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Macrocyclisation of the upper-rim distal disubstituted bromomethylene calix[4]arene derivative proceeds
spontaneously on a silica gel due to the spatial proximity of two reaction centers, affording the formation
of a bridged calixarene derivative. Due to the short span of the bridge, the product represents an extreme

Received 12th April 2024, example of calix[4larenes fixed in the pinched cone conformation with two aromatic rings steeply inclined

Accepted 13th June 2024 into the center of the calixarene cavity. Dynamic NMR spectroscopy was used to investigate the
DOI: 10.1039/d4nj01698 temperature-dependent rocking motion of the bridgehead and thermochemical parameters of this motion

were determined experimentally, as well as estimated using computational methods. Mass spectrometry
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Introduction

Calixarenes are well known easily accessible macrocycles com-
prising several aromatic units interconnected by methylene
bridges'” The number of aromatic units can vary, with the
smallest calix[4]arene consisting of just four aromatic units.
Due to the presence of the hydrophobic cavity inside the
macrocycle and the possibility to attach ligands to the hydroxyl
groups on the lower rim, calixarenes have been widely explored
as host molecules, and proved to serve as successful building
blocks in supramolecular chemistry in particular for the con-
struction of molecular recognition systems of different types
and purposes.®®

Calix[4]arenes are known to exist in four different conforma-
tions, cone, partial cone, 1,2-alternate, and 1,3-alternate,” depend-
ing on the relative orientations of hydroxyl groups on the aromatic
units. Interconversion between these four conformations occurs
for the unprotected calix[4]arenes spontaneously at room tempera-
ture in solution, but can be hindered by the installation of
protective groups on the hydroxyls of the lower rim. Since the
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was employed to study the upper rim macrocyclization reaction in the gas phase.

backbone of calix[4]arene consist of four identical structural ele-
ments, it may be assumed that calix[4]arene should demonstrate a
four-fold rotational symmetry. However, calix[4]arenes with four
identically substituted HO-groups are desymmetrized due to the
steric congestion of the R-groups and exist in two degenerate
interconverting pinched cone conformations (Scheme 1), in which
a pair of two opposite aromatic rings is almost parallel or even
pinched into the inner cavity, whereas the two other aromatic rings
are widely open and tilt outside.” ™"

This conformational behavior leads to the situation where the
1,3-distal positions (two opposite para-positions, or 5,17-
positions according to the standard calix[4]arene numbering
scheme) on the upper calix[4]arene rim may come into the close
proximity with each other. This leads to surprisingly fast and
efficient macrocyclization reactions with the formation of upper
rim bridged calixarene derivatives. In particular, it was reported
that 5,17-bis-hydroxymethyl calix[4]arene undergos facile macro-
cyclization by the formation of -CH,OCH,- bridges between two
hydroxymethyl groups. First instances of this macrocyclization
reaction were reported almost three decades ago,">™* reporting
formation of the products, differing from each other by the
nature of the R-groups on the lower rim. Two such derivatives
were characterized, but their molecular geometries and dynamic
behavior have never been investigated in detail. In a report
published in 2008 it was demonstrated that such a macrocycliza-
tion on the upper rim may indeed be a very efficient reaction.'® It
was shown that the upper rim short ether bridge formation is
much preferred to both the formation of derivatives with longer
bridges and the oligomerization of several calix[4]arene mono-
mer units into larger oligomeric calixarene macrocycles. Such
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Scheme 1 Equilibrium between two degenerate pinched cone conformations of a calix[4]arene with protected hydroxyl groups on the lower rim. Pairs

of the quasi-parallel aromatic rings are shown in blue.

high macrocyclization reaction rates were explained by the very
high effective molarity (EM) for this intramolecular reaction'”"'®
due to the rigidity of the calixarene backbone and the limited
number of rotatable bonds involved in the formation of the
macrocycle, which drastically decreases the entropic component
of the reaction. Several other instances of enhanced reactivity of
the functional groups attached to the distal upper rim positions
of calix[4]arene have been reported, such as an exceptionally fast
and efficient intramolecular Cannizzaro reaction of the 5,17-bis-
formyl calix[4]Jarene™ and intramolecular ester formation of the
5-carboxy-17-hydroxymethyl calix[4]arene derivative.”® The same
effect was also used for chemical locking und unlocking of the
cone conformation of 5,17-diaminocalix[4]arene.>!

