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Guest induced head-to-tail columnar assembly of
5,17-difunctionalized calix[4]arene

Ryo Sekiya, Yutaro Yamasaki, Wataru Tada, Hidemi Shio and Takeharu Haino*

Calix[4]arene possessing two catechol side arms 1 and organic molecules (nPrOH, AcOH, AcOEt,
and CH3;CN) crystallized to afford cocrystals: 1¢(nPrOH),, 1¢(AcOH),, 1¢(AcOEt), and
1+(CH;CN),. In these cocrystals, calix[4]arene 1 is arranged one-dimensionally, forming head-to-
tail columnar structures. The organic guests settle in the residual space between the columnar
structures; they are captured by the catechol side arms through hydrogen bonding. In the cocrystal
1+(H,0),, a continuous zigzag array of 1 is formed instead of the columnar assembly,
demonstrating that the organic guests induced the formation of the head-to-tail columnar structures
in the crystal packing. Crystalline apohost 1,,, was prepared by the desorption of the MeOH guests
from cocrystal 1¢«(MeOH),; this compound adsorbed the MeOH vapour, reconstructing the original
crystal packing. When 1,,, adsorbed the iPrOH vapour, a cocrystal with a crystal structure similar
to that of 1+(MeOH), was formed, suggesting that 1,,, has a crystal structure similar to that of

1+(MeOH),.

Introduction

Calix[n]arenes are macrocyclic compounds composed of 7 phenolic
residues connected with each other in a cyclic array via methylene
linkers. Their conformation, solubility, and functionality, such as the
molecular recognition properties that constitute the important
function of calix[n]arenes, can be controlled by introducing adequate
substituents at the upper and lower rims, making calix[n]arenes the
most popular macrocyclic hosts in supramolecular chemistry.'
Within the calix[n]arene family, a small class of calix[n]arenes (n =
4,5) has attracted considerable attention for their synthetic flexibility
and as molecular hosts in both solutions and the solid state.””> For
example, p-tert-butylcalix[4]arene® and p-sulphonatocalix[4]arene,’
—well-known derivatives of calix[4]arene—recognize various
molecules to form host-guest complexes with host-guest ratios of 1:1
and 2:1, depending on the molecular structures of the guests. Our
group has been developing upper rim functionalised calix[4,5]arenes
that exhibit unique guest encapsulation within their hydrophobic
cavities.®* A homoditopic host possessing two double calix[5]arene
units encapsulates the Cgy moieties of dumbbell-shaped cross-linkers
to form supramolecular polymers.®*® 5 17-Difunctionalised
25,26,27,28-tatrapropyloxycalix[4]arene 1 forms a M,L; triple-
stranded helicate through coordination-driven self-assembly; the
resulting helicate encapsulates pyridinium cations to form stable
host-guest complexes in solution.*

We recently found that calix[4]arene 1 forms an unusual head-
to-tail polymeric columnar structure in the following cocrystals:
1+(MeOH),, 1+(EtOH),, 1+(iPrOH),, and 1+(BDO), (Fig. 1).” (;PrOH
= 2-propanol, BDO = 1,4-butandiol) Although columnar assemblies
composed of calix[4]arenes have been reported in the liquid
crystalline state,® few examples of crystalline materials have been
reported so far.” Calix[4]arenes often form dimeric capsules”™* or
one-dimensional up-down bilayer arrangements in the solid state.>

This journal is © The Royal Society of Chemistry 2013

The head-to-tail polymeric columnar assembly represents another
structural motif for calix[4]arenes, making research valuable.
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Fig. 1 Head-to-tail columnar structure of 1 found in the cocrystals.

Calix[4]arenes can include organic guests in their hydrophobic
cavity, as observed in the p-tert-butylcalix[4]arene — toluene
complex, and this complex is the first example of the crystal
structure with the molecular arrangement in the solid state.*® In
contrast, the organic guests are not included in the cavity in the four
cocrystals; they settled in residual space between the columnar
structures.” The difference in molecular recognition should be
related to the formation of the columnar assembly, but additional X-
ray crystal structures of the cocrystals are required. The cocrystals
are characterised by their relatively high host-guest ratio. 1¢(BDO),
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has a host-guest ratio of 1:2, while the other three have a host-guest
ratio of 1:4,” suggesting that calix[4]arene 1 is an excellent host for
small organic molecules. These results drove us to investigate the
molecular recognition properties of 1 in the solid state, as well as
how the functional groups of the guests affect the crystal packing,
particularly in the head-to-tail columnar structure.

