding product 3e also showed very weak interaction
with the two cages (Figures S45 and S46). Zn-1 also appeared
to show a weak affinity for 3-AMPy (Ka = 256 M−1) but a high
affinity for 4-AMPy (Ka = 1607 M−1). Zn-2 tightly bound 3-
AMPy (Ka = 1100 M−1) and 4-AMPy (Ka = 1000 M−1) but
showed poorer binding of 2-AMPy. The binding affinities of
the byproduct imidazole in Zn-1 or Zn-2 were similar.
Computational Modeling. The orientation effect for the

formation of the respective transition state of each regioisomer
was then investigated by density functional theory (DFT)-
based calculations (Figure 7). Because only Zn(II) on the faces
of cationic cages can bind the organic substrates and products,
the cages were then simplified as two zinc(II) porphyrins
nearly vertical to each other to make the calculations efficient.
The reaction mechanisms of formation of the transition state
between each organic substrate were then investigated with
specific DZn−Zn values at 10.06 and 12.03 Å of Zn-1 and Zn-2,
respectively. For Zn-1, the barriers to formation and
dissociation of the proton-transfer intermediates were 35.45
and 32.15 kcal mol−1, respectively, on the reaction path to 2-
AMPy, 43.46 and 43.65 kcal mol−1, respectively, on the path to
3-AMPy, and 44.85 and 37.10 kcal mol−1, respectively, on the
path to 4-AMPy. For Zn-2, the barriers to formation and

dissociation of the proton-transfer intermediates were 47.25
and 41.01 kcal mol−1, respectively, on the reaction path to 2-
AMPy, 41.41 and 39.87 kcal mol−1, respectively, on the path to
3-AMPy, and 46.51 and 38.76 kcal mol−1, respectively on the
path to 4-AMPy.

■ DISCUSSION

Two zinc porphyrin-based MOCs (Zn-1 and Zn-2) having the
same cubic topology but different sizes were constructed by
adjusting the length of their ligands, and their rate
accelerations were quite comparable to those reported for
supramolecular catalysis in metal−organic hosts.40−46 As was
well studied in previous works,40−42,46,47 the supramolecular
catalytic process including preorganization of the two
substrates via their simultaneous encapsulation within a single
cavity led to the formation of a suitable transition state by
fixing the positions and orientations of the hydroxyl and
carbonyl moieties of the respective substrates, resulting in a
significant rate acceleration.
Increasing the size of R3 did increase the steric hindrance of

the N atom of 2-PC and was hence not beneficial for
encapsulation of the substrates within the cages (1f and 1g
negligible binding toward the two cages). The NAI derivate 2e,
which show a lower affinity to the cage, also resulted in lower
yield (the steric hindrance of the carbonyl sites also affects
formation of the transition state). In these cases, the
predominant factor affecting the reaction efficiency for the
corresponding reaction would be expected to be the
preconcentration effect.
The reaction rate was found to be quite sensitive to the

different regioisomers (Figure 5). For both Zn-1 and Zn-2, 2-
PC showed the highest reaction efficiency, while 2-PC showed
lower affinities toward the two cages than did 3-PC and 4-PC,
suggesting that the lower reaction rates observed for 3-PC and
4-PC could not be attributed to the preconcentration effects.
Then DFT-based calculations were undertaken to elucidate the
orientation effect of the cages. Compared to the previous work
reported by Deria and co-workers,40 the distance between the
opposite plane seems too far to contribute to the orientation
effect, while the adjacent Zn centers (10.06 Å in Zn-1 and
12.03 Å in Zn-2) should be the main active pairs. According to
the DFT-calculated results, the faster reaction rate of 2-PC in
Zn-1 refers to the fact that those of 3-PC and 4-PC might be
partly due to the orientation effect. However, it is hard to
attribute the difference in the reaction rate to the orientation
effect because of the limited difference in the reaction barriers
for the transition state formation of the 3-PC and 4-PC
regioisomers in the given cage. Also for catalysis to occur in
Zn-2, the orientation effect could not be responsible for the
high reaction rate of 2-PC.
Obviously, in addition to substrate binding and intermediate

formation, product release should be considered as a key factor
in these catalytic processes. It could be found that, in the case

Figure 6. Demonstration of catalytic turnover with Zn-1 (red bar)
and Zn-2 (blue bar). The graph shows the accumulation of 2-AMPy
following the addition of a series of aliquots of substrates (NAI, 20
mM; 2-PC, 30 mM) to a solution of Zn-1 (0.5 mM) and Zn-2 (0.5
mM) in 3:1 CH3CN/DMF. Aliquots of the substrate were added at
12 h intervals.

