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Abstract

Dianin’s compound (4-p-hydroxyphenyl-2,2,4-trimethyl chroman) forms isostructural clathrates and a clathrand which can
be systematically studied to determine the microscopic origins of bulk physical properties. Due to the large number of guests
that can be enclathrated in the Dianin’s system, experiments in which systematic changes of guest size and functionality
can be used to probe guest–host interactions. Herein we report the structures for the 1,6-hexanediol, 1,5-pentanediol, and
1-heptanol Dianin’s clathrates deduced by X-ray crystallography. In the hexanediol, pentanediol, and heptanol clathrates,
the guests’ hydroxyl groups hydrogen bond with the host cage’s hydrogen-bonded hexamer ring. The two terminal alcohol
groups in the diols have different spatial orientations within the cage that result from gauche bonds between atoms in the
guest’s backbone.

Introduction

Understanding guest–host interactions has become import-
ant in a number of areas. Technological applications include
chemical analysis and pharmaceutical drug delivery [1, 2].
Clathrates can be used for engineering physical behavior
and to model systems in order to study molecular recogni-
tion [3–5]. Perhaps most intriguing is the possibility that
the guest–host interactions in these systems may inform
understanding of site recognition interactions in biological
molecules.

Clathrates, or “inclusion compounds”, are a wide variety
of crystalline systems in which the guest is spatially incor-
porated into cavities created by the host lattice framework.
The guest and host are associated by weak intermolecu-
lar forces such as van der Waals, hydrogen bonding, and
charge transfer [6, 7]. These dynamic interactions between
the guest and host have often been neglected in favor of a
more simplified physical picture of noninteracting, interpen-
etrating lattices [8, 9]. How these guests interact with their
host and the resulting changes in their macroscopic physical
and chemical behaviors that result from such interactions are
not thoroughly understood. Further, these systems provide
useful vehicles for isolation and study of specific guest–host
interactions.

Dianin’s molecule (Figure 1) clathrates are ideally suited
for probing the variances in guest–host behaviors and res-
ulting physical properties. The existence of an isostructural
guest-free clathrand and a large number of guests that can
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Figure 1. 4-(p-hydroxy-phenyl)-2,2,4-trimethylchroman (Dianin’s com-
pound).

be enclathrated allows comparative studies in which similar
guests with small changes in size and functional groups may
be executed [10, 11]. Unlike clathrates that do not exist in the
guest-free state and whose pure host properties must be in-
ferred, the Dianin’s clathrand allows direct measurement of
host behavior. The host lattice can also be changed by using
analogs of Dianin’s molecule (Figure 1) [12]. This provides
yet another opportunity for comparison of guest–host inter-
actions. Recent studies of Dianin’s molecule clathrates, most
notably those by White et al., have attempted to correlate
observed thermal conductivities with the number and type
of guests [13–15]. Unfortunately, large structural differences
in the guests made absolute correlation between the type and
functionality of the guest and the resulting physical behavior
difficult.

A study aimed at a more detailed investigation of the
energetics of guest–host interactions was recently reported
for the clathrand and ethanol and heptanol guests of Dianin’s
inclusion compound [16]. In that investigation, the influence
of the guests on the elastic properties of the respective crys-
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tals was studied. Since elastic constants may be regarded
as descriptors of the “bonding” holding molecular crystals
together and are directly related to the lattice potential, the
investigation was able to describe the effect of guest–host
interactions on these parameters. In particular, the role of
competitive hydrogen bonding between guest and host mo-
lecules was found to be important. When compared to the
clathrand, there was a decrease in the elasticity along the
crystallographic c-direction (C33) when ethanol or heptanol
guests were present. The heptanol clathrate had the lowest
elasticity in this direction. These decreases in elasticity were
attributed to the interaction of the guest’s hydroxyl group
with the hexamer ring.

To further test the role of hydrogen bonding in the elastic
response of Dianin’s clathrates, 1,5-pentanediol and 1,6-
hexanediol have been included as guests. These diols were
chosen because they have the potential to competitively hy-
drogen bond with the hexamer rings at the top and bottom of
the cage.