We herein report the X-ray crystal structures of the five
cocrystals, 1+(nPrOH),;, 1¢(AcOH),, 1+(AcOEt), 1+(CH;CN),, and
1+(H,0), (nPrOH = 1-propanol). A head-to-tail columnar structure
was formed in all cocrystals except for 1+(H,0),, demonstrating that
the organic guests induced the crystal packing in a head-to-tail

organic guests and the presence of multiple hydrogen bond donor
and acceptor sites on the catechol side arms. The absorption
properties of crystalline apohost 1,,, prepared by desorbing the
MeOH guests from 1+(MeOH), are also reported.

Experimental

Materials

All chemicals and solvents were purchased from Kanto
Chemical Co., Ltd., Wako Pure Chemical Co., Ltd., Tokyo Kasei
Kogyo Co., Ltd., and Sigma-Aldrich Co., Ltd., and were used as

columnar manner. The excellent mo'lecular'recognition prpperties of received without further purification. Calix[4]arene 1 was
1 for small organic molecules is ascribed to the induced-fit synthesised using a reported procedure.®

adjustments of the relative location of the columnar structures for the

Table 1 Crystallographic parameters

Crystal 1+(nPrOH), 1+(AcOH), 1+(AcOEY) 1+(CHsCN), 1+(H;0),
Guest 1-propanol acetic acid ethyl acetate acetonitrile water
Host-guest ratio 1:4 1:4 1:1 1:2 1:2
Formula Ce6HooN2O 14 Ce2H74N015 CssHgeN2O12 CssHeaN4O1o Cs4sHeN>O12
Formula weight 1135.39 1135.23 983.12 977.13 931.05
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic
Space group C2/c (#15) C2/c (#15) P2/c (#13) P1(#2) P2/c (#13)
alA 35.683(11) 35.711(3) 15.402(2) 9.1552(9) 24.293(3)
b/A 9.557(3) 9.0453(7) 18.320(2) 15.3084(15) 10.7595(13)
c/A 17.733(6) 19.2477(15) 18.450(2) 18.302(2) 18.361(2)
al® 90 90 90 96.349(1) 90

pl° 99.261(4) 109.063(1) 102.842(2) 94.785(1) 96.247(2)
yl° 90 90 90 92.280(1) 90

VA 5969(3) 5876.4(8) 5076.0(10) 2537.4(4) 4770.6(10)
VA 4 4 4 2 4

d/gem? 1.26 1.28 1.29 1.25 1.30

4/ mm™ 0.088 0.094 0.090 0.085 0.091
Temperature / °C -150 -150 -150 -150 -150

0.21 x 0.15 x 0.005
platelet / colourless

0.21 x0.12 x0.08
block / colourless

Crystal size / mm®
Crystal form / colour

20range / ° 44<20<44.7 43<260<58.0
h range -38<h<32 —41<h<47
k range -10<k<7 -12<k<11
I range -18</<18 -25<1<18
Total reflections 10028 17080
Unique reflections 3836 7270

Rint 0.0347 0.0180
Observed reflections 3090 5748

R 0.0403 0.0577

WR," 0.0937 0.1490
G.O.F. 1.039 1.027
Parameters used 375 377

Apinax ! €A 0.471 0.591

Apimin! €A -0.268 -0.599
CCDC 987474 987475

R = ClIFo| — IF) / o). " wRy = [{2W(FS — FEY)} | Xw(FES))]'™.

Preparation of clathrate compounds

1+(nPrOH),, 1+(AcOEt), and 1+(CH;CN), were obtained by
crystallizing 1 from #nPrOH, AcOEt, and CH3;CN solutions,
respectively. 1¢(AcOH), were obtained by crystallizing 1 from an
AcOEt solution containing AcOH. 1+(H,0), were obtained from a 1-
butanol solution.

The typical procedure used to prepare the cocrystals is as
follows: approximately 1.7-2.0 mg (1.9-2.2 pmol) of 1 was
dissolved in the solvent or the AcOEt solution containing AcOH.
Colourless single crystals were obtained after the solutions standing
for a few days at room temperature. The crystals were harvested and
dried in air. 1+(H,0), was stable in air, but the four cocrystals were
not stable due to the desorption of the organic guests.

