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In contrast to the polar hydrogen bond donor-acceptor
pairs, thiol-containing moieties are not regarded as good
hydrogen bond tectons due to their insufficient polarity.1 On
the other hand, although it is not directional, the intermolecular S···S interaction can be used in forming functional
molecular assemblies as exemplified in the sulfur-rich
molecular complexes of 4,5-bis(ethylenedithio)tetrathiafulvalene (ET) and metal-bisdithiolene complexes.2 These
intermolecular charge transfer complexes need close contacts in solid states to exhibit electrical conductivity or
magnetic properties, and the S···S interactions provide favorable interactions among the molecular components. The
significant strength of this intermolecular interaction originates
from a complementary electrophile-nucleophile interaction,
or can be explained by a polar flattening model.3,4 It is
envisioned that S···S interactions will lead to more examples
showing molecular assemblies in the solid state. Herein, we
report the synthesis and crystal structures of the asymmetrical FcVET compound (Fc = ferrocenyl; VET = (4,5vinylenedithio-4',5'-ethylenedithio)tetrathiafulvalene) which
has a unique integrated structure linked by intermolecular
S···S interactions.
We previously reported the synthesis and properties of a
symmetrical diferrocenyl-VT compound (VT = 4,5-bis(vinylenedithio)tetrathiafulvalene), which is a sort of modified
ET-donor with additional Fe(II)/Fe(III) redox properties.5,6
As the electron donating property of VT is affected by Fc,
we introduced a ferrocenyl moiety asymmetrically to a
VET backbone to make the asymmetrical ferrocenyl-ET
compound (FcVET). The typical phosphite-based crosscoupling reaction (Scheme 1) provided the FcVET donor
molecule with a moderate yield, and the final product was
fully characterized.7
The red-orange single crystals of FcVET were grown in a
mixed CH2Cl2/MeOH solvent pair by a slow diffusion

Scheme 1. Synthesis of FcVET.

method. The single crystals with lengths of 3-10 mm have a
hexagonal-rod morphology (Figure 1), implying the directional packing of the molecules in the crystal lattice. The
single crystal X-ray analysis shows that the unit cell belongs
to a trigonal system defined as a hexagonal unit cell setting
with very long a- and b- axes and a short c-axis.8
The asymmetric unit is composed of an FcVET molecule
and occluded solvent molecules: FcVET·(CH2Cl2)1/6(CH3OH)1/3.
The molecular structure of FcVET has two kinked sulfides
(S3 and S4) bridging two ethenyl groups in the sixmembered 1,4-dithiin ring and almost flat sulfides (S7 and
S8). As the four sulfides in the middle of the molecule (S1,
S2, S5 and S6) are slightly kinked, the overall conformation
of the VET moiety is curved (Figure 2).
In the crystal lattice, two enantiomeric FcVET molecules
form a pair in head-to-tail mode with inversion symmetry,
which is stabilized by two intra-dimer S1···S2* (3.579(5) Å;

Figure 1. Photograph of FcVET·(solv)x single crystals. The inset
shows a clear-cut hexagonal side view.
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Figure 2. The top view of the molecular structure of FcVET with
the selected numbering scheme (above) and its side view (below).
The hydrogen atoms are omitted for the sake of clarity.

Figure 3. A strip of FcVET dimer expanded along the c-axis. One
dimer is composed of two isomers overlapped in head-to-tail
mode. The inter- and intra-dimer S···S contacts are denoted by the
dotted lines. The hydrogen atoms are omitted for the sake of
clarity. S1···S2* 3.579(5) S3···S4# 3.582(6) S7···S6# 3.320(5)
S7···S8# 3.441(6) Å for FcVET·(solv)x and S1···S2* 3.568(3)
S3···S4# 3.572(4) S7···S6# 3.310(4) S7···S8# 3.437(4) Å for FcVET
(*: x−2/3, y−1/3, z−4/3; #: x, y, z+1).

* x-2/3, y-1/3, z-4/3) close contacts (Figure 3) shorter than
the sum of the van der Waals radii (3.6 Å).9 These dimers are
arranged along the c-axis in a side-by-side fashion, in which
they are inter-connected by the inter-dimer S···S contacts to
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Figure 4. The closed-packing diagram of FcVET·(solv)x viewed
normal to the (001) plane. The hydrogen atoms are omitted for
clarity.

