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Coordination cages with intrinsic enzyme-like activity are a class of promising catalysts for improving the efficiency of organic
reactions. We present herein a viable strategy to conveniently construct multimetallic active sites into a coordination cage via
self-assembly of a pre-formed sulfonylcalix[4]arene-based tetranuclear copper(Il) precursor and an amino-functionalized di-
carboxylate linker. The cage exhibits a “defective”, partially open cylindrical structure and features coordinatively labile
dimetallic Cu(Il) sites. Modulated by this unique inner cavity environment, promising catalytic activity toward selective
oxidation of primary alcohols to carboxylic acids at room temperature is achieved. Mechanistic studies reveal that the co-
ordinatively labile dimetallic Cu(II) sites can efficiently capture and activate the substrate and oxidant to catalyze the reaction,
while the confined nano-cavity environment modulates substrate binding and enhances the catalytic turnover. This study
provides a new approach to designing biomimetic multifunctional coordination cages and environmentally friendly supramo-

lecular catalysts.
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1 Introduction

As a fundamental reaction in organic chemistry, oxidation of
primary alcohols to carboxylic acids is considered as one of
the most important processes in industrial manufacturing and
of particular relevance in the preparation of biopharmaceu-
tical intermediates [1,2]. Strong oxidants, such as Jones re-
agent or KMnO,, are commonly and widely used to achieve
such transformations, but they result in some serious pro-
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blems, such as harsh reaction condition, poor reaction se-
lectivity (e.g., indiscriminate- or over-oxidation), compli-
cated post-processing, and potential environmental hazards.
To circumvent these issues, metal-based catalysts combined
with milder oxidants (e.g., sodium hypochlorite, hydrogen
peroxide, tert-butyl hydroperoxide) have been developed [3—
7], though limitations persist due to the use of precious
metals, high reaction temperature, and other additional
stringent requirements in these alternative methods. There-
fore, the development of highly efficient, environmentally
friendly, and low-cost catalysts for selective alcohol oxida-
tion remains an attractive but challenging task.
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Supramolecular architectures with intrinsic enzyme-like
activity have attracted considerable attention owing to their
uniquely tunable catalytic activity and their potential appli-
cations in chemical transformations relevant to biomedicine,
industrial manufacturing, and environmental remediation [8—
12]. Coordination cages, a particular type of supramolecular
assemblies that are sustained by coordination bonds between
metal centers and organic linkers, have shown excellent
potential in imitating enzymatic catalysis thanks to their re-
stricted nanocavity microenvironment and synergistic che-
mical functionalities tunable through modification to the
metal ions and/or the organic linkers [13—20]. A common
approach to introducing catalytic moieties to a coordination
cage is via covalent modification of the organic linker, which
may require tedious or even impractical synthetic protocols
that are incompatible with the cage structure [21]. By con-
trast, incorporating open metal sites into the coordination
cages could be a more effective approach to constructing
suitable catalytic sites. Indeed, generating open metal sites
has become a widely adopted strategy to functionalize metal-
organic frameworks (MOFs) and obtain catalytic activity
[22,23], although such studies are often limited to Lewis-
acid-based catalysis. Notably, this strategy has not yet been
fully understood within the context of coordination cages.
Several recent examples of coordination cages [24—26] with
structural “defects” suggest that deliberate removal of one or
more organic linkers in a coordination cage not only leads to
large pore opening, which facilitates substrate/product ex-
change, but also generates coordinatively labile metal site(s)
suitable for catalysis.

