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A novel π-conjugated organic compound, 1-phenyl-2,5-bis[5-(tricyanoethenyl)-2-thienyl]pyrrole, which bears
two powerful electron-withdrawing tricyanoethenyl substitutents, readily yielded gold-like metal-lustrous inclusion
crystals with a series of aromatic guest molecules such as toluene, p-xylene, anisole, dimethoxybenzenes and indene.
All the inclusion compounds have a common stoichiometric ratio (host/guest) of 2 : 1. X-Ray structural analyses
demonstrate that the structural feature for toluene included crystal is similar to those containing p-xylene, anisole,
dimethoxybenzenes and indene.

Introduction
Recently, we have reported that 1-aryl-(2-thienyl)-5-[5-(tri-
cyanoethenyl)-2-thienyl]pyrroles 1, a new class of π-conjugated
compounds comprised of a stronger π-electron-withdrawing
tricyanoethenyl substituent and a conjugated thiophene–
pyrrole–thiophene skeleton, shows gold- or bronze-like metallic
lusters.1 The essential relationship between their vivid metallic
colored appearance and their unique crystal structure, as well
as the possibility of their applications in novel functional
materials motivated us to explore this work more systematically
and deeply. Hitherto, we have synthesized a large number
of new compounds bearing one tricyanoethenyl group. By
comparing their properties, we realised that the metal-like
appearance is not exclusively limited to compound 1, but is
also possible with inclusion crystals containing 1 as the host
molecule,2 and the metallic colors are more diverse besides the
predominant gold and bronze.3 As a part of our investigation,
we also synthesized the title compound 2 bearing two tricyano-
ethenyl groups, and found that crystallization of 2 from its
DMF solution results in formation of bronze-like microcrystals
with inclusion of DMF. Further studies have revealed that
gold-like inclusion crystals can be formed by effective inclusion
of 2 with various electron-donating aromatic molecules such as
toluene, p-xylene, anisole, dimethoxybenzenes, and indene.
Herein we report this inclusion phenomenon as well as the
relationship between crystal appearance and crystal structure. 

Results and discussion
The host compound 2 was readily synthesized by treatment of
its precursor, 1-phenyl-2,5-di(2-thienyl)pyrrole 1,4 with excess
amount of tetracyanoethylene in DMF solution at 80 �C. After
the reaction mixture cooled to room temperature, a large
portion of the products precipitated as bronze-like micro-
crystals with inclusion of about 1.66 equivalents of DMF
(determined by 1H NMR spectrum and TG-DSC). The filtrate
was concentrated to obtain the remaining portion. After
chromatographic purification and then washing several times
with acetone, 2 was obtained in a satisfactory yield (total 94%)
and pure enough for further work.

Interestingly, after drying the DMF-included crystals
in vacuo at 80–90 �C, a bright green powder, which was con-
firmed as pure 2, was obtained. Upon exposure to DMF vapor
in a closed vessel at room temperature for 24 h, the bright green
powder returned again to the initial microcrystals with bronze-
like metallic lustre. The X-ray powder diffraction (XRPD)
patterns concerning the aforementioned changes clarify that the
product from gas–solid reaction of 2 with DMF is similar to
that prepared by crystallization, but is different from that
of pure 2, as shown in Fig. 1. This undoubtedly demonstrates

Fig. 1 Experimental XRPD traces of (a) pure host 2, (b) crystals
of complex 2�DMF prepared by recrystallization and (c) crystals of
complex 2�DMF prepared by gas–solid reaction.D
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Fig. 2 Photographs (top) and solid-state UV-Vis-NIR diffuse absorption–reflection spectra (bottom) of the pure host 2 (curve B, λmax = 440 nm)
and its inclusion crystals with DMF (curve A, λmax = 510 nm) and toluene (curve C, λmax = 480 nm). For comparison, Au-plate is also shown as the
bottom line (λmax = 480 nm). Note that curve C resembles well with the Au-plate.