In the solid state, six molecules of Dianin’s compound
form an hourglass-shaped cage (Figure 2a) [17]. This supra-
molecular enclosure is held together at the top and bottom by
a nearly planar, hydrogen-bonded, hexamer ring consisting
of six phenolic hydroxyl groups (Figure 2b). The phenol
groups alternate above and below this hexamer plane such
that the attached chromans, three from the top and three
from the bottom, form the sides of the cage. The chro-
mans in these two different groups are of opposite chirality.
The methyl group marked by an asterisk in Figure 1 forms
the equatorial waist. Unlike inclusion compounds that form
open channels, Dianin’s compound forms discrete columns
of independent cages.

Dianin’s clathrates for which structures are available, and
the associated clathrand, crystallize in the R3̄ space group
[10, 17–20]. Due to the isostructural nature of the host, phys-
ical properties such as elasticity, thermal conduction, and
melting point can be used to investigate variations in guest
interaction with the host lattice. Knowledge of the structure
of these systems is invaluable for elucidating guest–host in-
teractions. We report herein the structure of two previously
undetermined Dianin’s clathrates with 1,6-hexanediol and
1,5-pentanediol guests and the structure for the 1-heptanol
clathrate for which the guest’s location and structure has
been assumed but not determined experimentally [19].

Single-crystal X-ray diffraction

Lattice constants, space groups, and other relevant crystal-
lographic data are presented in Table 1. Enclathrated mo-
lecules of 1-heptanol, 1,5-pentanediol, and 1,6-hexanediol
thread through the waist of the Dianin’s cage. Their back-
bones lie along the crystallographic c-axis with the ter-
minal alcohol group(s) interacting with the nearly planar,
hexameric, hydrogen-bonded ring. Due to the lack of
threefold and inversion symmetry in the guests, rotational
and inversion disorder were present. Table 2 lists the frac-
tional atomic coordinates for terminal atoms of the guests

Figure 2. (A) The ac-plane projection of the supramolecular structure
formed by six Dianin’s molecules. The front and back molecules of a single
cage have been removed to show the hourglass shape. (B) A view of the
hydrogen-bonded hexamer ring between two cages.

and the host’s hexamer ring phenolic oxygen. The equiva-
lent isotropic atomic displacement parameters, Ueq, are also
presented. Thermal ellipsoid drawings of the asymmetric
units of the heptanol, pentanediol, and hexanediol clathrates
are shown with atomic labeling in Figures 3–5 [21].

The carbon atoms of the methyl groups which form the
waist of the Dianin’s cage are 4.17 Å from the c axis in
the hexanediol, pentanediol, and heptanol clathrates. The
increase in the a axis by 0.03 Å in the heptanol and hexane-
diol clathrates is attributed to the expansion of the chroman
cavity due to steric effects. The center of the C3S–C4S bond
(atomic designations shown in Figures 3–5) in hexanediol
and the C3S atom of pentanediol are centered at the waist
of the host cage. The hydrogen bond between the hexamer
ring and heptanol’s single hydroxyl group pulls the guest off
center within the cage. This interaction may account for the
center of the C3S–C4S bond being offset from the center of
the cage by one third of that bond’s length.
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Figure 3. Perspective view of 1-heptanol and an associated Dianin’s mo-
lecule illustrating the atomic numbering scheme. Thermal ellipsoids are
drawn at 50% probability.

Figure 4. Perspective view of 1,5-pentanediol and an associated Dianin’s
molecule illustrating the atomic numbering scheme. Thermal ellipsoids are
drawn at 50% probability.

Figure 5. Perspective view of 1,6-hexanediol and an associated Dianin’s
molecule illustrating the atomic numbering scheme. Thermal ellipsoids are
drawn at 50% probability.