To this end, we report herein the rational design of a copper
(IT) coordination cage (1, Scheme 1) with exceptional bio-
mimetic catalysis towards selective oxidation of primary
alcohols. Coordination cages constructed from M,(1-X)
tetranuclear units (where M is a divalent metal ion and X can
be CI” or O*) capped by sulfonylcalix[4]arenes and linked
by polydentate carboxylate ligands represent a unique family
of supramolecular host molecules [27-35]. Although an ar-
ray of divalent metal ions, including Co(II), Ni(Il), Zn(II),
and Mg(II), have been utilized to construct these coordina-
tion cages, we reasoned that choice of Cu(Il) could present a
unique entry into the design of biomimetic catalysts for al-
cohol oxidation. Coordination cage 1 was assembled from
the reaction of a Cu,TBSC (TBSC = p-tert-butylsulfo-
nylcalix[4]arene) tetranuclear precursor and an amine-con-
taining dicarboxylate linker (Scheme 1). Cage 1 features
multifunctional characteristics desired for a biomimetic
catalyst, including coordinatively labile Cu’” centers, Lewis-
basic -NH- sites, and a well-defined cylindrical endo cavity
with a large opening to accommodate substrate/product ex-
change. Indeed, cage 1 showed encouraging attributes as a
highly efficient, selective, and green catalyst for the oxida-
tion of primary alcohols to carboxylic acids, achieving the
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Scheme 1 Self-assemblies of Cu,TBSC precursor and coordination cage
1 (color online).

oxidation cleanly and selectively under environmentally
benign conditions, namely, at room temperature, use of a
mild oxidant (fert-butyl hydroperoxide, TBHP), and without
any additional additives such as a strong acid or base. The
superb performance of cage 1 for the oxidation of primary
alcohols can be attributed in part to its uniquely tuned
binding characteristics toward the three key molecules in the
reaction sequence, namely, alcohol substrate, aldehyde in-
termediate, and carboxylic acid product, with the binding
affinity descending in the order of alcohol > aldehyde >
carboxylic acid.

2  Experimental

2.1  Synthesis of cage 1

H,L (21.37 mg, 0.075 mmol) and Cu,TBSC precursor
(68.00 mg, ~0.05 mmol) were dissolved in a mixture solvent
of dimethylacetamide (DMA) (5 mL) and methanol (3 mL)
in a glass vial (20-mL capacity). The vial was placed in a
sand bath, which was transferred to a programmable oven
and heated at a rate of 0.5 °C/min from 30 to 100 °C. The
temperature was held at 100 °C for 24 h before the oven was
cooled at a rate of 0.2 °C/min to a final temperature of 30 °C.
Green crystals of 1 were obtained, and isolated by filtration.
After washing with DMF and acetone for five times, the
crystals were soaked in fresh acetone for 3 days during which
the solvent was replenished for five times. The crystals were
then vacuum-dried at 100 °C to give rise to 25.13 mg of
activated material. Yield: 10.47%. FT-IR (KBr): v = 2,959
(m), 1,609 (vs), 1,488 (vs), 1,418 (s), 1,266 (s), 1,135 (m),
1,081 (s), 798 (s), 559 (vs) cm”'. Anal. Caled. for Ci33H 4
CugN,4040Ss: C, 49.91; H, 4.44; N, 1.75%. Found: C, 49.01;
H, 4.20; N, 1.94%.
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2.2 Cage 1-catalyzed oxidation reactions

Aromatic alcohols (0.1 mmol), 70% TBHP solution
(0.5 mmol), and cage 1 (3 mol%) were suspended in CD;CN
(1 mL), which was stirred at room temperature for 12 h.
After the reaction, excess sodium thiosulfate was added to
the solution, and the obtained mixture was then centrifuged
for three times. The supernatant was collected and con-
centrated for 'H nuclear magnetic resonance (IH NMR)
studies to determine the reaction conversion and purity of the
products.

2.3 Recycling performance

After each reaction, 20 mL ether was added to the mixture.
Cage 1 was collected by centrifuge, washed with methanol
and acetone for three times, and soaked in fresh acetone for
2 h. Finally, the collected cage 1 was dried in a vacuum at
60 °C for 12 h, and used for the next cycle of catalytic re-
action.