Results and discussion

During the synthesis of the dibromomethyl calix[4]arene deriva-
tive 1 by the bromination of 5,17-bis-hydroxymethyl calix[4]arene
2, we encountered a facile formation of the cyclization product 3
during the purification phase. Bromination, performed using
PBr; in dichloromethane, was followed by the basic workup of
the reaction mixture. The expected bromination product 1
formed almost quantitatively, as evidenced by the TLC of the
crude reaction mixture. Still, compound 1 partially decomposed
during the purification by column chromatography on a neutral
silica gel stationary phase, affording the new nonpolar substance
3. Its identity could be established using a combination of NMR
and MS spectra (including HR-MS, see the ESIt), supported by
the characterization data in one of the previous reports,'®
demonstrating that the formation of macrocyclic ether 3 had
occurred (Scheme 2). Significant amounts (yield up to 35%) of
the cyclized product could be separated in the case of slowly
performed gravity chromatography.

Such ether formation is not a reaction expected upon chro-
matography of a benzyl bromide derivative, in particular taking
into account that it required the presence of water to complete,
as well as it was not expected to happen under neutral condi-
tions. We can only hypothesize about the possible mechanism
of this cyclization reaction on SiO,. It seems obvious that, first,
one bromomethyl group should be hydrolyzed, followed by the
cyclization of the hydroxymethyl-bromomethyl intermediate.
Two factors might contributed to the facile decomposition/
macrocyclization of the bis-bromomethyl derivative 1. First,
the presence of Si-OH groups on the surface of silica gel give
it a Brensted acid nature, rendering it a catalytic activity even
without impregnation by any additional reagents. It has been
shown that SiO, can promote acid-catalyzed reactions in its non-
modified state,*** and it can be used as a catalyst in a variety of
synthetic transfromations.>* Second, imposed proximity of two
reaction centers may facilitate the initial step, heterolitic dis-
sociation of the C-Br bond with the formation of the stabilized
benzylic carbocation via the mechanism of the neighboring
group participation by the cyclic bromonium ion bridging the
two upper rim methylene groups. Though commonly known
halonium ions (e.g., the intermediates of the halogenation
reactions) are tricyclic, formation of larger 5-membered halo-
nium ions upon the neighbouring group participation has been
reported before, and the geometry for the formation of halo-
nium cation is also favorable on this calix[4]arene platform.
Afterwards, the benzylic cation is hydrated by water absorbed on
silica and then cyclize by the substitution of the bromide on the
neighboring methylene group.

The final proof of the molecular structure came from the X-ray
structure determination of the crystals, which were grown by slow
evaporation of a chloroform/ethanol solution. The structure
unveiled the presence of two asymmetric calix[4]Jarene molecules
with partially disordered propyl chains, as well as a disordered
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Scheme 2 Bromination of 2, which was followed by the cyclization of the product 1 with formation of 3.
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Fig. 1

(a) The two crystallographically independent molecules of 3 and an ethanol molecule in the asymmetric unit. Only major orientations of the

—CH,-0O-CH,- bridges, propyl chains and ethyl alcohol molecule are shown. (b) Top view into the cavity of one of the molecules of 3 depicting the

—CH,-0O-CH,- bridge pointing to the right side.

ethanol molecule (Fig. 1). It demonstrated an asymmetric disposi-
tion of the upper rim —-CH,-O-CH,~- bridge, which can be tilted to
either of the sides of the calixarene backbone (Fig. 1b), as
evidenced by the disorder of the bridge in the crystal structure.
This implies that the side-tilted positions of the bridge represent
the energetic minima, whereas the central, symmetric disposition
is energetically disfavored. Another striking feature is the strong
inclination of the two aromatic rings, interconnected by the ether
bridge, into the calix{4]arene cavity. The interplanar angles
between the planes of the bridged aromatic rings amount to
—39.14° for one and —39.41° for the second asymmetric
calix4Jarene molecule, respectively. The interplanar angles
between the planes of two aromatic rings tilted outwards were
found to be 72.85° for one and 73.38° for the other molecule,
respectively. The calix[4]Jarene backbones of both asymmetric
molecules adopt the conformations that are geometrically very
close to each other, differing only by the disposition of the propyl
substituents on the lower rim.