Table 1. Crystallographic data and parameters for the structural analysis of the
1,6-hexanediol, 1,5-pentanediol, and 1-heptanol clathrates of Dianin’s compound

1,6-hexanediol 1-5-pentanediol 1-heptanol

Melting Point (◦C) 178 171 165

Crystal System Trigonal Trigonal Trigonal

Space Group R3̄ R3̄ R3̄

a (Å) 27.185(17) 27.1519(16) 27.1896(6)

c (Å) 11.050(11) 10.8562(17) 11.0928(7)

Zdianin’s 18 18 18

Zguests 3 3 3

Densitycalc (g/cm3) 1.217 1.231 1.211

Source MoKα CuKα MoKα

Thetamin/max 2.04/25 1.50/55.00 4.41/25

Reflectionstot 3370 2362 3448

Reflectionsuniq 2665 1817 2715

Reflectionsobserved 1233 1064 1246

Data/Parameters 213 210 216

R1 0.0874 0.0777 0.0860

wR2 (all reflections) 0.2385 0.2185 0.2318

µ (mm−1) 0.078 0.628 0.077

S = goof 1.176 1.224 1.219

Diff. Densitymax/min 0.238/−0.212 0.342/−0.287 0.354/−0.287

Table 2. Atomic coordinates (× 104) and equivalent isotropic displace-
ment parameters (Å × 103) for selected atoms of clathrate guests of
1,6-hexanediol, 1,5-pentanediol, and 1-heptanol

x y z Ueq

1,6-Hexanediol

O(1S) −40 (70) 0 (90) 3810 (20) 139 (10)

C(1S) −193 (19) 160 (20) 2720 (30) 109 (15)

C(6S) 170 (20) 60 (20) −2870 (30) 88 (19)

O(2S) 210 (30) 490 (20) −3640 (40) 290 (30)

O(2) 1242 (2) 672 (2) −4797 (3) 97 (1)

1,5-Pentanediol

O(1S) −100 (30) −128 (19) 3453 (16) 79 (10)

C(1S) 100 (50) 182 (19) 2360 (20) 110 (50)

C(5S) 170 (30) 30 (20) −2260 (40) 130 (60)

O(2S) 180 (20) 513 (18) −2700 (40) 200 (20)

O(1) 636 (2) −559 (2) 4813 (3) 68 (1)

1-Heptanol

O(1S) 290 (20) 488 (17) −2920 (40) 220 (18)

C(1S) −150 (30) −50 (20) −2580 (30) 170 (30)

C(6S) 60 (60) −70 (40) 3040 (40) 170 (20)

C(7S) −160 (40) 190 (50) 3970 (30) 260 (40)

O(1) −678 (2) −1261 (2) −4807 (3) 109 (2)

Hexamer ring Or . . . Or bond distances and the distance
of the closest guest oxygen atom(s) of Dianin’s clathrates
and clathrand are given in Table 3. Not including their
three-fold rotationally disordered positions, the two terminal
hydroxyl groups of the pentanediol and hexanediol guests
have different conformations. Figure 6 depicts the varied
structures arising from the orientations of the terminal hy-
droxyl group oxygens and those of the hexameric ring. One
of the oxygen atoms in each guest is centered below the
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Table 3. Or . . . Or hexamer ring hydrogen bond distances and distance to
nearest hydrogen bonding neighbor(s) (Og – off-axis oxygen, Oa – on-axis
oxygen)

Guest Or . . . Or Distance Å Or . . . Og/Oa Distance Å

None (Clathrand) 2.798 [11] –

CCl4 2.857 [19] –

CHCl3 2.85 [18] –

Ethanol 2.85 [18] NR∗
1,5-Pentanediol 2.841 3.141/2.969

1-Heptanol 3.003 3.111/–

1,6-Hexanediol 2.961 2.881/3.032

∗ The ethanol guest coordinates were not reported.

Figure 6. (Top) View down the z-axis of the 1,6-hexanediol Dianin’s clath-
rate. All atoms, except the guest and the hexamer-ring oxygen atoms of the
host, have been omitted. The hexamer-ring oxygen atoms, Or, for the top
and bottom of the cage are overlapped. The on-axis guest oxygen, Oa, is
centered below the upper hexamer ring. The off-axis guest oxygen, Og, is
above the lower hexamer ring. (Bottom) View perpendicular to the z-axis.

middle of the ring on or near the c-axis. The other guest’s
oxygen atom is off center between and below two of the
hexamer-ring’s oxygen atoms. In each case, the off-center
oxygen is the result of a gauche bond conformation between
the first carbon and the off-center oxygen.