2.4 Host-guest chemistry

The solution host-guest chemistry was probed using the ul-
traviolet-visible (UV-vis) titration technique. Stock solutions
of the cage 1 were prepared in DMA at a concentration of
~5 % 10 ® M. Then, 10.00 mL of the stock solution was used
to dissolve the samples of benzyl alcohol, benzoic aldehyde,
or benzoic acid, chosen to yield a solution at a concentration
100 times greater than that of the host. Subsequently,
2.00 mL of the cage 1 solution was placed in a 10.0 mm
quartz cell, upon which 0.005-0.2 mL of the benzyl alcohol,
benzoic aldehyde, or benzyl acid solution was added gra-
dually. After each addition, the cell was stoppered and in-
verted, and the UV-vis spectrum was collected (at 25 °C)
after 5 min to ensure complete mixing and reaching equili-
bration. To evaluate the overall binding strength, the titration
results were fitted to the non-linear Hill equation [36,37]:
where A4 (= A — A,) is the change in absorption intensity,
[H], is the initial cage concentration, K, is the association
constant, and 7 is the Hill coefficient. A plot of A4 against
[H], can be used to estimate the values of A4,,,,, 1, and K.

A4 _ KJSTH) 0
Mope  TFKTH],

3 Results and discussion

3.1 Synthesis and structure

Coordination cage 1 was prepared through a two-step reac-
tion as depicted in Scheme 1. The tetranuclear copper(Il)
cluster (Cu,TBSC) was first synthesized from the reaction of
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p-tert-butyl-sulfonylcalix[4]arene (H,TBSC) and Cu(AcO),
in a mixture solvent of chloroform and methanol under reflux
for 6 h. The Cu,TBSC precursor was then combined with a
flexible dicarboxylate ligand (H,L) in a mixture solvent of N,
N'-dimethylacetamide (DMA) and methanol, which was
heated at 100 °C for 24 h to afford the green crystalline
material of 1. The purity of the obtained product 1 was
confirmed by power X-ray diffraction and Fourier transform
IR spectroscopy (Figures S1-S3, Supporting Information
online), while thermogravimetric analysis indicates its ex-
cellent thermal stability (Figures S4 and S5). The oxidation
state of copper in cage 1 are +2 as determined by the XPS
studies (Figures S7-S9).

Slow diffusion of methanol into the DMA solution of
Cu TBSC gave rise to single crystals suitable for single
crystal X-ray diffraction (SCXRD) analysis. As shown in
Figure la, complex Cu,TBSC adopts a C, symmetry and
consists of one deprotonated TBSC, four cu”’ ions, three
acetate anions, one deprotonated methoxide (1,-OCHs;), and
a neutral methanol molecule (1,-OHCH;) substituting the
missing carboxylate linker. There are two coordinatively
distinct types of Cu(Il) ions. In both cases, the copper ions
display an octahedral coordination geometry, and each Cu(II)
ion is coordinated by two phenoxo O atoms and one sulfonyl
O atom from TBSC, and one O atom from the deprotonated
14~-OCHj; Cul is further coordinated with two acetate anions,
while Cu2 is coordinated with one O atom from an acetate
anion and another O atom from u,-OHCHj;. The u,-OHCH;,
on the Cu2 centers is labile and can potentially be removed
through a well-established activation procedure to afford
desired open metal sites [23]. Notably, the deprotonated s4-
OCHj; clearly deviates from the central axis of the Cu, cluster
and positions much closer to the Cu2 active sites, as in-

Figure 1 Crystal structures of Cu,TBSC precursor (a) and cage 1 (b).
Hydrogen atoms are omitted for clarity (color online).
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dicated by the markedly shorter Cu2---O7(u,-OCHj;) dis-
tance (1.954(3) A) than the Cul---O7(u,-OCH,) distance of
2.609(4) A.

The SCXRD analysis revealed that the coordination cage 1
is consisted of two Cu,TBSC tetranuclear clusters adopting
a coordination geometry similar to the precursor. The
Cu,TBSC complexes are linked by three units of the di-
carboxylate linker L that replace the acetate groups, and
coordinated by one edge-bridging solvent molecule (water or
DMA) and one face-bridging deprotonated solvent (OH or
CH;0 ), forming a partially open cylindrical cage [33,38,39]
(Figure 1b). Cage 1 has an outer dimension of ca. 3.0 nm X
l.4nm x 1.4 nm, an inner cavity with a diameter of ca.
1.1 nm, and a large pore opening (ca. 0.9 nm x 0.8 nm). Such
a unique cavity and pore-opening architecture is crucial for
efficient and selective encapsulation of reaction substrates
and exclusion of reaction products, key to accelerating the
catalytic cycle. The size and monodispersity of cage 1 were
further confirmed by transmission electron microscope
(TEM) analysis, which revealed a dimension of ca. 3 nm
(Figure S10), consistent with that revealed by the X-ray
crystal structure analysis.

