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Abstract: The self-assembly of a diamondoid woven supramolecular
metal organic framework wSMOF-1 has been achieved from
intertwined [Ru(tpy).]?* (tpy = 2,2',6’,2"-terpyridine) complex M1 and
cucurbit[8]uril (CBJ[8]) in water through the encapsulation of CB[8] for
intermolecular dimers formed by the appended aromatic arms of M1.
wSMOF-1 exhibits ordered pore periodicity in both water and the solid
state, which is confirmed by a combination of *H NMR spectroscopy,
UV-vis absorption, isothermal titration calorimetry, dynamic light
scattering, small angle X-ray scattering and selected area electron
diffraction experiments. The new woven framework has a pore
aperture of 2.1 nm, which allows for the free access of both secondary
and primary alcohols and tert-butyl hydroperoxide (TBHP). Compared
with control molecule [Ru(tpy).]Cl», the [Ru(tpy)2]** unit of WSMOF-1
exhibits a remarkably higher heterogeneous catalysis activity for the
oxidation of alcohols by TBHP in n-hexane. For the oxidation of 1-
phenylethan-1-ol, the yield of acetophenone was increased from 10%
to 95%.

Introduction

Metal organic frameworks (MOFs) represent a family of regularly
porous materials that consist of metal ions or clusters and bridging
organic linkers. The physical and chemical properties of MOFs
are, to a considerable extent, dictated by the tunable porosity of
the frameworks and the nature of the metal ions or clusters.
Typically, the porosity endows the frameworks with remarkably
amplified surface to allow for rapid, reversible entrance and exit
of specific guests, >3 while the metal ions or clusters at the nodes
provide periodically orientated sites for applications in, such as,
catalysis, sensing and imaging,® or drug delivery.®! Following
the reticular chemistry principles, MOFs are typically constructed
by connecting metal ions with rigid bi- or multitopic molecular
linkers. To expand the structural library of MOFs, several groups
have reported the preparation of elegant interwoven MOFs
through the crystallization of rationally designed coordination
polymers.l However, assembling well-defined supramolecular
polymers by weaving remains  challenging,’® and weaving in
extended regular metal organic structures in solution is
unexplored.

Cucurbit[8]uril (CB[8])-encapsulation-enhanced dimerization
of aromatic units represents a robust approach for the
construction of supramolecular polymers in water.® Through the
co-assembly of preorganized multitopic molecular components
and CBJ[8], we and other groups have constructed a variety of
well-ordered two- and three-dimensional supramolecular organic
frameworks  (SOFs).'%  Previously, we reported that
[Ru(bpy)s]?*(bpy: 2,2-bipyridine)-derived hexatopic components
interact with CB[8] to form porous MOF and SOF hybrids,*!! the
[Ru(bpy)s]** of which exhibited enhanced electron-donating
capacity upon photoexcitation for the reduction of protons to
hydrogen. We here describe the first example of the
supramolecular strategy for the synthesis of woven metal organic
frameworks in water from an intertwined [Ru(tpy).]** complex M1
and CB[8]. We demonstrate that the regular arrangement of the
[Ru(tpy)2]?* units in the new woven supramolecular metal organic
framework wSMOF-1 leads to an important cage effect which
remarkably increases their catalytic activity for the oxidation of
primary and secondary alcohols.