2| J. Name., 2012, 00, 1-3

0.05 % 0.03 x 0.02
needle / colourless

0.09 x 0.06 x 0.04
platelet / colourless

0.28 x 0.14 x 0.03
platelet / colourless

3.5<20<52.7 45<260<50.5 4.1<20<50.5
-19<h<19 -10<h<10 —29<h<29
—22<k<21 -17<k<18 -12<k<11
-10</<23 -16</<21 -15<7<22
26473 11973 22349

10321 8720 8607

0.0744 0.0195 0.0224

5278 6338 6726

0.0744 0.0509 0.0627
0.1411 0.1230 0.1656
1.006 1.078 1.027

659 658 617

0.387 0.386 0.567
—-0.245 —-0.308 —-0.531
987476 987477 987478

X-ray crystallography

The X-ray crystallographic data were collected on a Bruker
SMART APEX-II ULTRA CCD diffractometer using graphite-
monochromatized Mo Ka. radiation (A = 0.71073 A) at —150 °C. The
crystal structure was solved by the direct method with the SHELXS-
2013 program and was refined by successive differential Fourier
synthesis and full-matrix least-squares procedures with the
SHELXL-2013 program.'® The propyloxy chains in 1¢(AcOH),,
1+(CH3CN),, and 1+(H,0), and one nPrOH guest in 1+(nPrOH), were
disordered over two positions. Except for the disordered propyloxy
chains in 1¢(H,0),, anisotropic thermal factors were applied to all
non-hydrogen atoms. EADP restraint was applied to the disordered
atoms of 1¢(nPrOH)4, 1¢(AcOH),, and 1¢(CH;CN),. The hydrogen

This journal is © The Royal Society of Chemistry 2012
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atoms on the nitrogen atoms and the carbon atoms, aside from those
on the methyl groups, were generated geometrically. The positions
of the hydrogen atoms on the methyl, hydroxyl, and carboxyl groups
were estimated using the electron density maps. The hydrogen atoms
on the water molecules in 1¢(H,O), were not generated. The
crystallographic parameters, including the host-guest ratios of the
clathrate compounds, are listed in Table 1. The intensities of the
diffraction data for 1+(nPrOH), were weak because 1+(nPrOH),
crystallized as thin platelet crystals, precluding the collection of a
satisfactory number of the reflections. However, the parameters were
well converged, and the crystal structure of 1¢(nPrOH), is correct.
The X-ray crystal structures were drawn using the Mercury program
ver. 3.1. The guest accessible volume was calculated using the
PLATON software package.'!

The X-ray powder diffraction (XRD) data were collected on a
Rigaku  Rint-2000 X-ray diffractometer using graphite-
monochromatized Cu Ko radiation (A = 1.5418 A) at room
temperature with a scanning rate of 20 degree min™'. XRD patterns
were calculated with Mercury Program ver. 3.1.

Hirshfeld surface analysis

A Hirshfeld surface analysis was carried out using Crystal
Explore ver. 3.0.'> Parameters d, and d; are defined by the distances
external and internal to the Hirshfeld surface, respectively, and
parameter d,,., is a normalised contact distance defined by dorm =
i — ™ 7 1YY+ (d, — 1YY Y, Y s the van der Waals
radius of the appropriate atom internal or external to the surface.
Detailed information regarding the Hirshfeld surface analysis,
including parameters d., d;, and d,,,, is described in the literature.

Preparation of apohost

A crystalline powder of apohost 1,,, was prepared by desorbing
the MeOH guests from 1¢(MeOH), under reduced pressure at room
temperature. The 'H NMR spectrum of 1,5, did not contain a signal
corresponding to MeOH. Crystals of 1¢(MeOH), were prepared
using a previously reported method.’ 1,5, was stored in a desiccator
under N».

Results and Discussions

Crystal structures

1+(nPrOH), crystallized in the monoclinic crystal system with
the space group C2/c (Fig. 2a).T The crystal packing is very similar
to that of 1+(EtOH), and 1+(;PrOH),.’ Calixarene 1 has
crystallographically-imposed twofold symmetry. The asymmetric
unit contains half of 1 and two nPrOH guests. The ratio of 1 to
nPrOH was 1:4. One of the two crystallographically independent
nPrOH guests is disordered over two positions with a site occupancy
factor (s.0.f.) of 0.550(3):0.450(3). The calix[4]arene adopts a
pinched cone conformation; the two phenyl rings (rings B and D)
squeeze inward, while the other rings possessing the catechol side
arm (rings A and C) are tilted outward. Selected structural
parameters are listed in Table 2. The propyloxy chains attached on
the lower rim of the calix[4]arene adopt anti conformations. The
catechol rings are twisted against rings A and C with a dihedral
angle of 47.92(8)°.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 ORTEP drawings of the X-ray crystal structures of (a) 1¢(nPrOH), (b)
1¢(AcOH),, (c) 1¢(AcOEt), and (d) 1¢(CHsCN), viewed down along the b axis (a)-(c)
and the a axis (d). (50% probability ellipsoids) Colour scheme: green (1), purple
(nPrOH), grey (AcOH), blue (AcOEt), orange (CH3CN). The disordered atoms with
small s.o.f. are omitted for clarity.