Table 2. Association Constants Determined by Means of UV−Vis Spectroscopy

Ka (M
−1)a 2-PC 3-PC 4-PC NAI 2-AMPyb 3-AMPy 4-AMPy imidazole

Zn-1 262 467 470 1224 256 1607 1160
Zn-2 200 333 438 4000 1100 1000 1000

aThe interaction of these guests with hosts was studied in a 3:1 mixture of CH3CN/DMF. The values of Ka were calculated using a noncooperative
1:1 binding model. bBecause of the weak interaction between 2-AMPy and Zn-1 or Zn-2 and the negligible change of the UV−vis spectra, the value
of Ka cannot be determined.
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in which the binding affinity of the respective reactant in the
cages was weaker than that of the product X-AMPy, the related
catalytic reaction just showed quite slow rates. The high
catalytic efficiency of 2-PC might be greatly attributed to the
fact that the product 2-AMPy was easily expelled from the
cages, while that of the reaction of 3-PC in cage Zn-1 gave a
moderate rate that was also consistent with the fact that the
binding affinity of 3-PC was larger than that of 3-AMPy with
the cage.
To further confirm the impact of the release of products on

the catalytic reaction, we conducted a control experiment in
which 2-AMPy (0.5 mM) or imidazole (0.5 mM) was added to
the reaction mixture, respectively. As shown in Figure 3, the
addition of 2-AMPy, which binds very weakly to the cages,
hardly influences the rate of the reaction in Zn-1 and Zn-2,
respectively, while upon inclusion of the imidazole, which
binds tightly to these cages, the initial reaction rate decreased
from 3.5 to 2.4 mM h−1 for Zn-1 and from 4.6 to 2.2 mM h−1

for Zn-2. Notably, the larger affinity of the imidazole toward
Zn-2 resulted in the fact that the addition of the product
reduced the initial rate of the reaction in Zn-2 to a larger
degree (52%) compared to that in Zn-1 (31%).
The ingress of the reactants would also affect the reaction

rates. The higher initial rate of the reaction for 2-PC in Zn-2
than that in Zn-1 seems better to be attributed to the affinity of
NAI in Zn-2 being stronger than that in Zn-1. Also, it could be
found in Figure 4, in both Zn-1 and Zn-2, that increasing the
concentration of 2-PC from 12 to 18 mM could enhance the
initial rates of the reactions to a larger degree than increasing
the concentration of NAI on the same scale, and this could be
explained as the encapsulation of the more weakly bound
substrate 2-PC was the slower step of the reactions.

■ CONCLUSIONS

In summary, two self-assembled zinc porphyrin-faced cubic
cages, Zn-1 and Zn-2, with different cavity sizes were designed
to catalyze transfer of the acyl group between NAI and PC for
each of the three PC regioisomers (2-PC, 3-PC, and 4-PC).
The supramolecular catalysis based on the cages was carefully
studied through a series of control experiments, a host−guest
binding study, and DFT-based calculations. Zn-1 and Zn-2
exhibited excellent activity (with kcat/kuncat = 283 for Zn-1 and
442 for Zn-2) for 2-PC and NAI as reactants, with these
activity levels attributable to the orientation effect for

formation of the transition state based on the adjacent
porphyrin Zn centers. Also the ortho-substituted 2-PC
substrate with its sterically hindering group, one impending
coordination of the substrate to the porphyrin Zn centers, led
to dramatically decreased yields of the reaction, indicating that
the preconcentration effect is based on the binding affinity of
reactants and hosts. The catalytic activity was shown to vary
for different PC regioisomers, an observation attributed to the
X-AMPy products inhibiting the host as a result of the binding
between these products and the hosts. The host−guest
interaction study showed that the product 2-AMPy can be
fairly easily expelled from the cage cavities to allow multiple
catalytic turnovers but that 3-AMPy and 4-AMPy bind with the
zinc porphyrin cubic capsule systems more tightly. The results
illustrated that, in the case of supramolecular catalysis
performed in a molecular container, when the reaction was
efficiently accelerated through enhancement of the local
concentration and stabilization of the transition state, which
take advantage of the confinement effect, the substrate transfer
between the inner and outer spaces of the container might
become a considerable rate-limiting step of the reaction
process. Our research shed light on the possible impact factors
involved in each step of the supramolecular catalysis, which
would be helpful for the development of artificial enzyme-like
catalysts.