3.2 Catalytic activity

The tri-functional characteristics of cage 1, including its
Lewis-base NH-sites, unique pore opening, and co-
ordinatively labile Cu(Il) sites, prompted us to reason that it
could serve as a new family of “green” catalysts for alcohol
oxidation [40,41]. The catalytic activity of 1 was examined
against the oxidation of a series of primary alcohols (Scheme
2). After selecting fert-butyl hydroperoxide (TBHP) as the
oxidant and screening the oxidant loading from 3 to 5 equiv.
in different solvents (Tables S2 and S3, Supporting In-
formation online), the optimized catalytic conditions were
found to be 3 mol% of cage 1 and 5 equiv. of TBHP in
acetonitrile at room temperature.

Cage 1 exhibited excellent catalytic activity for the oxi-
dation of benzyl alcohol (2a) to benzoic acid (4a), affording
a high conversion (95% yield, entry 1, Table 1) after 12 h.
Interestingly, substituting benzyl alcohol with the electron-
donating methoxy group (2¢) led to nearly quantitative for-
mation of the carboxylic acid product (99% yield, entry 3,
Table 1). Similarly, primary alcohols with a larger aromatic
substituent such as 1- and 2-naphthylcarbinol (2d and 2e)
also afforded the corresponding carboxylic acid products 4d
and 4e nearly quantitatively (99% vyield, entries 4 and 5,
Table 1). These results indicate that electron-rich substituents
such as methoxy group and extended n-systems likely con-
tribute to strengthening n-- -7 interactions between the cage
(1) and the substrate, thereby enhancing the reaction efficacy
and selectivity. Oxidation of heteroaromatic alcohols such as
2-furanmethanol (2f) and 2-thiophenemethanol (2g) also
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Scheme 2 Reaction scheme of the oxidation reaction and the alcohol
substrates used in this study (color online).

produced the corresponding acid products 4f and 4g, re-
spectively, in good yields (>90%, entries 6 and 7, Table 1).

In stark contrast, substituting benzyl alcohol with the
electron-withdrawing nitro group (2h) gave rise to notably
poorer reactivity and reaction selectivity, affording the al-
dehyde (3h) as the major product (74% yield) and carboxylic
acid (4h) as a minor product (19% yield, entry 8, Table 1).
These findings indicate that the nanocavity of cage 1 is un-
iquely suited for differentiating electron-rich substrates from
electron-deficient ones, promoting a complete oxidation to
the carboxylic acid product only for the former, likely
through stronger n- - -1 interactions between aromatic alcohol
(substrate) and cage 1 (catalyst) (vide infra). Because the
oxidation of alcohols to aldehydes first and then carboxylic
acids is a successive electron loss process, it is reasonable to
anticipate that electron-rich substrates such as 4-methox-
ybenzyl alcohol, 2-furanmethanol and 2-thiophenemethanol
are more poised to be oxidized to carboxylic acid products
than those of electro-deficient substrates such as 4-ni-
trobenzyl alcohol. The importance of &7 interactions in the
selective oxidation was further evidenced by a notable lack
of reactivity for alkyl alcohols such as cyclohexanemethanol
(2i) and 1-octanol (2j), which underwent negligible oxida-
tion reaction in the presence of cage 1 (entries 9 and 10,
Table 1). Thus, supramolecular catalyst 1 exhibits excellent
catalytic selectivity toward different types of primary alco-
hols under mild conditions, wherein the electron-rich aro-
matic primary alcohols can be effectively and fully oxidized
to the corresponding carboxylic acids, while substituting the
substrates with electron-withdrawing or electron-deficient
moieties such as nitro groups led to the corresponding al-
dehydes as major products.