The molecular geometry of bridged calix[4]arene 3 looks very
differently from the commonly assumed vase form of the cone
conformation of calix[4]arene, and it appears to be one the
most pinched calix[4]arene derivatives reported up to date.
Though calix[4]arene derivatives sometimes adopt the strongly
pinched geometry in the solid state with two aromatic rings
inclining into the calixarene cavity,>*® the most prominent
examples come from the calix[4]arenes with the upper rim
bridges.”* CCDC search returned three X-ray structures of
calix[4]arene derivatives in the cone conformation with parti-
cularly short two-atom upper rim bridges,*** for which the
angles between the planes of the pinched benzene rings are
even more extreme, ranging from —49.50° to —53.03°.

One of the interesting properties of 3 was the broadening of
the NMR signals of benzylic CH, groups, which represents a
classical example of a dynamical exchange effect in NMR.*** It
takes place between two equally populated sites (conforma-
tions), and is caused by the side-to-side rocking movement of
the upper rim bridge. The exchange is fast at elevated tempera-
tures, but slows down upon cooling of a solution of compound 3

12248 | New J. Chem., 2024, 48, 12246-12253

(Scheme 3), fixing the calix{4]arene backbone in either of two
energetically degenerate conformations.

To estimate the parameters of the rocking movement of the
bridge, a VI-NMR study in the temperature range of 213-328 K
in CDCl; has been performed. VI-NMR demonstrated splitting
of several broadened NMR signals into a more complex NMR
pattern upon cooling of the solution (Fig. 2). This splitting was
very prominent for the aromatic protons in the ortho-position to
the upper rim ether bridge, which appeared as a singlet at 5.80
ppm at 328 K, and as two sets of finely split doublets at 5.60 and
5.99 ppm at 263 K and below (see Fig. S2¢, ESIT respectively).
Dynamic behavior was also seen for the benzylic protons of the
-CH,-O-CH,- bridges, which appeared as a very broad singlet
at 3.97 ppm at 328 K, and as two sets of doublets at 3.54 and
4.61 ppm at 263 K.

The temperature-dependent splitting of the signal at 5.80
ppm (protons in the ortho-position to the ether bridge) at 328 K
into the pair of doublets at 5.60 and 5.99 ppm at 263 K and
below was particularly sensitive and allowed for precise deter-
mination of the coalescence temperature at 299 K. It gave a
Gibbs activation energy AG* of 58.97 k] mol~* for the rocking
process by using the equation for the determination of the
activation energy at the NMR signal coalescence temperature
(see ESIT for details).

The same set of NMR signals was used for the fitting of the
NMR spectra at different temperatures in order to determine
the rate constants for the exchange process between two
degenerate conformations of the calix[4]arene (see ESIf for
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Scheme 3 Switching between two degenerate conformations of 3 due to
the rocking motion of the upper rim bridge.
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Fig. 2 'H VT-NMR scan of 3 in the 283-328 K range in CDCls. Note the behavior of signals at 5.6—-6 ppm range.

the details). Using the rate constants, the activation parameters of
the process could be determined using the Eyring plot method as
described before,>° giving an activation enthalpy and entropy of
AH® = 66.16 kJ mol™* and AS* = 22.04 ] K~ mol ™, respectively
(Fig. 3). Using these enthalpy and entropy values at 299 K, the free
energy of activation AG* is calculated to be 59.57 kJ mol ", almost
matching the value determined from the coalescence temperature.

The energetics of the flipping of the ether bridge is domi-
nated by the enthalpic component, whereas the contribution of
the entropic term is relatively small. This implies that the
distortion of the bridge valence angles during the flipping
process is a rather high energy process.