Calix[4]arenes 1 are assembled in a head-to-tail manner along
the [0 1 0] and [0 T 0] directions, forming polymeric columnar
structures such that the terminal methyl groups of the propyloxy
chains on rings A and C point to the cavity of the adjacent
calix[4]arene (Fig. 3), whereas the propyloxy chains on rings B and
D point outward. The nearest neighbours of the columnar structures
are aligned in an antiparallel orientation to cancel out the local
dipole moment. The period of the calix[4]arene array in the
columnar structure is 9.6 A. The nPrOH guests settled in the residual

J. Name., 2012, 00, 1-3 | 3
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space formed between the columnar structures. Each hydroxyl group
on the catechol rings captures one nPrOH guest via O-H---O
hydrogen bonding (Fig. 4a). The oxygen atoms of the amide groups
capture two nPrOH guests through bifurcated O—H---O hydrogen
bonding.

(@)

Fig. 3 ORTEP drawings of the (a) front and (b) top views of the head-to-tail
columnar structure of 1 in 1¢(nPrOH),. Colour scheme: grey (carbon), white
(hydrogen), light blue (nitrogen), red (oxygen). The head-to-tail columnar
structures found in the other clathrate compounds are shown in ESIt.

1+(AcOH), crystallized in the monoclinic crystal system with the
space group C2/c (Fig. 2b).1 Calixarene 1 has crystallographically-
imposed twofold symmetry. The asymmetric unit contains half of 1
and two AcOH guests. The ratio of 1 to AcOH guests was 1:4. The
molecular structure of 1 is almost the same as that of 1 in
1+(nPrOH),. Selected structural parameters are listed in Table 2. The
catechol rings are twisted against rings A and C with a dihedral
angle of 32.64(8)°. The propyloxy chains on rings A and C are
disordered over two positions with an s.o.f. of 0.846(3):0.154(3).
The head-to-tail columnar structure is formed along the [0 1 0] and
[0 1 0] directions. The columnar structure is very similar to that
found in 1+(nPrOH),. The period of the calix[4]arene array in the
columnar structure is 9.1 A, which is slightly shorter than that of
1+(nPrOH),.

Carboxyl groups often form self-complementary pairwise O—
H---O hydrogen bonds (graph set notation: R3 (8))* to form a
carboxylic acid dimer. Accordingly, carboxyl groups have been
employed as a supramolecular synthon'* in the field of the crystal
engineering of purely organic'> and organic-inorganic'® hybrid
crystals. However, no carboxylic acid dimers were formed between
the AcOH guests. The carboxyl groups act as hydrogen bond

4| J. Name., 2012, 00, 1-3

acceptors and donors to form O-H:--O hydrogen bonds with the
hydroxyl groups on the catechol rings and the oxygen atoms of the
amide groups (Fig. 4b). Calix[4]arene 1 has four hydroxyl groups
and two amide groups and can form multiple hydrogen bonds. The
observed hydrogen bonds may be energetically more favourable than
the formation of the carboxylic acid dimer in 1¢(AcOH),.

(@)

(d)

Fig. 4 Hydrogen bonds between 1 and the organic guest found in (a) 1¢(nPrOH),,
(b) 1¢(AcOH)4, (c) 1¢(AcOEt), and (d) 1¢(CH3CN),. (50% probability ellipsoids) Colour
scheme: grey (carbon), white (hydrogen), light-blue (nitrogen), red (oxygen). In
(a), 01--06' = 2.807(1) A; 01--07" = 2.878(1) A; 02---06" = 2.651(1) A; 03--07" =
2.733(1) A. In (b), 01--07 = 2.661(1) A; 01--08" = 2.664(1) A; 02---06" = 2.699(1)
A; 03--09” = 2.689(1) A. In (c), 02--06"" = 2.773(1) A; 03--05"" = 2.878(1) A;
012--C35 = 3.374(1) A; 012--N2 = 3.133(1) A; 012---C4 = 3.245(1) A; 011---C18""
=3.511(1) A; 011--N1"" = 3.961(1) A. In (d), N3%--N2 = 3.397(1) A; 06--03" =
2.745(1) A; N3--C42 = 3.398(1) A; N4*--.N1* = 3.145(1) A; N1*---C35™ = 3.633(1)
A. In (a), the disordered atoms with small s.o.f. are omitted for clarity. Symmetry
codes: | = —x+1/2, —y+1/2, —z; ii = x, —y+1, Z-1/2; iii = —x+1/2, y+1/2, —z+1/2; iv = —
X+1/2+1, y+1/2, —z+1/2; v = x, —y+1 z=1/2; vi = x, y+1, z-1; vii = x=1, y, z-1; viii = x=1, y,
z;ix=x,y-1,z+41; x=x+1,y, z; xi = x+1, y, z+1