Experiments using the Cu,TBSC precursor as a control
catalyst were also performed to shed light on the importance
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Table 1 Yields for oxidation reaction of alcohols catalyzed by cage 1, Cu,TBSC or ligand dimethyl ester (Me,L)
Yield (%) ¥
1 Cu,TBSC ° Me,L @ Blank
Entry Substrates o o o o o o o JOL
R H RJL()H R RJL()H R H RJL()H R H = 4 o
3 4 3 4 3 4 3
o™
19 4 95 7 <1 <1 <1 <1 <1
2a
o
2° Br 2 97 25 <1 <1 <1 <1 <1
2b
o
30 o 1 99 16 3 <1 <1 <1 <1
2¢
OH
49 <1 99 27 <1 <1 <1 <1 <1
2d
'OH
5° <1 99 32 55 <1 <1 <1 <1
2e
0, OH
6° Y 9 90 <1 <1 <1 <1 <1 <1
2f
S, OH
79 “:/)" 7 92 49 <1 <1 <1 <1 <1
2g
'OH
8¢ o,NJ©A 74 19 52 19 <1 <1 <1 <1
2h
99 Ok <1 <1 <1 <1 <1 <1 <1 <1
2i
OH
109 <1 <1 <1 <1 <1 <1 <1 <1

N

a) Quantified by 'H NMR spectra; b) 3 mol% of 1 was used; ¢) 6 mol% of Cu,TBSC was used; d) 9 mol% of Me,L was used; ¢) reaction time: 12 h;

f) reaction time: 4 h.

of the cage architecture of 1 in the oxidation reactions. As
listed in Table 1, Cu,TBSC showed a notably poorer re-
activity and selectivity, generally giving rise to aldehydes as
the major products in significantly lower yields. Importantly,
no noticeable oxidation products were found when the re-
actions were carried out in the presence of the dimethyl ester
of the linker (Me,L) or in the absence of a catalyst. Taken
together, these findings suggest that the coordinatively labile
copper(I) sites are likely responsible for facilitating the
conversion of alcohols to aldehyde intermediates, while the
unique microenvironment of the endo cavity, and/or the
Lewis-basic —NH sites play a crucial and subtle role in
modulating the further transformation of aldehydes to car-
boxylic acids, since Cu,TBSC possesses similar copper sites
but lacks the bridging linker or endo cavity present in cage 1.

Additional efforts were made to replace TBHP with H,0,
as the oxidant, as the latter is considered a more en-
vironmentally friendly reagent due to its generation of H,O

as the only by-product. As listed in Table S4, the oxidation of
benzyl alcohol (2a) took place in the presence of catalyst 1
and H,0O,, resulting in an even higher reaction selectivity,
and forming exclusively the fully oxidized carboxylic acid
product (4a). It is worth noting that compared with TBHP,
the use of H,0, as the oxidant required a significantly shorter
reaction time (6 vs. 12 h), but much higher (40 vs. 5) equiv. of
the oxidant to achieve a slightly lower yield (81% vs. 95%).
The results indicated that the cage 1 catalyst system is sui-
table for alcohol oxidation under mild condition with choices
of environmentally friendly oxidants.

Another important consideration was to evaluate the re-
cyclability of cage 1 as an alcohol oxidation catalyst. It
should be noted that cage 1 was insoluble in acetonitrile and
thus served as a heterogeneous catalyst. Catalyst 1 was thus
collected by centrifuge after the reaction, rinsed with me-
thanol and acetone, and soaked in fresh acetone for 2 h. The
collected cage 1 material was then reactivated under vacuum
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at 60 °C for 6 h and used for additional cycles of catalytic
reactions. It was found that cage 1 maintained excellent
catalytic activity after at least four cycles of oxidation using
benzyl alcohol (2a) as the substrate (Figure 2a). The stability
of the cage 1 catalyst after four recycles was confirmed by
PXRD, UV-vis and FT-IR spectroscopic analysis (Figures
S11-S13). The excellent recyclability and stability of this
supramolecular catalyst demonstrate its promising applica-
tion in practical settings such as industrial manufacturing.