Results and Discussion

To achieve the interweaving topology, ditopic terpyridine
compound 3 was first prepared in 62% yield from the coupling
reaction of compounds 1 and 2 (Scheme 1). Compound 3 was
then reacted with ruthenium(DMSO) chloride to afford the
tetratopic, water-soluble ruthenium complex M1 in 92% yield.
Molecular modelling showed that the aromatic backbone of the
two ligands had an angle of intersection of 96.2° (Figure S1), while
the whole complex produced a tetrahedral shape. The crystal
structure (CCDC number: 1969587) of the complex between
CB[8] and control C1,! which was prepared from the coupling
reaction of 2 and 3-aminopyridine 4 (Scheme 1), confirmed a 1:2
binding motif with CB[8] encapsulating the anti-parallel 4-
phenylpyiridinium dimer (Figure S2). *H NMR spectra in D,O
supported that this 1:2 binding stoichiometry also existed between
C1 and CBJ8] in solution (Figure S3). In the presence of 2
equivalents of CB[8], the signals of free Cl1 disappeared
completely, while the complex gave rise to a set of signals of high
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resolution for C1, which indicated selective formation of the
expected three-component complex. Adding CB[8] to the solution
of M1 in D,O caused rapid decrease of the resolution of the
signals of M1 in the *H NMR spectra (Figure S4). With the addition
of 2 equivalents of CB[8], the signals in the downfield area nearly
disappeared completely, which is diagnostic of the formation of
supramolecular polymers. Adding CB[8] to the solution of M1 in
water also caused considerable hypochromism of the strongest
absorption band of M1 around 312 nm (Figure S5). This intensity
change was dependent on the [CB[8]]/[M1] ratio, which displayed
a clear inflection at [CB[8])/[M1] = 2. This observation further
confirmed the 2:1 binding stoichiometry between the 4-
phenylpyridinium units of M1 and CB[8]. Isothermal titration
calorimetry afforded an apparent binding constant (K,) of 4.0 x
10* M2 for this three-component complex (Figure S6), which was
substantially higher than that of complex [C1],CCBI[8] (1.4 x 10%°
M-2) (Figure S6). This difference clearly supported the presence
of significant multivalence for the binding between the appended
aromatic arms of M1 and CB[8].1*®] Dynamic light scattering (DLS)
experiments revealed that the 1:2 solution of M1 and CB[8] in
water formed large aggregates, with the hydrodynamic diameter
(Dy) ranging from 80 nm to 142 nm within the concentration range
of 6 uM to 1.0 mM for M1 (Figure S7). In contrast, the solution of
M1 (1.0 mM) and the 2:1 solution of C1 (4.0 mM) and CBI8]
formed much smaller aggregates, with Dy being 4.8 or 3.1 nm,
respectively (Figure S7). These results again supported that the
1:2 mixture of M1 and CBJ[8] afforded larger, extended
supramolecular entities (Scheme 1).
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Scheme 1. The self-assembly of woven wSMOF-1 and the preparation of C1.

The synchrotron small-angle X-ray scattering (SAXS) profile of

the 1:2 solution of M1 (1.0 mM) and CB[8] in water gave rise to a
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broad, but conspicuous peak around 1.8 nm (Figure 1a), which
matched well with the calculated {202} spacing (1.8 nm) of the
simulated woven supramolecular metal organic framework
WSMOF-1 (Scheme 1).4 Upon slow evaporation, wSMOF-1
precipitated as microcrystals. The synchrotron SAXS profile of the
microcrystals displayed three sharper peaks, which centred at 2.0,
2.2 and 2.3 nm (Figure 1b), respectively, and correlated well with
the calculated {211}, {201} and {200} spacings of wSMOF-1. The
{211} and {200} spacings were also observed on the 2D profile
(Figure 1b, inset). These observations supported that wSMOF-1
formed the periodic woven structure in both water and the solid
state. Transmission electron microscope (TEM) with the selected
area electron diffraction (SAED) also confirmed the formation of
the microcrystals, as the SAED pattern, that is, 1.8 nm for the
{202} lattice spacing, was identical to the simulated value (1.8 nm).
(Figure 1c). Elemental mapping analysis of the microcrystals
further confirmed the composition of the C, N, O, Ru and ClI
elements (Figure S8). Thermogravimetric analysis showed that
wSMOF-1 microcrystals had a good thermostability at up to
350 °C (Figure S9).
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Figure 1. (a) Solution phase synchrotron SAXS profile of WSMOF-1 ((M1] = 1.0
mM) in water, (b) synchrotron SAXS profile of wSMOF-1 microcrystals (inset:
2D profile), and (c) TEM image of the microcrystal with the SAED pattern.