1+(AcOEt) crystallized in the monoclinic crystal system with the
space group P2/c (Fig. 2c).t The asymmetric unit contains one
molecule of 1 and one AcOEt guest. The ratio of 1 to the AcOEt
guest was 1:1; this ratio is the smallest among the nine clathrate
compounds. Selected structural parameters for 1 are listed in Table
2. In contrast to 1¢(nPrOH), and 1¢(AcOH),, the catechol rings are
almost coplanar to rings A and C with a dihedral angle of 3.4(2)°
and 10.7(2)°, respectively. The hydroxyl groups and the oxygen
atom of the amide group point in the same direction, while the

This journal is © The Royal Society of Chemistry 2012
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hydroxyl group at the o-position of the catechol ring forms
intramolecular hydrogen bonds with the oxygen atom of the amide
group (graph set notation: S(6))."”* The propyloxy chains on rings A
and C adopt an anti conformation, while those on rings B and D
adopt a gauche conformation. The head-to-tail columnar structure is
formed in the [0 1 0] and [0 1 0] directions. The period of the
calix[4]arene array in the columnar structure is 9.1 A, remaining
similar in length to that of 1¢(AcOH),.

Table 2. Selected structural parameters for 1

Angle /° Angle /° Distance /A Distance /A
Crystal (ring A and (ring B and (ring A and (ring B and

ring C) “ ring D) ¢ ring C) * ring D) *
1+(nPrOH),4 76.55(6) 24.24(9) 7.70 4.70
1+(AcOH), 69.95(4) 23.81(6) 7.76 4.71
1+(AcOEt) 71.02(7) 18.20(13) 7.71 4.85
1+(CH;CN), 71.43(6) 18.25(12) 7.72 4.87
1+(H,0), 3.4(2) 89.71(8) 5.21 7.51

“ Inter-annular aromatic angle. ” Inter-centroid distance.

Interestingly, exchanging the carboxyl group with the ethyl ester
group resulted in a different host-guest interaction. The AcOEt guest
is captured by N-H:--O and two C—H---O hydrogen bonds (Fig. 4c).
No hydrogen bonds were formed between the hydroxyl group and
the AcOEt guest. Instead, the catechol ring forms R3(10) hydrogen
bonds with the catechol ring of 1 in the neighbouring columnar
structure.

1+(CH;3CN), crystallized in the triclinic crystal system with the
space group P1 (Fig. 2d).t The asymmetric unit contains one
molecule of 1 and two CH;CN guests. The ratio of 1 to CH3CN
guests was 1:2. Selected structural parameters for 1 are listed in
Table 2. The catechol rings are twisted against rings A and C with
dihedral angles of 52.40(8)° and 37.02(10)°, respectively. The
hydroxyl groups and the oxygen atom of the amide group point in
the same direction, while a S(6) hydrogen bond is formed between
the hydroxyl group on the o-position of the catechol ring and the
oxygen atom of the amide group. The propyloxy chains adopt an anti
conformation; those on ring D are disordered over the two positions
with a s.o.f. of 0.703(4):0.297(4). The head-to-tail columnar
structure forms along the [I 0 0] and [1 0 0] directions. The
columnar structure is very similar to that found in the other clathrate
compounds. The period of the calix[4]arene array in the columnar
structure is 9.2 A.

Fig. 5 ORTEP drawing of the X-ray crystal structure of 1¢(H,0),. (50% probability
ellipsoids) Colour scheme: green (1), red (H,0). The propyloxy chains were refined
isotropically. The disordered atoms with small s.o.f. are omitted for clarity.

The host-guest interaction between 1 and the CH;CN guest is
similar to that in 1°(AcOEt); the CH;CN guests are captured by N—

This journal is © The Royal Society of Chemistry 2012
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H---O and C-H:--O hydrogen bonds, while no hydrogen bonds are
formed between the hydroxyl group and the CH3CN guest. The
hydrogen bond is formed between the hydroxyl groups at the m-
position of the catechol rings.

To investigate the effect of the organic guests on the formation
of the head-to-tail columnar structure, we attempted to prepare a
crystal of 1 alone. Although, the target crystal could not be obtained,
crystals of 1+(H,0), were obtained from a 1-butanol solution.