To gain a deeper insight into the process of the conforma-
tional interconversion, we performed a theoretical investigation
at the B3LYP/6-31g(d,p) level of theory (using a D3-B]J dispersion
correction®®*! and the polarizable continuum model** (PCM)
for chloroform) using the Gaussian 16* software (see the ESIt
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Fig. 3 Eyring plot used to determine the activation parameters for the
rocking movements of the upper rim bridge of 3.
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for details). In our model, we replaced the Pr-groups on the
lower rim with Me-groups to reduce the number of conformers
which are possible due to the flexibility of the propyl chains. First,
we optimized the geometry of the initial low energy conforma-
tion, obtaining a geometry close to that of the molecules in the
crystal state (Fig. 4). In particular, the angles between the planes
of the two pinched aromatic units at —37.55° showed an almost
perfect match with the angle observed in the crystal structure,
while the angle between the rings tilted outwards was found to be
64.71° (this angle is much more flexible because it is determined
only by the movement of the torsional angles of the calix[4]arene
bowl and steric interactions of substituents on the lower rim).
Subsequently, a transition state (TS) was found, and its geometry
was optimized, and its authenticity was verified by frequency
calculations. It turned out that the TS did not have the expected
C,, symmetry, but was desymmetrized to C,, presumably to
reduce the strain in the valence angles of the ether bridge. The
energy of the transition state for the conformational interconver-
sion process was found to be 55.7 k] mol ', which is in reason-
ably good agreement with the experimental data.

The ease of intramolecular macrocyclization of the upper
rim distal substituted calix[4]arene derivatives could be
evidenced also in the gas phase. We could not detect com-
pound 2 in its protonated form [2 + H]" in ESI(+) mode, though
the [2 + Na]" and [2 + K]' aggregates were abundant in the
spectra (see the ESIf for details). Presence of the signal at m/z
635, which corresponds to [3 + H]" implied that 2 immediately
loses a water molecule upon protonation in the gas phase,
presumably forming the cyclized compound 3 in its protonated
form. Mechanistically, this reaction can be explained by the
protonation of one of the HO-groups followed by fast intra-
molecular cyclization upon nucleophilic attack of the distal
methylene group, accompanied by simultaneous loss of a water

New J. Chem., 2024, 48,12246-12253 | 12249
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Fig. 4 Representations of two degenerate low energy conformations of 3 and the transition state for the process of their conformational
interconversion, top and side views. Pr groups on the lower rim were replaced with Me groups for the calculations.
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Scheme 4 Macrocyclization of 2 in the gas phase after H* adduct formation in ESI(+).

molecule. (Scheme 4). The [2 + Na]" and [2 + K]" aggregates are
stable in the gas phase, presumably because alkali metal
cations prefer to be bound between the oxygen atoms of the
calix[4]arene lower rim. Fragmentation of ions with m/z 635
isolated after ESI(+) of both compounds 2 and 3 showed
identical fragmentation patterns, giving a strong support to
the hypothesis that protonated compound 2 should undergo
facile intramolecular cyclization in the gas phase upon loss of a
water molecule.

Conclusions

To summarize, a calix{4]Jarene 3 derivative was discovered by
serendipity upon chromatographic purification of an upper rim
bis-bromomethyl calix[4]arene derivative 1. The crystal structure
of calix[4]arene 3 evidenced that this compound is an extreme
example of a pinched cone conformation of calix[4]arene, with
two opposite rings demonstrating a very strong incline into the
calixarene cavity. The rigidity of the short bridge does not allow
for its free movement; it rather prefers to tilt to either side of the
calix bowl, giving rise to two degenerate conformations. Con-
formational interconversion was investigated using VI-NMR and
computational methods, allowing to determine the energetics of

12250 | New J. Chem., 2024, 48, 12246-12253

the process. An MS fragmentation study gave evidence that such
upper-rim macrocyclization may be facilitated also in the gas
phase. Our study represents another case of the enhanced
reactivity between the functional groups at the distal upper rim
positions of a calix[4]arene derivative, complementing the pre-
viously reported examples.'®***

