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As feedstock chemicals with similar boiling points, cyclohexanol (CHOL) and cyclohexanone (CHON) are
often obtained as mixtures during production processes. Separation of mixed CHOL and CHON s
important but energy-consuming by distillation. Here we report the development of a new macrocycle
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Introduction

Cyclohexanol (CHOL) and cyclohexanone (CHON), precursors for
caprolactam and adipic acid, are vital feedstock chemicals for the
production of nylons. In addition, CHOL serves as an emulsion
stabilizer and a raw material for plasticizers, and CHON is widely
used as a solvent for resins and paints.* Industrial preparations of
CHOL and CHON entail oxidation of cyclohexane or hydrogena-
tion of phenol.> Alternatively, hydration of cyclohexene is devel-
oped to afford CHOL? which can further be converted to CHON
by oxidation (Fig. 1a).* During the above production processes,
CHOL and CHON are inevitably obtained as mixtures, which are
known as KA-oil. Due to very close boiling points, mixed CHOL
and CHON are energy-consuming to purify by distillation,’
thereby the development of alternative methods for separation is
of significant importance.

Recently, macrocycle-based nonporous adaptive crystals
(NACs) have emerged as efficient and selective adsorbents for
mixed organic vapors with similar boiling points.® The high
selectivity of the NAC strategy offers potential for economical
and environmentally friendly separation of organic vapors, and
stems from the deliberately designed macrocycles whose
adaptive skeletons can provide noncovalent interactions to
recognize certain guest molecules. Specifically, successful
examples of NAC materials often employ electron-rich arene-
based macrocycles, functioning as sources for C-H--w
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under mild and user-friendly conditions.

interactions.” Although adsorptions of single-component CHOL
or CHON have been reported using adsorbent materials, their
adsorptive separation remains a challenging goal thus far.® In
view of the functional group difference between CHON and
CHOL, we envisioned that the development of a hybrid mac-
rocycle containing electron-rich arenes and endo hydrogen-
bonding moieties® would be helpful to differentiate these two
molecules during adsorption.

Here we report a novel macrocycle named RhombicArene (1,
Fig. 1b) as an adaptive and selective adsorbent for CHON. The
structural design of the C,-symmetrical 1 features methylene-
bridged para-dimethoxy arenes adopted from pillararenes,' as
well as two octahydrobinaphthol (Hg-BINOL) subunits as
linkers and in-cavity hydrogen-bonding sites." The crystal
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Fig. 1 (a) Preparative routes of cyclohexanol and cyclohexanone. (b)
Molecular design of RhombicArene (1).
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structure reveals a host-guest complex between 1 and CHON
through C-H:---m interactions and hydrogen bonds, demon-
strating the adaptivity of 1 in the crystalline state. The activated
crystals of 1 exhibit rapid, exclusive, and recyclable vapor
adsorption of CHON in the presence of CHOL. Furthermore,
treatment of a CHOL/CHON mixture (98 : 2) with 1 at 30 °C for
just 30 minutes can produce high-purity liquid CHOL (99.7% by
GC analysis) through selective adsorption of CHON, indicating
attractive potential toward efficient and greener purification.

Results and discussion
Synthesis and crystal structure

The concise synthesis of 1 entails three steps from Hg-BINOL,
a widely useful building block, both enantiomers of which are
commercially available.*” Starting with a single enantiomer of Hg-
BINOL, iodination followed by cross-coupling smoothly installed
the electron-rich aryl moieties, affording precursor 2. Initially, the
desired macrocycle 1 was prepared, albeit with low yield,
employing Friedel-Crafts-type condensation between 2 and
paraformaldehyde promoted by Lewis acid (Table S17).** During
the subsequent investigation, examination of the crystal struc-
ture of CHON@1 confirmed the host-guest interactions inside
1's cavity (c¢f Fig. 3¢), which inspired us to revisit the preparation.
We reasoned that a CHON analogue bearing two ketone moieties
could hold two molecules of 2 in proximity, and serve as a non-
covalent template to facilitate the macrocyclization step.**
Indeed, improved yield could be obtained upon addition of 0.5
equivalent of 1,4-cyclohexanedione (Fig. 2a and Table S27). The
overall three-step yield of the macrocycle 1 is 16%.

