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Cyclotetrabenzil Oxime Derivatives
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Dedicated to the memory of Prof. Masahiko lyoda, whose marvelous molecules continue to inspire us.

Cyclotetrabenzil, a shape-persistent macrocyclic octaketone, is
found to undergo eightfold condensation with hydroxylamine
hydrochloride to yield its octaoxime. Subsequent acetylation of
this macrocyclic oxime afforded the corresponding octaoxime
acetate. Single-crystal X-ray diffraction reveals that both new
derivatives assemble into nanotubular structures. However, their
packing differs: the oxime forms hydrogen-bonded tubes that
bundle via included dimethyl sulfoxide (DMSO) molecules,
whereas the acetate—lacking hydrogen-bond donors—forms
more loosely packed tubes with molecules tilted ~54.5° rela-
tive to the tube axis. Gas sorption studies (CO,, G, and G

1. Introduction

Cyclobenzoins!?! are mostly shape-persistent macrocycles which
are readily prepared by a benzoin condensation of aromatic
dialdehydes. Oxidation of the parent cyclotetrabenzoin pro-
duces cyclotetrabenzil octaketone, which has been used as a
component of lithium-ion'® and aluminum!®! batteries, and a
precursor to porous organic polymers!®®l and optoelectronic
materials.!”) Stimulated by the interest in this class of macro-
cycles, we decided to explore the effects of their modification
into oximes. Oximes have recently been used in the preparation
of conductive metal-organic frameworks,"”! in detoxification of
organophosphate reagents,™?! as materials for the removal
of uranium from seawater, ™! and as building blocks for
dynamic chemical networks."! In this contribution, we report
the synthesis of cyclotetrabenzil oxime and its acetate, their
crystal structures, and the investigation of their gas sorption
behavior.
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hydrocarbons) show that cyclotetrabenzil is nonporous, whereas
the oxime and acetate exhibit modest microporosity with BET
surface areas of ~200 m? g~'. Both derivatives display prefer-
ential uptake of propyne over propene and propane, and the
acetate also adsorbs more acetylene than ethylene or ethane.
Nonetheless, these capacities and selectivities are suboptimal for
dynamic separation of C; and C; hydrocarbons. This study illus-
trates how oxime functionalization can modulate macrocyclic
assembly and gas uptake behavior, providing insights for the
design of future porous organic macrocycles.

2. Results and Discussion

Cyclotetrabenzil oxime (2, Scheme 1) was prepared in 49% yield
by an eightfold condensation of cyclotetrabenzil (1)1'7"°! with
hydroxylamine hydrochloride. Subsequent acetylation of 2 with
Ac,0 produced cyclotetrabenzil oxime acetate (3) in 64% yield.
The two compounds were purified by recrystallization from H,0.
Both compounds are white powders, and their spectral informa-
tion is consistent with the structures in Scheme 1; their simple 'H
NMR spectra suggest free rotation of the phenylene rings around
their C1-C4 axes at room temperature. With 2 in hand, we were
intrigued by the possibility of an eightfold Beckmann rearrange-
ment of this material; unfortunately, extensive experimentation
yielded no evidence of rearrangement and only starting material
could be recovered. Thermogravimetric analyses (TGA) of 1-
3 (Figure S7) indicate the onset of decomposition of 2 and 3
at about 60 °C lower temperature than that of octaketone 1;
tentatively, this difference can be attributed to the cleavage of
the relatively weak N—O bonds.

Single crystals of oxime 2 were grown over 2 days by vapor
diffusion of dichloromethane into a 3 mM solution of 2 in a 60:4:5
mixture of acetone, dimethyl sulfoxide (DMSO), and H,0.1%
Oxime 2 crystallizes in P2/c space group with two molecules in
the unit cell, along with two molecules of the DMSO solvent
per molecule of 2; one of these solvent molecules is disordered.
The central macrocycle adopts a roughly square-shaped confor-
mation (Figure 1A), with the planes of the phenylene rings on
the opposite sides of the macrocycle describing angles of 40.1
and 41.7°. The =N—OH groups on the neighboring carbon atoms
are pointing in the opposite directions, and the overall molecule
adopts the --up-down-Ph-down-up-Ph-up-down-Ph-down-up--
conformation of its oxime moieties. No intramolecular hydrogen

