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a b s t r a c t

The recently developed crystalline sponge method, which employs single-crystal X-ray diffraction to
determine the structure of an analyte present in liquid or oil and having a lowmelting point, was adopted
for measuring methyl salicylate, a time-honored oily medicinal drug. Six independent molecules existed
in the asymmetric unit of the crystalline sponge. We succeeded in solving the fine structure of methyl
salicylate, which had almost no unassigned fragment and/or solvent in the void spaces constructed by
the network complex, and discussed the precise geometry of these molecules. All the methyl salicylate
molecules were stacked in layers. By using the crystalline sponge method, the molecular diversity and
the related specific homogeneous molecular interactions of methyl salicylate were observed in the lone
space in the framework.

� 2016 Elsevier Ltd. All rights reserved.

Thorough analysis of the three-dimensional structure obtained
by X-ray crystallography of a target molecule is one of the key
steps in drug discovery and drug design. Although an enormous
amount of time and cost is spent on new drug discovery, many
efforts end in failure. It is said that the precise molecular structure
analysis of target compounds as well as target receptor proteins
are necessary for success. X-ray single-crystal diffraction (SCD) is
one of the most powerful tools for three-dimensional molecular
structure determination. SCD provides the geometrical parameters
of a molecule, including bond lengths, bond angles, and torsion
angles, in high resolution, as well as the whole shape of the mole-
cule. In addition, SCD can elucidate the absolute configuration of
the molecule under certain favorable conditions. However, this
method requires a pure single crystal. Thus, SCD of compounds
in the powder, amorphous, liquid or oily state is not possible
because of this limitation. Although esterification or salt formation
is carried out in order to obtain a single crystal, the resulting crys-
tals are different forms of the original compound. Recently, the
crystalline sponge method,1–4 which made it possible to elucidate
non-crystalline compounds, including liquid or oily compounds
have been reported. The structure elucidation of the reaction inter-
mediates, an asymmetric catalyst, the reaction products and the
natural products, and the determination of the absolute configura-
tion were accomplished by using the crystalline sponge method.5

To apply this new method to drug discovery, the geometrical pre-
cision of the derived structure will be critical. The crystalline

sponge method often requires geometrically restrained refine-
ment, which hindered the high-precision analysis because a large
network complex including heavy atoms should be solved with a
small target molecule absorbed in the void space of the complex
at the same time.

Herein we report the high-resolution X-ray structure of
methyl salicylate 1 (Fig. 1), an oily compound at room temperature
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Figure 1. Methyl salicylate 1 inclusion in crystalline sponge 2.
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(melting point:�8.6 �C and boiling point: 220–224 �C),6 which was
solved by using the crystalline sponge method, and the refined
crystal structure without hard restraints. 1 is used as a liniment
for muscle pain through the ages. To the best of our knowledge,
only two crystal structures of this simple time-honored oily medic-
inal drug have been reported. The structure of 1 was solved as the
ligand of porphyrin metal complexes in both structures.7

In this experiment, the network complex [(ZnI2)3(tpt)2�x(chlo-
roform)]n (2; tpt = 1,3,5-tris(4-pyridyl)triazine) was used as the
crystalline sponge (Fig. 1). 2 was prepared according to Clardy’s
method.2a One drop of 1 was added to crystalline sponge 2
placed on a petri dish. The crystalline sponge soaked with 1 was
preserved and precisely controlled at 25 �C in an electric oven for
3 days. Careful observation with a polarizing microscope was
performed to pick a high-quality and ideally sized single crystal
called super crystal, which had absolutely no tiny cracks or
wrinkles, for X-ray diffraction.

Single-crystal X-ray diffraction data were collected on a Bruker
D8 VENTURE using CuKa radiation. The structure was solved using
SHELXT8 and refined with SHELXL9 programs. All the non-hydro-
gen atoms were refined anisotropically. All the hydrogen atoms
were refined with HFIX 43(Ar-H), 137(CH3), 147(OH), 33(CH3 for
D, E, and F), 83(OH for F). The existence of some unassigned molec-
ular fragments in void spaces was suggested in many cases in this
method. This was because of the low occupancy of the absorbed
molecule and/or the presence of residual solvent. PLATON/
SQUEEZE10 is the convenient program to eliminating the unas-
signed molecular fragments from the void spaces, however Spek,11

and Clardy2a do not recommend applying the program to the high-
precision analysis. The use of the program requires extreme care.
Therefore, to avoid use of PLATON/SQUEEZE, refinement using soft
restraints for the anisotropy of the guest, solvent, and tpt or ZnX2

moiety, as well as hard restraints of bond lengths, bond angles,
and planarity were necessary. It was noted that correct
assignment of the molecules in the unassigned space
independently of the restrained operation made it possible to
solve the fine structure. Detailed discussion of the precise
geometry of the molecule, including the bond lengths and bond
angles affected by the unassigned space problem, was difficult in
this method. We succeeded in solving the fine structure of
methyl salicylate, which had almost no unassigned fragment
and/or solvent in the void spaces, and discussed the precise
geometry of the molecule. A closely packed nature of the
molecules in void spaces is shown in Figure 2.12

The crystalline sponge in which 1 was absorbed was mono-
clinic, exhibited C2/c, Z = 8, a = 36.015(2) Å, b = 14.7774(9) Å,
c = 31.248(2) Å, b = 102.216(2)�, V = 16254.1(18) Å3, and was
almost identical to the crystal lattices previously reported.1,2a

Six independent molecules in the asymmetric unit were solved.
Molecules of 1 having various occupancies are shown as A (blue,
100%), B (deep pink, 100%), C (yellow, 70%), D (light pink, 30%), E
(purple, 100%), and F (orange, 80%) (Figs. 3 and 4). All the occupan-
cies were determined from the Fo � Fc differential electron density

maps shown in Figure 5. Three ZnI2, two tpt, and six independent
molecules of 1 existed in the asymmetric unit (Fig. 3).13

Molecules A, B, and C were refined without any restraints. Mole-
cules D, E, and F were refined without hard restraints related to the
bond lengths and bond angles, although an isotopic restraint was
applied. Disordered molecules C and D were found at the same
location (Fig. S2). Molecules E overlapped with each other at the
same location are ride on the special symmetry, inversion center,
in the lattice (Fig. S3). Due to the unassigned remaining electron
density around molecule F, we could not determine the details of
the disordered structures. Finally, we elucidated molecule F, which
was the averaged structure of highly disordered molecules at the
same location (Fig. 5).

We discuss herein the high-resolution three-dimensional struc-
tures of molecules A, B, and C, which were refined without any

Figure 2. Void spaces of the network complex (left) and closely packed methyl
salicylate molecules (right).

Figure 3. Crystal structures of 1 and 2 in the asymmetric unit. Blue, deep pink,
yellow, light pink, purple, and orange are methyl salicylates A, B, C, D, E, and F,
respectively.

Figure 4. Crystal structures of methyl salicylates A, B, C, D, E, and F. Top: front view,
bottom: side view. Value in parenthesis indicates occupancy.
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