X-ray crystallographic analysis of 1 confirmed its rhombic-
shaped cavity with the size of 1.0 nm, and indicated four
intramolecular hydrogen bonds within one molecule (Fig. 2b).
The hydrogen bond between each hydroxyl group and the
methoxy group of the adjacent arene moiety could enable the
para-dimethoxy arenes not only to maintain the upright
conformation with enhanced rigidity, but also to adopt the
same orientation because all Hg-BINOL subunits carried single
chiral configuration. The crystal structure of 1 would provide
a clue to explain the unsuccessful macrocyclization employing
racemic precursor 2 (Table S31), which may lead to mismatched
orientations of the para-dimethoxy arenes. Examination of the
molecular packing of 1 in the crystalline state revealed that the
macrocycles adopt two orientations linked by multiple inter-
molecular C-H- -7 interactions (Fig. 2¢). Each unit cell contains
a pair of macrocycles with complementary orientations, and
further packs into staggered layers with brick-wall-like patterns.
Although the neighboring layers block each other along the axes
of the unit cell, long-range channels exist in the diagonal
direction (Fig. 2d).

Single-component vapor adsorption

The crystallized macrocycle 1 was activated by heating at 50 °C
under reduced pressure. The resulting desolvated white powder
was proved to be nonporous, as indicated by its minimal Bru-
nauer-Emmett-Teller (BET) surface area (Fig. S51). Single-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Synthesis of RhombicArene (1). (b) Crystal structure of 1. (c)
Top-view and (d) side-view of molecular packing of 1 in the crystalline
state. Solvents and part of hydrogen atoms were omitted for clarity.

component solid-vapor uptake experiments using activated 1
confirmed the adsorptive capability of CHON, with negligible
adsorption of CHOL even after prolonged time at 30 °C (Fig. 3a
and S67). Notably, it takes less than 30 min for the CHON
adsorption to reach saturation, which is significantly faster
compared to most NAC materials reported to date.*'> Powder X-
ray diffraction analysis (PXRD, Fig. 3b and S7t) revealed the
crystallinity of the activated 1, whose PXRD patterns matched
with the simulated results based on the crystal structure of 1,
suggesting comparable molecular packing modes. Consistent
with the single-component adsorption experiments, the PXRD
patterns of 1 showed little changes after treatment with CHOL
vapor for 3 hours at 30 °C, whereas distinct pattern changes
were observed upon in contact with CHON vapor for 30 min at
the same temperature. Moreover, the new PXRD patterns
resemble the simulated patterns of the crystals of CHON@1,
which were obtained by slow diffusion of diethyl ether into
a cyclohexanone solution of 1.

The crystal structure of CHON@1 showed the formation of
a 1:1 host-guest complex (Fig. 3c). One CHON molecule,
adopting a chair-like conformation, is located inside each cavity
of 1. The host-guest supramolecular structure was stabilized by
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Fig. 3 (a) Time-dependent single-component solid—vapor adsorption
plots of the activated crystals of 1 at 30 °C. (b) PXRD patterns of 1 under
different conditions: (1) simulated from single-crystal structure of 1, (Il)
activated 1, (lll) after treatment with CHOL vapor, (IV) after treatment
with CHON vapor, (V) simulated from single-crystal structure of
CHONa@1. (c) Crystal structure of CHON@1 showing host—guest
interactions. (d) Top-view and (e) side-view of molecular packing of
CHONaG@L in the crystalline state. Solvents and part of hydrogen atoms
were omitted for clarity. (f) Computationally optimized structures for
CHOL@1 and CHON@1.

the hydrogen bond between one of the macrocycle's hydroxyl
groups and the oxygen atom of the ketone, along with multiple
C-H--'w and C-H---O interactions contributed by the para-
dimethoxy arene moieties. Induced by guest inclusion, slight
distortions of the macrocyclic skeleton were observed (Fig. S3
and S47). In addition, CHON@1 exhibits different molecular
packing (Fig. 3d and e) compared to the crystals of 1 by itself,
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demonstrating the adaptive feature of the macrocyclic host.
Besides CHON and macrocycle 1, each unit cell of CHON@1
also contains a Et,0O molecule and a disordered molecule
(which cannot be well resolved, likely another Et,O molecule,
Fig. S4bt) occupying the voids outside the macrocyclic cavity. In
comparison, the vapor adsorption experiments employ the
desolvated solid of 1, in which the voids in the crystalline solid
are unoccupied and available for adsorption.** Such difference
may account for the higher molar ratio of CHON : 1 observed in
the vapor adsorption experiment than in the crystal structure of
CHON@1. Indeed, similar observations regarding the guest/
macrocycle molar ratios have been reported for other NAC
materials in the literature.®®” Accordingly, the preference for
CHON adsorption would be contributed by both interstitial
space and macrocyclic cavities of the adaptive crystals of 1.
While the mechanism at the molecular level for the highly
selective CHON adsorption would warrant future investigation,
the observed similarities between the simulated and experi-
mental PXRD patterns (Fig. 3b) implied the adaptive
morphology transformation as a result of CHON vapor uptake.
The structural details and molecular packing of CHON@1
would, in turn, be helpful to elucidate the noncovalent inter-
actions accompanying CHON adsorption.