Experimental section

General

NMR characterization was performed on Bruker Avance DPX-200
and Bruker Avance DRX600 spectrometers. VI-NMR experiments
were performed on a Bruker Avance DRX600 spectrometer. The
sample was equilibrated for 10 min at each temperature before
each measurement was performed. Chemical shifts () are
reported in parts per million (ppm) relative to TMS, the residual
solvent signals were used as reference: CDCl; (7.26 ppm for 'H,
77.0 ppm for "*C). "H NMR coupling constants (J) are reported in
Hertz (Hz) and multiplicity is indicated as follows: s (singlet), d
(doublet), t (triplet), m (multiplet). EI-MS spectrum (EI, 70 EV) was
measured on a Finnigan MAT 8200 spectrometer. High resolution
MS (HRMS) measurements were performed on a LTQ Orbitrap XL
(Thermo Fisher Scientific, Bremen) spectrometer (ESI+ mode).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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The sample was dissolved in acetonitrile at concentrations of
approx. 10 ° to 107® mol L ™" and injected via a syringe pump at
flow rates of 5 UL min . Fragmentation experiments (ESI+ mode)
were performed on a Esquire 3000Plus (Bruker Daltonics, Bre-
men) ion trap spectrometer.
5,17-Dibromomethyl-25,26,27,28-tetra(1-propoxy)-calix[4]Jarene
1 was prepared as previously reported by the bromination of
corresponding dihydroxy derivative 2, which was prepared as
described before.***> A typical procedure was done as following.*’
Phosporus tribromide (86 mg, 30 pl, 0.32 pmol) was added dropwise
to a solution of 5,17-dihydroxymethyl-25,26,27,28-tetra-(1-propoxy)-
calix{4Jarene 2 (200 mg, 0.306 pmol) in dichloromethane (30 ml),
and the reaction mixture was stirred for further 10-60 min (TLC
control). Then the mixture was washed with NaHCO; solution
(30 ml), water, brine, dried over Na,SO, and evaporated to dryness.
Dibromide 1 is obtained in 85-95% yield and was usually suffi-
ciently clean to be used in the next steps without further purifica-
tion. Further chromatographic separation of the product leads to
the partial decomposition of 1 with the formation of the bridged
calix[4]arene 3. Compound 3 was isolated upon flash chromatogra-
phy of the crude carried out using 230-440 mesh (particle size 36-70
um) silica gel in CH,Cly/petroleum ether (7:1), coming as the
fraction eluted before the fraction of dibromide 1. Depending on
the eluent flow rate through the chromatography column and the
thickness of the silica layer, the yield could reach up to 35%.