Structural modelling revealed that the diamondoid structure of
wSMOF-1 had a void volume of 78%, and the aperture, defined
by six CB[8] macrocycles that formed a chair cyclohexane-like
ring, was calculated to be about 2.1 nm. The [Ru(tpy).]?* complex
is a well-known chromophore, but cannot function as an efficient
photocatalyst due to its very short luminescent lifetime.[*® Since
the [Ru(tpy)2]?* units in wSMOF-1 formed regular adamantane-
like cages, we further investigated its potential as a catalyst
through the possible cage enhancement effect.!% As a proof of
concept, we first chose to investigate the heterogeneous
oxidation of secondary alcohols to the corresponding ketones, an
important chemical transformation which can be realized using
dyad photocatalysts where one or more [Ru(tpy),]** units are
attached to a [Ru(tpy)(bpy)CI]* (bpy: 2,2’-bipyridine) catalytic
unit.l7 All the reactions were conducted in n-hexane, with tert-
butyl hydroperoxide (TBHP) as the oxidant in the presence of
wSMOF-1 microcrystalls with the molar amount of the [Ru(tpy)2]**
units equaling 0.1 mole% of the substrates (Table 1). wSMOF-1
was insoluble in nonpolar n-hexane, which was simply revealed
by the fact that n-hexane containing the suspended wSMOF-1
solid was colorless. Gas chromatography (GC) showed that all
the studied alcohols 5a-j were consumed completely within 3 h
and the corresponding ketone products 6a-j were obtained in
excellent yields (92-95%), regardless of the existence of the
electron-donating (entry 2) or withdrawing substituents (entries 3-
5). With [Ru(tpy)2]Cl. (0.1 mole%) as the heterogeneous control
catalyst, after 3 h, GC analysis showed that ketones 6a-i were
obtained in a very low yield (Table 1), and most of the substrates
were not converted. The highest yield (10%) of the ketone product
6a was obtained from the oxidation of 5a. The oxidation of 5a with
M1 (0.1 mole%) as control heterogeneous catalyst was also
conducted, which afforded 6a in 6% vyield. All these results
supported that the Ru?* complexes of wSMOF-1 exhibited a
significant cage effect through regular arrangement in the three-
dimensional space. Compared with [Ru(tpy).]Cl,, wSMOF-1 with
the same molar amount of the complex exhibited 9.5-fold (5a) to
31.7-fold (5f) efficiency enhancement. Notably, [Ru(tpy).]Cl, did
not cause observable oxidation of 5j after 3 h. In the absence of
wSMOF-1 or [Ru(tpy):]Cl;, the above oxidation reactions did not
take place. For wSMOF-1-catalyzed reaction of 5a that was
conducted in a darkroom, where indoor light was completely
shielded, after 3 h, the alcohol product 6a was obtained in a
comparable yield (93%). This observation showed that the
oxidation reaction was not photoinitiated. Thus, we propose a
tentative mechanism for this reaction that involved the
engagement of a seven-coordinated Ru?* complex intermediate
(Scheme 2), which has been established for many [Ru(tpy)2]**-
mediated photophysical and photochemical processes.'® The
[Ru(tpy)2]?* complexes of wSMOF-1 allowed for the formation of
such unconventional seven-coordinated Ru?* species probably
due to the relatively weak and thus adaptable coordination of the
tpy ligand to the Ru?* ion.*®! The oxidation of 5a was also
performed in cyclohexane, dichloromethane, chloroform,
acetonitrile or N,N-dimethylformamide under the same conditions,
6a was produced in 93%, 88%, 90%, 87% or 86% yield, which
was comparable or slightly lower than that obtained n-hexane.
The catalyst was also insoluble in all these solvents, which was
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evidenced by the fact that the adsorption spectra of the
suspended solution of the catalyst in these solvents did not exhibit
any observable adsorption of the Ru?* complex and thus reflected
the good stability of the catalyst.

Table 1. wSMOF-1-catalyzed oxidation of secondary alcohols®

OH

Y WSMOF-1 (0.1mol%), TBHP (3 equiv) Py
Ar R o Ar R
. n-hexane, 50 °C, 3 h .
5a-j 6a-j
Entry Substrate Product Conv. Yield
5a-j5aj  [%] [9%] [%]"
OH o]
1 ©)\Me 5a @AMG 62 599 95(10)
OH o]
Me Me
OH o]
3 Q)\Me 5¢ /@AMe 6c  >99 94 (4.4)
F F
OH o]
4 O)\Me 5d O)Lm 6d  >99 94 (6.1)
cl oH cl o
5 Q)\Me 5e /@AME 6e  >99 94(6.8)
Br Br
OH o]
6 @2\5 5f @AB of 99 95G0)
OH o]
OH 0
8 @S sh Cé en 799 92077
OH o]
>99 95(9.2
9 ”
10 >99 93 (0)

<7 0
[0 T
< :O
©

&
2

[a] The yields were determined by GC. [b] Values in the brackets are the yields
using [Ru(tpy)2]Cl> (0.1 mole%) as the catalyst.
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Scheme 2. The tentative mechanism for the wSMOF-1-catalyzed oxidation of
5a-j to 6a-j by TBHP. Compound 5a was used as the reactant for illustration.

Given its high catalytic activity, the recyclability of wSMOF-1
was then investigated for the oxidation of 5a. The wSMOF-1
catalyst could be readily recovered by simply centrifuging the
suspension and washing the solid with n-hexane. It was found that,
from ten cycled uses, GC analysis showed that ketone 6a could
be produced in 92-96% yields (Figure 2), which were comparable
to that of the first turn (95%). Given analytical errors, these results
supported that wSMOF-1 fully maintained its catalytic activity
through all the run of the reaction. The catalyst solid recovered
after the tenth run was also subjected to the synchrotron SAXS
measurement. The SAXS profile still gave rise to the peaks that
corresponded to the {200}, {201} and {211} spacings, respectively
(Figure S10), which indicated that the sample maintained its
periodicity and reflected a high stability of the woven
supramolecular architecture.
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Figure 2. Isolated yield of acetophenone 6a from the oxidation of 1-
phenylethanol 5a in n-hexane in the presence of TBHP (3.0 equiv.) and
WSMOF-1 (0.1 mole% relating to [Ru(tpy)2]**) at 50 °C. The reaction time was
3 hours.