In a previous study of the 1-heptanol clathrate, the
heptanol guest was assigned a folded gauche configuration,
but its atomic positions were not reported [19]. Refine-
ment of the heptanol clathrate used in this work confirmed
this configuration. Because of its single hydroxyl group,
heptanol can be enclathrated in two equally probable con-

formations with respect to the direction of the threefold axis.
The resulting inversion and rotational disorders lead to larger
atomic displacement parameters for the terminal groups of
the heptanol compared to the terminal groups of both diols.

Molecular mechanics calculations for the inclusion of
n-alkanes within the Dianin’s cage found the most ener-
getically favorable conformation of n-heptane has a single
terminal gauche bond [22]. This geometry was also ob-
served in this study of the pentanediol guest. The heptanol
guest’s terminal gauche bonds were modeled well by the
most favored (within error) conformation of n-octane [22].
However, the conformation of the hexanediol guest, with
its axis-centered oxygen resulting from a gauche bond con-
formation between C1S and C2S, was not well-modeled
by other energetically favorable n-octane conformers. This
conformational disparity likely results from the increased
hydrogen bond interaction found in the diol clathrate. In
the calculation, the hexamer ring geometry was fixed at the
ethanol clathrate’s Or . . . Or bond distance and planarity.

Guest dynamics

Comparison of the isotropic atomic displacement paramet-
ers, Ueq, in Table 2 for the guest terminal groups of the hex-
anediol, pentanediol and heptanol clathrates shows increased
motion in the hexanediol and heptanol guests. Whether this
is due to static or dynamical motion was not experimentally
elucidated through low temperature studies. However, recent
reports on the dynamics of various guests in the Dianin’s
system would seem to indicate that these should be dynam-
ically disordered. Zaborowski et al. in reporting molecular
modeling and NMR studies on the clathrates of n-hexane
and n-pentanol concluded that the motion of these guests
was dynamic about the three-fold rotational axis at room
temperature [23]. Also, NMR studies on n-alkanes with 5–8
carbons suggested that the enclathrated molecules undergo
rotation about the c-axis [22]. Studies involving smaller
guests have shown them to be rotationally dynamic at room
temperature [24–26] In particular, the NMR study on Di-
anin’s ethanol clathrate by Bernhard et al. showed that the
cage distorts enough to allow the two ethanols within dif-
ferent lobes of the cage to exchange positions [25]. There is,
apparently, only one reported Dianin’s clathrate in which the
guest, p-xylene, is statically disordered at room temperature
[27] However, this appears to result from the large xylene
phenyl ring passing through the waist of the cage. There-
fore, we infer that the smaller diameter n-alkane chains of
the guests discussed in this report would not pose enough of
a barrier to rotation for them to remain statically disordered.

As hydrogen-bond strength between the guest and host
increases, atoms which make up the bond should exhibit less
motion [28]. In contrast, the off-center hydrogen bond in the
hexanediol clathrate is shorter and thus presumably stronger
than the pentanediol clathrate, but its Ueq[O2S]H is larger.
The atomic displacement parameters for the off-center oxy-
gen atoms are also influenced by their positional interchange
around the energetically equivalent sites produced by the
hexamer ring.
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For each of the clathrates listed in Table 2, and depicted
in Figures 3–5, the isotropic displacement parameters for the
guests’ terminal groups are larger than those of the guests’
central atoms (C3–C4 or C3). This can be attributed to steric
hindrance and stabilization by the waist of the cage.

Guest–host interactions

The effect of hydrogen bond cooperativity in branched-
cyclic methanol clusters has been calculated by Hagemeister
et al. [29]. The addition of a branched hydrogen bond to
a cyclic hydrogen-bonded ring was shown to increase the
overall binding energy of the system while slightly increas-
ing the ring size. However, the increase in Or . . . Or hexamer
ring distance in the Dianin’s clathrates seems to be not solely
dependent on hydrogen-bond cooperativity. The hexanediol
clathrate has the closest Or . . . Og distance with the heptanol
guest exhibiting the largest separation. The cholorcarbon
clathrates display essentially the same ring-atom separation.