© 2025 Wiley-VCH GmbH
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Scheme 1. Synthesis of cyclotetrabenzil oxime derivatives 2 and 3.
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Figure 1. (A) X-ray crystal structure of oxime 2, hydrogen bonded with two
DMSO molecules. (B) Side view of a segment of a hydrogen-bonded
nanotube composed of molecules of 2 (nonpolar hydrogen atoms omitted
for clarity). (C) Four DMSO molecules mediate interactions between the
neighboring nanotubes of 2. (D) Overall crystal packing of 2, shown along
the crystallographic b axis (DMSO molecules omitted for clarity). Element
colors: C—grey, O—red, N—blue, H—white, and S—yellow; hydrogen
bonds are shown with green dashed lines.
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bonding is observed between the oxime groups, but four of
the molecule’s O—H groups hydrogen bond with the solvent
molecules, with [0—H--0=S] distances of 1.77 and 1.87 A (only
two interactions are shown in Figure 1A). On the other hand,
molecules of 2 extensively hydrogen bond with their neighbors.
Two of the oxime O—H groups pointing upward hydrogen bond
with the nitrogen atoms of the neighboring molecule with
[0O—H--N] distances alternating between 2.17 and 2.19 A. The two
downward-pointing O—H groups establish identical hydrogen
bonding pattern with another molecule of 2, resulting in the
overall organization of 2 into hydrogen-bonded nanotubes
(Figure 1B). Three other notable short contacts are observed: the
[C—H--O] interaction between the ortho-hydrogen atom of the
phenylene ring and the oxime oxygen (2.62 A), the [C—H--N]
interaction between the methyl group of the DMSO molecule
and the oxime nitrogen (2.59 A), and the [C—H--S] interaction
between the ortho-hydrogen atom of the phenylene ring and
the DMSO molecule (2.95 A). It is these last two interactions that
mediate connections between the nanotubes of 2 (Figure 1C):
each molecule of DMSO utilizes its methyl group to connect to
one nanotube and its sulfur atom to contact the neighboring
one. At the junction of four nanotubes, four DMSO molecules
mediate the interactions between the nanotubes without any
short contacts between the molecules of 2 from different
nanotubes. The overall square-grid arrangement (Figure 1D) is
thus rather like that of the parent cyclotetrabenzoin,’® but
with the notable difference that cyclotetrabenzoin nanotubes
connected directly to one another through [0—H--O] hydrogen
bonds between the benzoin carbonyl and hydroxy groups.

Single crystals of the oxime acetate 3 were grown over
7 days by vapor diffusion of MeCN into a solution of 2 in
1,2-dichloroethane. Acetate 3 crystallizes in P2,/n space group
with two molecules per unit cell, and without included solvent.
Two of the carbonyl oxygen atoms of the acetate group are
disordered over two positions. The molecule also adopts a
square shape, with the planes of the phenylene rings on the
opposite sides of the macrocycle perfectly parallel (Figure 2A).
Like in 2, the =N—OAc groups on the neighboring carbon
atoms are pointing in the opposite directions. The inability of
3 to engage into hydrogen bonding dramatically changes its
extended packing compared to that observed in 2. Neighbor-
ing molecules of 3 establish two pairs of [C—H--O] contacts
between the ortho-hydrogen atoms of the phenylene rings and
the carbonyl oxygen atoms of the OAc group, with [C—H--O]
distances of 2.48 and 2.66 A. As the =N—OAc groups alternate
in their orientation, these contacts mediate the formation of
nanotubes of molecules of 3 (Figure 2B). Each molecule of
3 is rotated by 54.5° with respect to the nanotube’s running
direction, in contrast to the case of 2 where each molecule’s
average plane was perfectly perpendicular to the nanotube’s
running direction. Neighboring nanotubes run in the antiparallel
directions (Figure 2C), with the shortest contacts between them
being the [(—H--O] interactions with distances of 2.26 and 2.37 A.
The packing diagram of 3 is shown in Figure 2D.

As the crystal structures of 2 and 3 indicated the existence of
internal small voids, and their polar functional groups suggested
the possibility of specific interactions, we next examined their
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Figure 2. (A) X-ray crystal structure of oxime acetate 3. (B) Side view of a
segment of nanotubular arrangement of molecules of 3. (C) Neighboring
nanotubes run in antiparallel directions. (D) Overall crystal packing of 3,
shown along the crystallographic b axis. Element colors: C—grey, O—red,
N—blue, and H—white; [C—H--O] short contacts shown with yellow dashed
lines.

gas sorption behavior. Using CO, as a probe at 195 K, we deter-
mined Brunauer-Emmett-Teller (BET) surface areas of 208.8 m?
g~' for 2 and 1972 m? g~' for 3. Conversely, the precursor
1 was found to be effectively nonporous with a BET surface
area of 19.9 m? g~".2"! For compounds 2 and 3, we therefore
undertook further studies of gas sorption, focusing on CO,, and
light C, hydrocarbons (viz,, ethane, ethylene, and acetylene),
and G hydrocarbons (viz,, propane, propylene, and propyne).
These studies were motivated by the previous observation of
selective inclusion of linear guests along the central cavities of
cyclobenzoin macrocycles.”?! Because of the large number of
hydrogen-bonding groups in the structure of 2, we also tested
the capability of the prepared molecules for water sorption.
It should be noted that powder X-ray diffraction of activated
samples of 2 and 3 (but not 1, see Figures S8-510) indicated some
loss of crystallinity.