The catalysis of WSMOF-1 for the oxidation of primary alcohols
7a-j by TBHP was then further investigated. It was found that
wWSMOF-1 effectively catalyzed the oxidation of all these alcohols
(Scheme 3). Moreover, the reactions occurred also with no need
of the induction of visible light. Under the catalysis of WSMOF-1,

This article is protected by copyright. All rights reserved.



ChemPlusChem

all the ten studied alcohols were oxidized completely within 5 h.
GC analysis indicated that no corresponding aldehydes were
produced in detectable yields. Instead, the reactions gave rise to
tert-butyl benzoperoxoates 8a-j as well as the corresponding
acids 9a-j. The ratios of the two products depended on the
substituent on the benzene ring of the substrates. The oxidation
of 7a, the benzene ring of which was substituent-free, afforded 8a
and 9a in a comparable yield (49%). For 7b and 7c that bear an
electron-donating substituent (Me or MeO) on the benzene ring,
the corresponding acid was obtained as the major product. For
7d-j that had an electron-withdrawing substituent on the benzene
ring, all the reactions afforded tert-butyl benzoperoxoate as the
major product. Although the formation of the acids could not be
inhibited, they could be removed by easily washing the organic
solution with an alkaline solution to afford the benzoperoxoates.
Thus, this wSMOF-1-catalyzed oxidation reaction of benzyl
alcohols by TBHP provides a new approach for the preparation of
benzoperoxoates from primary alcohols.

wSMOF-1 (0.1mol%)

TBHP (3 equiv) o

[e]

Mo, N

. n-hexane, 50 °C, 5 h Ar” 07T B Ar” "OH
7asj 8a-j 9a-j

o
0
Me

8a: 49% (R = O'Bu)
9a: 49% (R =H)

Ar” T OH

OR OR

2.
Q.

MeO
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O,N F
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9d: 17% (R = H)
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Scheme 3. wMOF-1-catalyzed oxidation of primary alcohols 7a-j to produce 8a-
j and 9a-j. The yields were determined by GC.

8j: 83% (R = O'Bu)
9j: 17% (R = H)

In the presence of WSMOF-1, the oxidations of benzaldehyde,
4-methylbenzldehyde ‘and 4-nitrobenzaldehyde by TBHP in n-
hexane were also conducted under the above conditions. The
reactions afforded the corresponding tert-butyl benzoperoxoates
and acids with a ratio comparable with that of the oxidation
products of the related primary alcohols. These results supported
that, for the oxidation of primary alcohols 7a-j, both the tert-butyl
benzoperoxoate and acid products were formed with the
corresponding aldehyde as an intermediate. With [Ru(tpy).]Cl, as
catalyst, the oxidation of 7a-j by TBHP afforded the corresponding
aldehydes in 4-26% vyields (Figure S11). However, no
corresponding tert-butyl benzoperoxoate or acid products were
detected. We thus proposed a tentative mechanism for the
formation of the tert-butyl benzoperoxoates and acids from the
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primary alcohols that also involved the seven coordinated Ru?*
complex intermediates (Figure S12).

Conclusion

In summary, we have constructed a new woven supramolecular
metal organic framework that exhibits ordered pore periodicity in
water as well as the solid state. Weaving the ruthenium
bis(terpyridine) complexes into the supramolecular metal organic
framework leads to a remarkable cage effect through the
introduction of regular pores. As a result, the woven ruthenium
complexes display significantly enhanced catalytic activity for the
oxidation of secondary and primary alcohols. This enhancement
of catalysis activity suggests that transition metal complexes
incorporated in a regular porous framework may accomplish new
properties or functions that are not attained by the simple
prototypic complexes, as reflected by the different products of the
oxidation of aldehydes by the complex in the woven system and
the control complex. Future research will focus on the introduction
of other transition metals into woven frameworks and the design
of new ligands for the development of woven MOFs that exhibit
new topologies and properties as well as dynamic assembly
behavior.
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A woven supramolecular metal organic framework is assembled from an intertwined [Ru(tpy),]** complex and cucurbit[8]uril.
Regularly weaving the [Ru(tpy)z]>* units into the supramolecular metal organic framework leads to a significant cage effect, which
enables the intrinsically low-activity complexes to exhibit remarkably high catalytic activity for the oxidation of primary and secondary
alcohols. For the oxidation of secondary alcohols, the yields of the corresponding ketones can be increased from <10%, obtained

with [Ru(tpy),]>* control, to >92%.
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