The crystal structure of 1¢(H,0), demonstrates that having no
included organic guests considerably changed the crystal packing
(Fig. 5). 1+(H,0), crystallized in the monoclinic crystal system with
the space group of P2/c.t The asymmetric unit contains one
molecule of 1 and two molecules of water. The ratio of 1 to the H,O
guests was 1:2. The structure of the calix[4]arene differs from those
found in the clathrate compounds; rings A and C possessing the
catechol side arms squeeze inward, while rings B and D are tilted
outward (Fig. 6a and 6b). Selected structural parameters are listed in
Table 2. The catechol ring is twisted against ring A (66.43(8)°) while
the other is almost parallel to ring C (10.5(2)°). Consequently, an
intramolecular C-H/n interaction (2.96 A) forms between the
catechol rings. No space is available for the inclusion of the
propyloxy chains in the calix[4]arene, and a zigzag array of 1 is
formed along the [0 1 1] directions instead of the head-to-tail
columnar structure (Fig. 6¢). The propyloxy chains adopted anti and
gauche conformations and are disordered over two positions. The
s.o.f. of the propyloxy chains on rings A, B, C, and D are
0.75(1):0.25(1),  0.55(1):0.45(1),  0.549(7):0.451(7),  and
0.69(1):0.31(1), respectively. The water guests are captured by the
hydroxyl group at the m-position of the catechol ring and the
hydrogen atom of the amide group.

Fig. 6 ORTEP drawings of (a) the front and (b) top views of 1 and (c) the zigzag
array of 1 found in 1¢(H,0),. (30% probability ellipsoids) Colour scheme: grey (carbon),
white (hydrogen), light-blue (nitrogen), red (oxygen). The propyloxy chains were
refined isotropically. The disordered atoms with small s.o.f. are omitted for clarity.

J. Name., 2012, 00, 1-3 | 5
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Hirshfeld surface analysis

The Hirshfeld surface analysis of the four cocrystals,
1+(nPrOH),, 1°(AcOH),, 1+(AcOEt), and 1+(CH;CN),, was carried
out to investigate the intermolecular contacts between the propyloxy
chains and the cavity of the calix[4]arene. Calix[4]arene 1
possessing the disordered propyloxy chains with higher s.o.f. was
used for the Hirshfeld surface analysis of 1¢(AcOH), and
1+(CH3CN),. Fig. 7a shows the top and bottom views of the 3D
isosurface picture of the Hirshfeld surface mapped with d,,o, 0f 1 in
1+(nPrOH),. The terminal methyl groups of the propyloxy chains
and the cavity of the calix[4]arene are coloured white-to-blue. The
Hirshfeld surfaces of 1 in the other three cocrystals exhibited a
similar colour distribution. Therefore, the intermolecular contacts are
near van der Waals separations, and accordingly, the steric
complementarity between the terminal methyl groups and the cavity
of the calix[4]arene direct the continuous columnar array of 1.

(a)

Top view

Bottom view

e

1+(CH,CN),
1+(AcOEt)

Fig. 7 Three-dimensional (3D) isosurface pictures of the Hirshfeld surfaces
mapped with the dnom Of () 1 in 1¢(nPrOH), and (b) the catechol rings of 1 in
1¢(nPrOH), (top, left), (b) 1e(AcOH), (top, right), (c) 1e(AcOEt) (bottom, left), and
1¢(CH3CN), (bottom, right). The 3D isosurface pictures of the dyom parameter are
coloured as follows: red for contacts shorter than van der Waals separations,
white for contacts on van der Waals separations, and blue for contacts greater
than van der Waals separations.

Fig. 7b displays the Hirshfeld surfaces of the catechol side arms
in the four clathrate compounds, showing that the edge and surface
of the catechol side arm interact with the organic guest and the host
of the neighbouring columnar structure, respectively, and that the
interactions between the hosts differ from each other. The regions
coloured in red at the edge of the catechol side arms denote
hydrogen bonding between calix[4]arene 1 and the organic guest.
The surface of the catechol side arms interacts with the catechol side
arm (1¢(nPrOH),, 1°(AcOH),, and 1+(CH;CN),) or the aromatic ring
of the calix[4]arene (1¢(AcOEt)) through a n-n stacking or C-H/n
interaction. In 1¢(nPrOH), and 1¢(AcOH),, the interactions are
relatively strong, as demonstrated by the reddish region on the
Hirshfeld surfaces. In 1¢(AcOEt) and 1¢(CH;CN),, the distances
between the two aromatic rings are near the van der Waals
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separation, and the n-n stacking interactions are weak compared to
that in 1+(nPrOH),.