Gas sorption isotherms for compound 2 are shown in
Figure 3A-C. No hysteresis profiles were observed in the desorp-
tion cycles for N,, CO,, G, or G hydrocarbon guests. Sorption
isotherms for the three C, hydrocarbons look essentially iden-
tical, while their C; counterparts show the greatest volumetric
sorption of propyne, followed by propene and propane. This
slight preference holds even when different densities of these
gases are considered (propyne—1.83 kg m~3; propylene—1.91 kg
m~3, and propane—2.01 kg m~3) in calculating molar sorption
capacities. This trend is consistent with the sizes of these
gas molecules and the general preference of cyclotetrabenzoin
derivatives for guests with linear groups. However, the selectivity
and the overall gas sorption capacity are suboptimal to render 2
a useful separation platform.
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Isotherms for gas sorption in oxime acetate 3 are shown in
Figure 3D-F. Under cryogenic conditions—195 K for CO, and
77 K for N,—the pores of 3 were found to be accessible only to
CO,, consistent with the physicochemical properties of the two
sorbates. At 195 K, CO, exhibits a type | isotherm, as it is near its
solid-liquid transition point and readily adsorbs into micropores.
In contrast, N, at 77 K is considerably more volatile and interacts
only weakly with narrow-pore physisorbents at that temperature,
leading to negligible adsorption and an apparent nonporous
behavior, an observation akin to several other ultramicroporous
(pore size < 7 A) physisorbents, such as IPM-101,%! SIFSIX-
dps-Cu,'? and SIFSIX-23-CuN.! Despite similar surface areas, 3
shows lower sorption of both C, and C; hydrocarbons compared
to 2. However, unlike 2, acetate 3 shows clear discrimination
between C, hydrocarbons, favoring the triple-bonded acetylene
over ethylene and ethane. The discrimination of C; hydrocarbons
within the pores of 3 follows the same trend already observed
for 2, but with greater apparent preference for propyne. We
speculate that the more constrained apertures of pores of 3
and the strictly parallel orientation of its aromatic “walls” make
its central pore better tuned for the sorption of triple-bonded
guests.

Additional sorption data for the effectively nonporous 1 is
shown in the Supporting Information, Figures S11,512.

The isotherms for the sorption of water vapor in 1-3 are
shown in Figure 4A-C, successively. While a hysteresis is notice-
able in 2, the overall adsorption capacity is slightly under 9%
at 90% relative humidity, consistent with the capture of only
2-3 H,0 molecules per molecule of 2, suggesting hydrophobic
surface-driven water sorption.?®! Likewise, with clear absence of
any pore filling, water sorption in octaketone 1 and acetate 3
is negligible and the hysteresis is minimal, consistent with the
more hydrophobic nature of these two molecules.

3. Conclusion

We have prepared two new cyclotetrabenzil derivatives via a
facile nitrogen-condensation route. Single-crystal X-ray diffrac-
tion reveals that both macrocycles assemble into nanotubular
structures reminiscent of the parent cyclotetrabenzoin, albeit
sustained by distinct noncovalent interactions. These findings
highlight how subtle functional-group modifications can sig-
nificantly influence the supramolecular assembly of shape-
persistent macrocycles, and in turn affect their gas sorption
selectivities. Building on these insights, ongoing studies will
explore the dynamic nature of the oxime bond and strategies
to stabilize individual nanotubes of 2. The results of these
investigations will be reported in due course.

Supporting Information

Synthetic procedures, crystallographic, and gas sorption analysis
details.[”?
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Figure 3. (A and D) N, (blue) and CO, (red) sorption isotherms for compounds 2 (A) and 3 (D). (B and E) Isotherms for the sorption of CO, (red) and C,
hydrocarbons (orange—acetylene, navy—ethylene, and green—ethane) in 2 (B) and 3 (E). (C and F) Isotherms for the sorption of C;3 hydrocarbons (dark
red—propyne, orange—propylene, and green—propane) in 2 (C) and 3 (F). Unless otherwise specified, all isotherms were recorded at 298 K. Closed and
open symbols denote adsorption and desorption, respectively.
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