The n-pentanediol guest was included to determine the
effect of guest size and hydrogen bonding on cage structure.
The hexanediol and heptanol clathrates have similar c-axis
distances that contract by nearly 2% in the pentanediol clath-
rate. Similar contraction of the pentanediol clathrate Or . . .
Or bond distances is also observed. Although the lightest
of the three guests studied, pentandiol causes an increase in
the clathrate density implying stronger packing forces are
created by the bifunctional guest.

Comparison of the pentanediol clathrate to the guest-free
clathrand [10] shows that the pentanediol guest may slightly
contract the c-axis of the clathrate while definitely increasing
the Or . . . Or bond distances. The interactions of hydroxyl
groups of the pentanediols on either side of the hexamer ring
and those of the ring itself may cause contraction along the
cage axis with a concomitant transverse dilation.

Materials and methods

Dianin’s compound was prepared according to the method of
Baker et al. [11]. The resulting ethanol adduct was sublimed
three times and purity was checked by mass spectroscopy
and thin layer chromatography. Clathrates of 1-heptanol,
1,5-pentanediol, and 1,6-hexanediol were prepared by slow
cooling saturated solutions of Dianin’s compound using the
desired guest as the solvent. Because 1,6-hexanediol is a
solid at room temperature, residual solvent was removed by
wicking at temperatures above 70 ◦C. Single crystals of all
clathrates were used in the X-ray measurements. The large
crystals (∼2 mm × 2 mm × 5 mm) were cut and ground
to a spherical shape appropriate for X-ray crystallographic
measurement.

X-ray data were collected on a Bruker P4 four-circle dif-
fractometer using either copper or molybdenum Kα sources.
Data was collected by XSCANS [30]. Initial cell constants
were found by centering reflections located on rotation pho-
tos. The crystal system and Laué symmetry were determined
from low-angle reflections. Precise unit cell constants were
found by centering of high angle reflections picked from the

(hkl) reflection data. The data were reduced with SHELXTL
[31]. The structures were solved in all cases by direct meth-
ods without incident. Guests were located in difference
Fourier maps and refined using the following geometric
constraints: (a) all guest Cx–Cy bond lengths were ideal-
ized using the 1,2-distance constraint “DFIX 1.54 0.01 Cx
Cy”, (b) all guest Cx–Oy bond lengths were idealized us-
ing the 1,2-distance constraint “DFIX 1.40 0.01 Cx Oy”,
(c) Cx–Cy–Cz bond angles were idealized using the 1,3-
distance constraint “DFIX 2.52 0.01 Cx Cz”, (d) Cx-Cy-Oz
bond angles were idealized using the 1,3-distance constraint
“DFIX 2.44 0.01 Cx Cy Oz”. No constraints were applied for
torsion angles. After refinement, constrained distances were
generally within 0.01 Å of their target values. In all cases
the guest sat on a 3̄ special position with site multiplicity
of 6. Within experimental limits of sensitivity, there was no
evidence of either (a) superlattice reflections, (b) violation
of Laué symmetry, or (c) thermal diffuse scattering. For this
reason, the required partial occupancy of the guest on the 3̄
site was treated as simple random 1/6 occupancy. Attempts
to allow the guest to refine without geometric constraints
were unsuccessful. Hydrogens were assigned to idealized
positions and were allowed to ride. Heavy atoms, other than
those of the guests, were refined with anisotropic thermal
parameters.

Conclusions

We have reported the structures of the 1,5-pentanediol, 1,6-
hexanediol, and 1-heptanol Dianin’s clathrates determined
by X-ray diffraction methods. From these a consistent pic-
ture of guest–host interactions has been established. In each
case, steric effects have explained the structural changes to
the host cage or hydrogen bonding between the guest and the
hydrogen-bonded hexamer ring that makes up the top and
bottom of the cage. Specific guest-dependent interactions
were analyzed by enclathrating guests with small differences
in size and functionality. Each of the guests used in this study
adopted gauche conformations that decreased their overall
length. The shortest guest, the pentanediol, also caused con-
traction in the cage length along the c-axis. Further work
on these clathrates using other methods is necessary to un-
derstand the dynamical motion of the guests. However, this
study indicates that a hydrogen-bond-forming guest that is
stabilized by passing through the waist of the cage will affect
the packing energetics in the Dianin’s system.