form a strip of dimers. The intermolecular short interactions
within the strip are supported by the short contacts among
S(3)···S(4)#, S(7)···S(6)# and S(7)···S(8)# (#: x, y, z+1). These
dimer strips are in turn arranged to form trigonal columns
around each crystallographic three-fold rotoinversion axis in
the ab-plane, as shown in Figure 4. These spatial arrangements mean that the six ferrocenyl groups of the FcVET
molecules define the wall of the hexagonal 1-dimensional
channels along the c-axis. No interactions between the
nearest neighboring ferrocenyl groups in this hexagonal ring
can be found, as the distance between the carbon atoms in
the nearest ferrocenyl groups is much longer than the sum of
their van der Waals radii (3.4 Å).9
Similar hexagonal arrangements of discrete or extended
compounds have been reported in some crystals,10,11 among
which the benzo-annelated TTF derivative with the nitronyl
nitroxide radical group (ETBN) constitutes the most similar
case to FcVET.10 The conformational differences in the
seemingly similar compounds, ETBN and FcVET, originate
from the fact that the molecular plane of the TTF-derivative
moiety in ETBN is almost flat due to the presence of the
peripheral phenyl group. In addition, the functional group
attached to the fused TTF derivative is a five-membered ring
containing a nitronyl nitroxide radical group and four methyl
groups in ETBN, while the ferrocenyl group, which is known
as a better donor, is present in FcVET. These structural and
electronic differences may affect the molecular interactions
in the crystal. After all, the contacts of the ETBN molecules
are the van der Waals interactions among the carbon atoms
rather than the S···S contacts, as shown in FcVET which has
a hexagonal channel filled with solvent molecules. The
diameter of the channel (φ) is about 7.5 Å considering the
van der Waals radii of the carbon atoms in the two opposite
ferrocenyl groups.
Thermogravimetric analysis (TGA) indicates that the
gradual weight loss of the FcVET·(solv)x crystals from
29.0 oC to 160.5 oC is 4.2% (1/6(CH2Cl2) and 1/3(CH3OH)
molecules per one FcVET), which is attributed to the
evaporation of the solvent molecules in the channel. The
weight loss continues up to 210 oC, and after that the
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Figure 5. TGA diagram of FcVET·(solv)x. The weight loss of
4.20% from 29.0 oC to 160.5 oC corresponds to that of the solvated
molecules. Inset shows the diagram within the full temperature
range from 29 oC to 700 oC.

Figure 6. 1H NMR spectra of FcVET·(CH2Cl2)1/6·(CH3OH)1/3
(above) and FcVET obtained after the evacuation of the solvated
molecules in the 1D-channel (below). The peaks highlighted at
5.30 and 3.49 ppm correspond to the protons from the solvated
CH2Cl2 and CH3OH, respectively.

decomposition of the FcVET molecules begins (Figure 5).
In order to quantify the contents of the included solvents, the
1
H NMR spectra were measured in CDCl3 and compared for
FcVET·(solv)x and FcVET in Figure 6.12 Before dissolution, the as-prepared FcVET crystals were evacuated to
remove their guest molecules. The 1H NMR spectrum for
FcVET·(solv)x showed several resonance peaks, among
which the peaks observed at 3.31, 4.22, 4.33, 4.47 and 6.28
ppm belong to the FcVET molecule. The peaks at 5.30 and
3.49 ppm could be assigned to methylene chloride and
methanol, respectively. These two peaks are not found in the
spectrum for FcVET. Based on the analysis of the integrated
peaks, the molecular ratios of methylene chloride and
methanol to FcVET were approximately 1:6 and 1:3, respectively, which is in good agreement with the results obtained
from the X-ray structure analyses and TGA result.
After careful evacuation of the FcVET·(solv)x crystals, the
de-solvated crystals were stable without any loss of their
crystallinity, which made it possible to examine the crystal
structure of the evacuated crystal (FcVET).8 The crystal
structure of FcVET was almost the same as that of
FcVET·(solv)x except for the presence of the solvents
(Figure 7). The distances of the intermolecular S···S contacts
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Figure 7. The porous structure of FcVET viewed normal to the
(001) plane. The hexagonal 1D-channels are constructed by the
ferrocenyl groups around the crystallographic three-fold rotoinversion axis.

are slightly shortened by 0.004-0.011 Å (Figure 3). The
crystal parameters of the porous structure FcVET are
consequently changed compared to those of FcVET·(solv)x:
slight contractions along the a- and b-directions (Δa = Δb =
0.043 Å) with no change along the c-direction were found
within the error rang.8 This indicates that the hexagonal
framework made of FcVET molecules is rigid, mainly due
to the many intermolecular S···S contacts, and sufficient to
maintain the void space at 7.8% of the crystal volume.13
Considering the fact that this compound is mostly composed
of organic moieties and that the molecules in a crystal
structure are generally packed as closely as possible in order
to maximize the attractive intermolecular interactions,14,15
it is not usual for such a stable molecular crystal with a
porous framework to be obtained, which in this case is
constructed mainly by intermolecular S···S contacts, as
shown in FcVET.
When the FcVET·(solv)x crystals were put in mixed
solvents such as CH3Cl/MeOH and CH3Cl/n-hexane for
several weeks, it was found that no solvent exchange
occurred. This result is supported by the observation that the
FcVET·(solv)x crystals were not formed in these solvent
pairs. This strongly points to the solvent specificity in the
formation of the crystals.
In summary, an unprecedented self-assembled porous
framework is constructed with a multi-sulfur donor molecule with ferrocenyl group (FcVET). The solvent-specific
framework maintained by intermolecular S···S contacts
forms one-dimensional hexagonal channels (φ ≈ 7.5 Å) filled
with the solvated molecules. A careful evacuation of the
solvated FcVET crystals leaves solvent-free FcVET crystals
in which the identical framework structure with the same
intermolecular S···S contacts is maintained.
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