3.3 Catalytic mechanism

To better understand the catalytic mechanism of the alcohol
oxidation, host-guest binding of cage 1 with the benzyl al-
cohol substrate (2a), benzaldehyde intermediate (3a), and
benzoic acid product (4a) was conducted using UV-vis
spectroscopic titration experiments (Figures S14-S19). The
binding constants of the three guests were calculated by
fitting the titration data to the Hill equation [36] and were
summarized in Table S5. The benzyl alcohol substrate (2a)
exhibited the largest apparent association constant of
(4.17 £ 0.15) x 10" with the Hill coefficient of n = 2.40,
suggesting relatively strong and positively cooperative
binding between 2a and 1. The binding affinity between
benzoic aldehyde (3a) and 1 was calculated to be
(2.51 £0.27) x 104, notably lower than that of alcohol sub-
strate 2a but higher than that of benzoic acid (4a), which was
calculated to be (1.54 + 0.56) x 10", These results indicate
that the reaction substrate was able to access the inner cavity
in a competitively favorable manner, contributing to in-
creasing the local concentration of the substrate and pro-
moting the reaction. On the other hand, since the fully
oxidized carboxylic acid as the formed product appears to be
the weakest guest, it can be envisioned to be readily re-
plenished by the alcohol substrate, resulting in accelerated
catalytic turnovers.

As illustrated in the crystal structure (Figure 1b), cage 1
possesses coordinatively labile copper sites that could be
beneficial for immobilizing and activating the reaction sub-
strate and the oxidant. The interaction models between cage
1 and substrate benzyl alcohol (2a) or oxidant TBHP were
simulated using the density functional theory (DFT) calcu-
lations based on the PBEO [42] functional and the DFT-D3
dispersion correction with Becke-Jonson damping [43]. As
shown in the optimized structures (Figure 2b and Figure
S20), the benzyl alcohol (2a) binds to cage 1 through the two
coordinatively labile copper ions in an edge-bridging fashion
to form a 2a@1 complex. Notably, the benzene ring of
substrate 2a adopts two possible orientations, one in parallel
with an aromatic ring of TBSC unit (Figure 2b) and the other
extended into the inner cavity and in parallel with an aro-
matic ring of the linker (Figure S20). The 2a@]1 complex is
thus stabilized through n---7 interactions between the ben-
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Figure 2 (a) Recycling performance of cage 1 for oxidizing benzyl al-
cohol (2a) into benzoic acid (3a). (b) Structural model obtained from the
computational studies suggesting benzyl alcohol (2a) binding to cage 1
with the benzene ring of substrate 2a in parallel to the surface of TBSC
ligand. (c) EPR spectra of the mixture of 1 + DMPO (blue line), 1 + TBHP
+ DMPO (red line), and TBHP + DMPO (black line) in CH;CN. (d) Time-
dependent reaction profiles for oxidation of benzyl alcohol catalyzed with
1. Yields were determined by 'H NMR (color online).

zene rings of 2a and TBSC or L ligands. The oxidant TBHP
is also a suitable guest that binds to the Cu, cluster in an
edge-bridging manner with the fer#-butyl unit pointing inside
the inner cavity of cage 1 (Figure S21). Such interactions are
conducive to the generation of reactive species via the open
copper active sites, thus facilitating subsequent oxidation
reaction. A substantive evidence supporting the notion that
cage 1 encapsulates and stabilizes reactive species came
from an electron paramagnetic resonance (EPR) spectro-
scopic study, which captured a snapshot of the transient tert-
butylperoxy radical (derived from the decomposition of
TBHP) arrested by cage 1 catalyst in the presence of the
known radical-trapping reagent 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) (Figure 2c). Taking into consideration the
catalytic reactivity of the Cu,TBSC precursor (Table 1), it
was evident that the pre-designed coordinatively labile
Cu(II) sites play a crucial role in the catalytic oxidation re-
action of alcohol into aldehyde.