Supporting information available

The X-ray structures have been deposited with the Cam-
bridge database (CCDC 176840, CCDC 176841, and CCDC
176842).

References

1. J.E.D. Davies, W. Kemula, H.M. Powell and N.O. Smith: J. Inclusion
Phenom. 1, 3 (1983).



78

2. G. Tsoucaris: In G.R. Desiraju (ed.), Studies in Organic Chemistry,
Vol. 140, Elsevier, Amsterdam (1987).

3. R. Arad-Yellin, B.S. Green, M. Knossow, and G. Tsoucaris: In
J.L. Atwood, J.E.D. Davies and D.D. MacNicol (eds.), Inclusion
Compounds, Vol. 3, Academic, London (1984).

4. D. Worsh and F. Vögtle: In E. Weber (ed.), Topics in Current
Chemistry, Vol. 140, Springer-Verlag, Berlin (1987).

5. J. Szejtil: In J.L. Atwood, J.E.D. Davies and D.D. MacNicol (eds.),
Inclusion Compounds, Vol. 3, Academic, London (1984).

6. J.-M. Lehn: Pure Appl. Chem. 50, 871 (1978).
7. J.-M. Lehn: Angew. Chem. Int. Ed. Engl. 27, 89 (1988).
8. J.H. van der Waals: Trans. Faraday Soc. 52, 184 (1956).
9. J.H. van der Waals: Advances in Chemical Physics, Vol. 2, Inter-

science Publishers, New York (1959).
10. F. Imashiro, M. Yoshimura and T. Fujiwara: Acta Cryst. C54, 1357

(1998).
11. W. Baker, A.J. Floyd, J.F.W. McOmie, G. Pope, A.S. Weaving and

J.H. Wild: J. Chem. Soc. 2010 (1956).
12. A.D.U. Hardy, J.J. McKendrick, D.D. MacNicol and D.R. Wilson:

J.C.S. Perkin II 729 (1979).
13. M. Zakrzewski and M.A. White: Phys. Rev B 45, 2809 (1992).
14. D. Michalski and M.A. White: J. Phys. Chem. 99, 3774 (1995).
15. A.A. DuBois, M. Zakrzewski and M.A. White: Can J. Chem. 68, 1352

(1990).
16. C.A. Sandstedt, D. Michalski and C.J. Eckhardt: J. Chem. Phys. 112,

7606 (2000).

17. J.L. Flippen, J. Karle and I.L. Karle: J. Am. Chem. Soc. 92, 3749
(1970).

18. L. Pang, E.A.C. Lucken and G. Bernardinelli: J. Am. Chem. Soc. 112,
8754 (1990).

19. J.L. Flippen and J. Karle: J. Phys. Chem. 75, 3566 (1971).
20. F. Lee, E. Gabe, J.S. Tse and J.A. Ripmeester: J. Am. Chem. Soc. 110,

6014 (1988).
21. M.N. Burnett and C.K. Johnson: ORTEP-III: Oak Ridge Thermal El-

lipsoid Plot Program for Crystal Structure Illustrations, Oak Ridge
National Laboratory Report ORNL-6895 (1996).

22. F. Imashiro: J. Am. Chem. Soc. 115, 2231 (1993).
23. E. Zaborowski, H. Zimmermann and S. Vega: J. Am. Chem. Soc. 120,

8113 (1998).
24. J. Ripmeester: J. Inclusion Phenom. 1, 87 (1983).
25. T. Bernhard, H. Zimmermann and U. Haeberlen: Molecular Physics

77, 1123 (1992).
26. L. Pang, E. Lucken and G. Bernardinelli: J. Am. Chem. Soc. 112, 8754

(1990).
27. G. Enright, C. Ratcliffe and J. Ripmeester: Molecular Physics 97,

1193 (1999).
28. J.L. McHale: Molecular Spectroscopy, Pentice Hall, NJ (1999).
29. F.C. Hagemeister, C.J. Gruenloh and T.S. Zwier: J. Phys. Chem. A

102, 82 (1998).
30. XSCANS: X-ray Single Crystal Analysis System Vr. 2.20 (1996).
31. G.M. Sheldrick: SHELXTL-97, A Program for Crystal Structure

Determination, University of Göttingen (1997).