Columnar structure and inclusion properties

The crystal structures of 1¢(nPrOH),, 1¢(AcOH),, 1+(AcOEt),
1+(CH;3CN),, and 1+(H,0), and those of the previously reported four
clathrate compounds demonstrate that the columnar structure is
formed only when calix[4]arene 1 cocrystallized with the organic
guests. Specifically, the organic guests induce the head-to-tail
columnar organization in the crystal packing. The Hirshfeld surface
analysis demonstrated that the terminal methyl groups resulted in
only weak van der Waals interactions to the cavity of the
calix[4]arene. However, the columnar assemblies were found in all
clathrate compounds, except for 1¢(H,0),, without apparent
distortion in their structures by the hydrogen bonds between 1 and
the organic guest. The strong tendency toward the head-to-tail
columnar assembly is of interest because hydrogen bonding is a
relatively strong intermolecular interaction that could change the
crystal packing, including the columnar assembly. This tendency
most likely occurs due to the molecular structure of 1, which consists
of hydrophilic catechol side arms and a hydrophobic calix[4]arene
moiety. The organic guests interact selectively with the hydrogen
bond donor and acceptor sites of the catechol side arms, as
demonstrated by the X-ray crystal structures and the Hirshfeld
surface analysis; the calix[4]arene moieties form columnar structures
without interference by the coexisting organic guests. The columnar
assembly can be regarded as a host-guest complex of the
hydrophobic propyloxy chains and the hydrophobic cavity of the
calix[4]arene.

Table 3 Host-guest (H-G) ratios, solvent accessible volumes (Vgest), volumes
of the unit cell (Veen), and Vyest/ Veent (%) for the eight clathrate compounds.

Crystal H-G ratio Vaess /A Vet | A? Veuest Veatt (%)
1+(MeOH), * 1:4 1016 5397.4(5) 18.8
1+(EtOH),” 1:4 1340 5707.5(11)  23.5
1+(nPrOH), 1:4 1624 5969(2) 27.2
1-GPrOH),* 1:4 1872 6177.8(5) 30.6
1+(BDO)," 1:2 1176 5597(3) 21.0
1+(AcOH), 1:4 1446 5876.4(2) 24.6
1+(AcOEt) 1:1 644 5076.0(3) 12.7
1(CH;CN), 1:2 321 2537.25(6)  12.7

¢ Vauest Was calculated by the PLATON program” b See ref. 7.

Table 3 lists the host-guest ratios, the solvent accessible volumes
(Vguest), the volumes of the unit cell (V), and the Vyyeq/Veen (%0) of the
eight clathrate compounds. The host-guest ratio depends on the
functional groups of the organic guests. The alcohol molecules and
AcOH act as hydrogen bond donors and acceptors to form the
cocrystals with host-guest ratios of 1:4, except for 1¢(BDO),. The
high host-guest ratio is ascribed to the four hydroxyl groups in 1,
each of which captures one organic guest. For BDO, both sides of
the hydroxyl groups of BDO participate in hydrogen bonding,
resulting in the lower host-guest ratio.” In contrast, the host-guest
ratios of AcOEt and CH;CN are low because only two amide groups
are present in 1. However, the lack of participation by the hydroxyl
groups remains uncertain. Similar hydrogen bonds should form
because AcOEt and CH;CN act only as hydrogen bond acceptors.

In contrast to the columnar structures that remain similar
throughout the cocrystals, the relative location of the columnar
structures is variable for the organic guests, indicating that Vyeq/Veen
changes from 12.7% to 30.6%, depending on the molecular
structures of the guests. This adjustability altered the interactions
between the hosts, as shown in Fig. 7b. The induced-fit adjustments
and the presence of the hydrogen bond donor and acceptor sites on
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the catechol side arms are responsible for the excellent molecular
recognition properties of 1 in the solid state.