'H-NMR(CDCl;, 600 MHz, 328 K): § 7.15 (d, J = 7.4 Hz, 4H,
H), 6.98 (t,J = 7.4 Hz, 2H, H’), 5.80 (broad s, 4H, H"), 4.45 (d, ] =
14.0 Hz, 4H, H), 4.07 (v broad s, 4H, H*"), 3.94 (t, J = 8.0 Hz,
4H, H"), 3.67 (t,J = 6.5 Hz, 4H, H"), 3.12 (d, J = 14.0 Hz, 4H, H),
1.79-1.89 (m, 8H, H), 1.12 (t, J =7.4 Hz, 6H, H®), 0.86 (t, J =
7.5 Hz, 6H, H*) ppm. 'H-NMR (CDCl;, 600 MHz, 293 K): § 7.15
(d,J =7.4 Hz, 4H, W), 6.98 (t, ] = 7.4 Hz, 2H, H’), 5.96 (broad s,
2H, HY), 5.63 (broad s, 2H, H), 4.61 (v broad s, 2H, H"), 4.43 (d,
J = 14.0 Hz, 4H, H°), 3.92 (t, J = 8.0 Hz, 4H, H"), 3.64 (t, J =
6.5 Hz, 4H, H”), 3.52 (v broad s, 2H, H), 3.12 (d, J = 14.0 Hz, 4H,
H”), 1.78-1.86 (m, 8H, H®), 1.11 (t, J =7.4 Hz, 6H, H”), 0.83
(t,J = 7.5 Hz, 6H, H*) ppm. "H-NMR (CDCl;, 600 MHz, 263 K): &
7.17 (d,J = 7.5 Hz, 4H, H, two sets), 6.96-7.02 (m, 2H, H), 5.99
(d, J = 1.5 Hz, 2H, HY), 5.60 (d, J = 1.5 Hz, 2H, HY), 4.61
(d,J = 13.3 Hz, 2H, H"), 4.40 (d, J = 14.1 Hz, 2H, H°), 4.39 (d,
J = 14.0 Hz, 2H, H), 3.85-3.90 (m, 4H, H"), 3.61 (t, J = 6.3 Hz,
4H, H®), 3.54 (d, J = 13.3 Hz, 2H, HX), 3.14 (d, J = 13.6 Hz, 2H,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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H"), 3.11 (d, J = 13.9 Hz, 2H, H), 1.77-1.85 (m, 8H, H°), 1.10
(t, J =7.4 Hz, 3H, H®), 0.79 (t, J = 7.5 Hz, 6H, HA), 0.78 (t, J =
7.5 Hz, 3H, HA) ppm. "*C-NMR (CDCl;, 50 MHz, 293 K): §
158.7, 154.6, 137.6, 133.2, 129.1, 129.0, 127.3, 121.6, 76.2
(O-CH,-CH,-CHj3;), 75.9 (O-CH,-CH,-CHj,), 31.0 (ArCH,Ar),
23.5 (O-CH,-CH,-CHj;), 23.0 (O-CH,-CH,-CHj), 10.9
(O-CH,CH,CH3), 9.8 (O-CH,CH,CH3) ppm.

M.p. 161-164 °C. R; = 0,33 (SiO,, CH,Cl,/PE, 7:1). IR (NaCl
plate): v 2961, 2919, 2874, 1465, 1383, 1278, 1215, 1124, 1080,
1036, 1007, 1008, 965, 765 cm ™. MS (EI, 70 eV) m/z (1%): 634
(100%) [M]", 591 (40%) [M-C3H-]", 549 (30%) [M-C;H,-C3H]",
507 (10%) [M-C;H,-2C;Hg]". HR-MS (ESI+) m/z caled for
[C42Hs500s5 + H]': 635.372 [M + H]', found: 635.372.

Crystal structure

Crystals were grown by slow evaporation of chloroform/ethanol
solution. Disorder of several of the propyl side chains and of the
ether oxygen atoms is observed, and a site partially occupied by
ethanol is present. The moieties of the disordered propyl side
chains were restrained to have geometries similar to that of a
well-defined propyl group. The oxygen atoms adjacent to the
propyl groups were included in the disorder refinement.

One of the propyl groups was refined to be disordered over
three sites. U;; components of ADPs for disordered atoms closer
to each other than 2.0 A were restrained to be similar (SIMU
restraint of Shelxl). Subject to these conditions the occupancy
ratios refined to values of 0.873(3) to 0.127(3) (O1), 0.811(4) to
0.189(4) (06) and 0.802(4) to 0.198(4) (O8). For the three fold
disordered site occupancies refined to 0.607(2), 0.298(2)
0.095(2) (03). The ether oxygen atoms of the bridging units
are disordered in both crystallographically independent mole-
cules. Occupancy ratios refined to 0.514(3) to 0.486(3) (O5) and
0.707(3) to 0.293(3) (010).

A partially occupied site with ethanol molecules is present.
The molecule is present in two orientations, hydrogen bonded to
either O5B (the minor occupied ether atom of molecule one), or
to O10B (the minor occupied ether atom of molecule two). The
two ethanol molecules were restrained to have similar geome-
tries, U;; components of ADPs for disordered atoms closer to each
other than 2.0 A were restrained to be similar (SIMU restraint of
Shelxl). Subject to these restraints the occupancy rates refined to
0.086(4) and 0.069(4). CCDC Deposition Number 2347668.1
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