In addition, DFT calculation was performed to optimize the
structures of CHOL@1 and CHON@1 (Fig. 3f). Because the
hydroxyl group of CHOL takes an equatorial position of the
chair conformation of the cyclohexane ring, CHOL and CHON
adopt different orientations inside the macrocyclic cavity.
Hence, the DFT-optimized structure of CHOL®@1 indicates
a weaker hydrogen bond (relative to that in CHON@1) with the
O-H---O length of 3.4 A between the hydroxyl group of CHOL
and one of the oxygen atoms located at the macrocycle's Hg-
BINOL subunit. The results indicated that the binding energy of
CHOL®1 is 11.8 k] mol " less than that of CHON@1, which is
thermodynamically consistent with the higher selectivity for
CHON. Additionally, in view of the calculated exothermic CHOL
binding, the observed minimal CHOL adsorption shown in
Fig. 3a may be due to kinetic barriers.

Mixed CHOL/CHON vapor adsorption

Encouraged by the single-component adsorption performance,
we evaluated the capability of 1 as a selective adsorbent for
mixed vapor (Fig. 4a). When subjected to the mixed vapor of
CHOL and CHON at 30 °C (v/v 23 : 77 based on Antoine equa-
tion, Fig. S177),'® the activated crystals of 1 exhibited exclusive
adsorption of CHON, with the purity of >99.9% by GC analysis
of the adsorbed CHON (Fig. 4b and S15%). Time-dependent
vapor uptake plot indicated rapid saturation for CHON with
minimal CHOL adsorption, maintaining the same features of
the single-component adsorptions (Fig. S12t vs. Fig. 3a). In
addition, PXRD analysis of 1 after adsorption of the mixed vapor
also showed resembling patterns compared to those after
single-component adsorption of CHON (Fig. S137). After vapor
adsorption, the activated crystals of 1 could be easily regen-
erated through heating under vacuum, and the recyclability test

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Solid—vapor adsorption for CHOL/CHON mixed vapor
employing activated crystals of 1. (b) Relative contents of CHOL and
CHON adsorbed by 1 at 30 °C after 30 min measured by gas chro-
matography. (c) Recycling performance of 1. (d) Facile purity
enhancement of liquid CHOL after the solid—vapor adsorptive treat-
ment by activated crystals of 1.

of 1 by five adsorption-activation cycles confirmed the robust
separative performance for CHOL/CHON mixed vapor (Fig. 4c).

Since ultra-pure chemicals are of considerable practical and
commercial value, we next investigated the utility of 1 to remove
trace CHON from liquid CHOL through solid-vapor adsorption.
Upon exposure of 98:2 liquid CHOL/CHON (0.05 mL, con-
taining 1.9% CHON impurity) to activated crystals of 1 (9 mg) in
a sealed container at 30 °C, the CHON content dramatically
reduced to 0.3% as revealed by GC analysis (Fig. 4d and S187).
During the experiment, the activated macrocycle 1 does not
directly contact with the liquid CHOL, leading to user-friendly
operations and easy separation of adsorbent. Notably, the
purity enhancement of liquid CHOL could be achieved in 30
minutes, demonstrating the facile and selective CHON
adsorption even at very low CHON content.

Conclusions

In summary, we have designed and synthesized a new macro-
cycle RhombicArene (1). The adaptive cavity of 1 is surrounded
by electron-rich para-dimethoxy arenes and endo hydroxyl
moieties, enabling the host-guest complexation with CHON
through C-H---m interactions and hydrogen bonds, respec-
tively. The activated crystals of 1 have been successfully used as
a highly selective, recyclable, and facile adsorbent for CHON, at
the same time showing minimal adsorption for CHOL. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties and utility of 1 demonstrate the advantages of
macrocycle-based adaptive adsorbent to distinguish organic
vapors with minor structural differences, showing promising
potential for energy-saving separation and high-grade chemical
purification.

Data availability

The crystallographic data for 1 and CHON@1 have been
deposited at CCDC with deposition numbers 2067429 and
2067432, respectively. The data can be obtained via
www.ccdc.cam.ac.uk/structures.
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