Desorption and absorption of organic guests

Calix[4]arene 1 forms multiple hydrogen bonds, suggesting that
the crystalline apohost should be able to adsorb vaporised organic
guests. We prepared apohost 1,,, from 1+(MeOH), because the
MeOH guests are quickly desorbed from 1¢(MeOH),. Fig. 8a
displays the XRD pattern of 1,,, and Figs 8b and c display the
calculated XRD patterns of 1¢(MeOH), and 1+(H,0),, respectively.
The desorption of the MeOH guests induced a crystal phase
transition. The XRD pattern of 1,,, is different from that of
1+(H,0),, suggesting that the zigzag array found in 1+(H,0), was not
formed. After exposing 1,,, to MeOH vapour for 24 h at room
temperature, the crystal structure returned to the original crystal
packing (Fig. 8d, 0 min). The adsorbed MeOH guests were quickly
desorbed from reconstructed 14(MeOH), to afford 1,,,. The crystal
phase transition was followed using XRD (Fig. 8d, 3, 6, and 9 min).
No intermediate crystal phases were found in the XRD patterns,
indicating that the crystal phase transition occurred between only
two crystal phases. The crystal phase transition between 1¢(MeOH),
and 1,,, could be repeated several times. Therefore, 1,,, exhibits
flexible crystal packing, and columnar structures similar to those
found in 1+(MeOH), are preserved in 1, enabling the absorption of
MeOH vapour and the reconstruction of the original crystal packing.

1+(MeOH),
calc.

Intensity

1,0 * MeOH vapour

A 0 min
obs.

3 min
obs.

6 min
obs.

9 min
obs.

260/ degree
Fig. 8 Observed and calculated X-ray powder diffraction patterns (5° < 26< 30°)
of (a) 1,50, (b) 1¢(MeOH),, (c) 1#(H,0),, and (d) 1,,,+MeOH after standing for 0,
3, 6, and 9 min at room temperature. The red circles denote the diffractions of
1¢(MeOH),. Scan rate = 20 degree min™.

The orientation of the columnar structures formed in 1+(MeOH),
differs from those formed in the other clathrate compounds, such as
1+(iPrOH), (Fig. 9a). We investigated whether the orientation of the
columnar structures formed in 1¢(MeOH), is preserved in 1,,, and
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whether this orientation is changed by the adsorption of PrOH
vapour. Fig. 9b displays the XRD patterns of 1,,, after exposure to
iPrOH vapour for 24 h at room temperature. The XRD pattern differs
from that calculated for 1+(iPrOH), (Fig. 9d) but remains similar to
that of 1¢(MeOH), (Fig. 9¢). The iPrOH guests remained adsorbed in
the powder for at least 10 min. The similar XRD pattern indicates
that 1,,, adsorbed the iPrOH vapour to form a cocrystal with a
crystal structure similar to that of 1¢(MeOH),. Therefore, the
orientation of the columnar structures formed in 1¢(MeOH), was
preserved in 1., remaining unchanged after the adsorption of
iPrOH vapour.

(a)

1+(iPrOH),

1,,, + iPrOH vapour

ap

10 min
obs.

1apo + MeOH vapour

0 min
obs.

Intensity

1(/PrOH),

calc.

26/ degree

Fig. 9 (a) The crystal packing of (left) 1¢(MeOH), and (right) 1#(/PrOH),. Only 1 is

shown. Observed and calculated X-ray powder diffraction patterns (5° < 20 <

30°) of (b) 1,50+iPrOH, (c) 1,p,+MeOH, and (d) 1¢(iPrOH),. Scan rate = 20 degree
e §

min—.

Conclusions

In conclusion, 5,17-difunctionalized calix[4]arene 1 is an
excellent host for small organic molecules. The excellent molecular
recognition properties of 1 originate from the induced-fit
adjustments of the relative location of the columnar structures for the
organic guests and the presence of hydrogen bond donor and
acceptor sites on the catechol side arms. Head-to-tail columnar
structures were found in all of the cocrystals except for 1+(H,0),,
which formed a zigzag array of 1 instead. This difference
demonstrates that the organic guests induced the formation of the
crystal packing consisting of the head-to-tail columnar structures.
The structure of the columnar assemblies was not distorted by
hydrogen bonding, though only weak van der Waals interactions
operate between the terminal methyl groups and the cavity of the
calix[4]arene. The strong tendency toward head-to-tail columnar
assembly is attributed to the structure of 1; this structure includes
hydrophilic catechol side arms and a hydrophobic calix[4]arene
moiety. The organic guests selectively interact with the catechol side
arms, while the calix[4]arene moicties form the columnar structure
without interference by the organic guests. The adsorption
experiments suggest that crystalline apohost 1., has columnar
structures similar to those found in 1¢(MeOH),, enabling the
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reconstruction of the original crystal packing after the adsorption of
MeOH vapour.
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TOC graphic

Calix[4]arenes often form dimeric capsules or up-down bilayer
arrangements in the solid state. The head-to-tail polymeric columnar
structure found in the cocrystals composed of 5,17-difunctionalized
calix[4]arene 1 and organic guests represents another structural motif
for calix[4]arenes.
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