To shed further light on the catalytic pathway, the kinetics
of the oxidation reactions were studied (Figure 2d and Fig-
ures S22—-S28). As shown in Figure 2d, the time-dependent
reaction profiles of benzyl alcohol (2a) oxidation catalyzed
by cage 1 revealed that the oxidation reaction proceeds im-
mediately, giving rise to both benzoic acid (4a) and ben-
zaldehyde (3a) at a ratio of ca. 3:1 within the first 2 h,
suggesting that complete oxidation of alcohol to the acid
took place through the aldehyde intermediate. A con-
tinuously rapid formation of carboxylic acid product ac-
companied by a somewhat constant level of the aldehyde was
observed within 3—6 h. With continuous consumption of the
aldehyde intermediate, the formation of benzoic acid (4a)
further progressed after 6 h, resulting in the exclusive pro-
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duction of product 4a in 95% yield after 9 h. The kinetic
studies thus confirmed the catalytic oxidation pathway of
transformation from alcohol to aldehyde, and then the final
carboxylic acid product.

The importance of the inner cavity was clearly demon-
strated by comparing the oxidation reactivity of cage 1 to that
of Cu,TBSC precursor (vide supra). While the use of cage 1
produced almost exclusively the fully oxidized carboxylic
acid products, Cuy,TBSC mainly afforded the partially oxi-
dized aldehydes. Compared with cage 1, Cu,TBSC pos-
sesses a nearly identical tetranuclear architecture with
similar copper(Il) sites, but lacks an “inner” cavity sur-
rounding the Cuy(u,-O) functional units. Therefore, it is not
untenable to conclude that the microenvironment of the inner
cavity in cage 1 was crucial in modulating the complete
oxidation of aldehyde intermediates into the carboxylic acid
products.

Based on the above discussion, a plausible mechanism for
the cage 1-catalyzed alcohol oxidation is proposed and
shown in Scheme 3. An initial step involves the alcohol
substrate and TBHP simultaneously interacting with the Cu,
clusters, likely on opposing sides, which activates both and
generates the benzyloxy anion and fert-butylperoxy radicals,
respectively, by the copper active sites. These activated
species are temporarily trapped and accumulated inside the
inner cavity of cage 1 to allow the initial oxidation of the
alcohol to the aldehyde to proceed. The aldehyde inter-
mediate is subsequently oxidized by a second fert-butylper-
oxy radical within the inner cavity, giving rise to the desired
carboxylic acid product which is subsequently rejected from
the inner cavity due to the competition from the alcohol
substrate and/or aldehyde intermediate as a result of its lower
binding affinity with cage 1 than that of the latter two.

4 Conclusions

We have demonstrated the design of a supramolecular cat-
alyst that exhibits exciting characteristics for selective al-

OH Bu'OOH
Ar «

oy 7~ TS

Bu'OH

HOOBut

Bu‘()()

Bu'OOH

Bu'OH
H,0
~—

Scheme 3 Proposed mechanism for the oxidation reaction of primary
alcohols catalyzed by 1 (color online).
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cohol oxidation. The new catalyst is based on a coordination
cage (1) assembled from a pre-formed sulfonylcalix[4]arene-
supported tetranuclear copper(Il) cluster (Cu,TBSC). Cage
1 exhibits a trademark multi-functional characteristic, re-
miniscent of a typical enzyme active site. It adopts an unu-
sual “defective” cylindrical topology, characterized by an
inner cavity that is surrounded by aromatic walls but features
a wide pore opening due to a missing carboxylic linker. In
addition to the potentially beneficial Lewis-basic —NH sites,
cage 1 contains catalytically active dimetallic Cu(II) centers
serving as an anchoring point for immobilizing and activat-
ing both the alcohol substrate and the oxidant. Taking ad-
vantage of these unique structural characteristics, cage 1
shows excellent and selective catalytic activity towards the
oxidation of primary alcohols to carboxylic acids. We an-
ticipate that this new family of coordination cages may find a
broader range of synthetic applications as green and biomi-
metic-based supramolecular catalysts.
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