■ EXPERIMENTAL SECTION
Preparation of Zn-1. A mixture of Zn-TAPP (73.6 mg, 0.1

mmol), 2-formylpyridine (37 μL, 0.4 mmol), and Zn(OTf)2 (48.3
mg, 0.133 mmol) was dissolved in 30 mL of DMF and then heated at
70 °C for 12 h to give a clear solution. The vapor of diethyl ether was
allowed to diffuse slowly into a DMF solution of the reaction mixture.
Block-shaped dark-purple crystals formed after 1 week in 76.0% yield
(120.0 mg). Anal. Calcd for C420H264N72O48F48Zn14S16·8C4H10O·
6C3H7NO·4H2O: C, 53.81; H, 3.75; N, 10.32. Found: C, 53.72; H,
3.86; N, 10.28. 1H NMR (3:2 CD3CN/DMF, 500 MHz): δ 9.50
(24H, s), 9.29 (24H, s), 8.86 (24H, d, J = 5.0 Hz), 8.67−8.63 (48H,
m), 8.57(24H, d, J = 5.0 Hz), 8.15 (48H, s), 7.79 (24H, d, J = 5.0
Hz), 6.85 (24H, s), 6.38 (24H, s). 13C NMR (3:2 CD3CN/DMF, 500
MHz): δ 166.71, 162.85, 150.76, 150.11, 149.87, 147.64, 143.49,
142.73, 136.59, 135.79, 132.27, 132.07, 131.77, 131.65, 123.38,
120.47, 120.18, 119.88. 19F NMR (3:2 CD3CN/DMF, 500 MHz): δ
79.00. IR (KBr pellet, ν/cm−1): 1631 (s), 1595 (s), 1523 (w), 1489
(m), 1443 (w), 1337 (w), 1263 (vs), 1169 (m), 1031 (s), 995 (m),
914 (w), 856 (w), 812 (w), 794 (w), 777 (w), 748 (w), 719 (w), 682
(w), 640 (m), 574 (w), 516 (w), 474 (w), 428 (w). ESI-MS: m/z

Figure 7. DFT calculation of the formation (left) and dissociation (right) transition states of the acyl-transfer reaction between PC (2-PC, 3-PC,
and 4-PC, from left to right) and NAI in the cubic cages Zn-1 and Zn-2, respectively.
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712.30 ([Zn8(L1)6(OTf)5]
11+), 798.53 ([Zn8(L1)6(OTf)6]

10+),
903.91 ([Zn8(L1)6(OTf)7]

9+), 1035.40 ([Zn8(L1)6(OTf)8]
8+),

1204.60 ([Zn8(L1)6(OTf)9]
7+), 1430.02 ([Zn8(L1)6(OTf)10]

6+).
Preparation of Zn-2. A mixture of L2 (87.8 mg, 0.06 mmol) and

zinc bis(trifluoromethane sulfonimide) (50.0 mg, 0.08 mmol) was
suspended in 20 mL of CH3CN in a sealed vessel. The reaction
mixture was heated at 70 °C for 16 h. This solution was added to
diethyl ether, and the product was obtained after centrifugation and
then dried. The desired product was obtained as a purple solid in
85.0% yield (117.1 mg). Anal. Calcd for C560H336N112O88F96S32Zn14·
4H2O: C, 48.46; H, 2.50; N, 11.30. Found: C, 48.42; H, 2.56; N,
11.24. 1H NMR (CD3CN, 500 MHz): δ 9.59 (24H, s), 9.39 (24H, s),
8.99 (48H, s), 8.96 (24H, d, J = 10.0 Hz), 8.92 (24H, d, J = 5.0 Hz),
8.76 (24H, d, J = 5 Hz), 8.68 (24H, d, J = 5 Hz), 8.45 (24H, t, J = 5
Hz), 8.33 (48H, d, J = 5 Hz), 8.26 (48H, d, J = 5 Hz), 7.97 (24H, t, J
= 5 Hz). 13C NMR (CD3CN, 500 MHz): δ 163.24, 150.84, 148.80,
148.15, 142.82, 140.31, 140.31, 138.47, 135.56, 134.47, 132.38,
128.55, 124.40, 124.21, 123.15, 119.38, 116.75. 19F NMR (CD3CN,
500 MHz): δ 80.15. IR (KBr pellet, ν/cm−1): 1658 (s), 1602 (m),
1527 (s), 1475 (w), 1440 (w), 1402 (w), 1348 (s), 1197 (vs), 1135
(s), 1054 (s), 997 (m), 904 (w), 856 (w), 798 (w), 758 (w), 738 (w),
655 (w), 613 (w), 570 (w), 509 (w). ESI-MS: m/z 781.96
([Zn8(L2)6(NTf2)3]

13+), 870.45 ([Zn8(L2)6(NTf2)4]
12+), 975.12

([Zn8(L2)6(NTf2)5]
11+), 1100.33 ([Zn8(L2)6(NTf2)6]

10+), 1253.91
([Zn8(L2)6(NTf2)7]

9+), 1445.63 ([Zn8(L2)6(NTf2)8]
8+), 1692.28

([Zn8(L2)6(NTf2)9]
7+).

General Procedure for the Cage-Based Catalysis. To a
solvent mixture of CH3CN and DMF [3:1 (v/v), 4 mL] were added
CH3CN stock solutions of NAI (12 mM), PC (18 mM), and biphenyl
(5 mM solution) and Zn-1 (21.1 mg, 0.5 mM) or Zn-2 (27.7 mg, 0.5
mM). The mixture solution was stirred at 50 °C for 12 h. At various
times, an aliquot (50 μL) was taken from the solution and added to
diethyl ether (1 mL), which was then passed through a filter
membrane (0.22 mm) to remove the catalyst. The formation of
products was monitored by gas chromatography (GC) relative to an
internal standard (biphenyl). The pure products were obtained using
column chromatography and characterized using 1H and 13C NMR.
General Procedure for Examination of the Multiple Turn-

over Catalysis. To a solution of 0.5 mM of each cage in CH3CN/
DMF (3:1 in volume), we added several successive portions of NAI
(20 mM) and 2-PC (30 mM), stirring each one for 12 h at 50 °C
before adding the next portion.
Molecular Simulations. DFT-based calculations, with the full-

electron Gaussian-type basis sets developed by Collins and Hehre for
C, N, and H atoms48,49 together with Los Alamos effective core
potentials developed by Hay, Wadt, and co-workers,50−52 in
conjunction with the B3LYP functional,53,54 as implemented in
Gaussian 16, revision A03,55 were performed to understand the
mechanisms for the acyl-transfer reactions.
Host−Guest Chemistry Studied Using UV−Vis Spectrosco-

py. A solution of Zn-1 or Zn-2 in CH3CN/DMF (3:1 in volume; 3
mL, 0.5 or 0.25 μM) was transferred to a cuvette. Small aliquots of the
guest solution were titrated into the cuvette. The experiment was
performed at room temperature. Using nonlinear analysis with the
DynaFit program (Biokin Software),56 the binding equation derived
for a 1:1 model (noncooperative model) was then fitted to the data
obtained from the UV−vis titration.
Crystallography. The X-ray intensities of the complexes were

collected on a Bruker SMART APEX CCD diffractometer with
graphite-monochromated Mo Kα (λ = 0.71073 Å) using the SMART
and SAINT programs.57,58 The structures were solved by direct
methods and refined on F2 by full-matrix least-squares methods with
SHELXTL-2018.59

Crys ta l Data fo r Zn-1 . C47 4H3 9 4F 4 8N7 8O6 6S 1 6Zn1 4
[Zn8(C68H44N12Zn)6·16CF3SO3·6C3NOH7·8C4H10O·4H2O], M =
10578.8, tetragonal, space group P4/n, black block, a = 34.401(5)
Å, b = 34.401(5) Å, c = 27.321(4) Å, β = 90°, V = 32333(8) Å3, Z = 2,
Dc = 1.087 g cm−3, μ(Mo Kα) = 0.633 mm−1, T = 200(2) K, 28190
unique reflections [Rint = 0.0566], final R1 [with I > 2σ(I)] = 0.0997,
wR2 (all data) = 0.2624 for 2θ = 50°, CCDC 2015811.

In the structural refinement of Zn-1, the non-H atoms were refined
anisotropically and the H atoms were fixed geometrically at calculated
distances and allowed to ride on the parent non-H atoms. The highly
disordered state of the incorporated molecule solvents meant that lots
of them could not be located, and hence in the final refinement, the
electron density was treated with the SQUEEZE routine in the
PLATON program package. The Zn center atoms and some of the C
and N atoms in the porphyrin rings and several pyridine rings were
disordered into two parts, with the s.o.f. of each part being refined
using a free variable. To assist in the stability of the refinements,
several restraints were applied: (1) Geometrical constraints of
idealized regular polygons for the disordered pyridine rings in the
ligand and coordinated DMF molecules were used. (2) Lots of atoms
in the CF3SO3

− anions were disordered, with the s.o.f. being fixed at
suitable value. Many of the respective bond distances in the CF3SO3

−

anions and the solvent diethyl ether molecules were restrained to the
idealized geometry. (3) The thermal parameters on adjacent atoms in
some of the CF3SO3

− anions were restrained to be similar. The A and
B alerts in CheckCif were caused by the poor quality of the crystal
resulting in weak diffraction intensities and the presence of disordered
coordinated and free solvent molecules.
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