Scheme 1

that the DMF-included 2 is not a simple surface adsorption
product, but a host–guest complex. To our surprise, gold-like
single crystals of 2 suitable for X-ray analysis grew easily when
toluene was employed as crystallization solvent. The interesting
color change process is clearly reflected in the solid-state
UV-Vis-NIR diffuse reflection–absorption spectra, shown in
Fig. 2. The 1H NMR spectrum shows that toluene (precisely 0.5
equivalent to 2) is included in the crystals. X-Ray analysis also
certifies that the single crystal is an inclusion compound of
2 and toluene with a stoichiometric ratio of 2 : 1. Other
substituted benzenes such as p-xylene, anisole etc. were also
examined for formation of inclusion crystals with 2. The results
are summarized in Scheme 1.

The following three simple procedures were used to obtain
the inclusion crystals: i) Directly dissolving 2 into the respective

guests and crystallising gradually from these produced solu-
tions without the need for any other solvent when the guest is a
volatile liquid at ambient temperature. Inclusion compounds 3,
4, and 5 were obtained in this way as gold-like metal-lustrous
single crystals suitable for X-ray analysis and other measure-
ments. ii) Dissolving the host–guest mixture into CHCl3 solvent
and crystallising by slow evaporation of the solvent when the
guest is a liquid with a high boiling point (non-volatile) or a
solid at ambient temperature. We attempted to prepare single
crystals of the inclusion compounds 6–9 by this procedure
and, with the exception of 6, single crystals of 7–9 of a good
quality suitable for X-ray analysis were obtained. Although 6
indisputably forms an inclusion compound with 2 : 1 host/guest
ratio similar to that of 7–9 as determined by the 1H NMR
spectrum, X-ray analysis could not be achieved successfully
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because of the poor crystal quality. iii) Dissolving 2 in the
non-volatile liquid guests and crystallising by slow diffusion of
hexane into the host–guest mixtures. The inclusion compounds
formed by this method, such as 6 and 7, were always micro-
crystals of poor quality unsuitable for X-ray analysis, but quite
satisfactory for elemental analysis. The inclusion compounds
3–9 have a common stoichiometric ratio (host/guest) of 2 : 1.
Crystallographic data are given in Table 1. †

Inclusion crystals 3, 4, and 5, grown from the guest solution
of the host 2, are isostructural and crystallise with 4 host and
2 guest molecules in the monoclinic P21/c space group.
Inclusion crystals 8 and 9, grown from the CHCl3 solution
of the host–guest mixture, are isostructural with 3, 4 and 5,
and also crystallise with 4 host and 2 guest molecules in the
monoclinic P21/c space group. Crystal 7, prepared similarly to 8
and 9, has similar structure feature to the above-mentioned
inclusion compounds, though it crystallises with 8 host and
4 guest molecules in the monoclinic P21/c space group. For
crystal 6, although its X-ray analysis could not be achieved
successfully because of its poor quality, we surmise that 6 is
also virtually isostructural with 7, as suggested by the XRPD
patterns displayed in Fig. 3.

In crystals 3–9, four co-planar adjacent host molecules self-
assemble 5 to aggregate as two pairs (each of the two confronted
molecules aggregated to form one pair) exclusively and create
a flat sheet possessing circular cavities, as shown in Fig. 4.
The electron-donating guest molecules have entirely planar
structures and volumes allowing location within the cavities.
The sheet consisting of co-planar host–guest aggregations
stacks antiprismatically with an offset style to form the gold-like
metal-lustrous inclusion crystals 3–9. It is noteworthy that
the stacking in 3–9 is not the prismatic (eclipsed) type that is
necessary for the formation of a structure possessing straight
channels.6 This packing motif has been observed not only in the
crystal structures of inclusion compounds 3, 4 and 5, but also in
7, 8 and 9. As a typical example, we describe here the crystal
structure of the p-dimethoxybenzene inclusion crystal 8. Fig. 5
shows the sheet-like structure of crystal 8. The p-dimethoxy-
benzene guest exists in the host couples-encircled cavities
running parallel to bc plane, and no effects of the guest’s
disorder 7 were observed because of its perfect C2 symmetry. A
closed circular network of π-systems is produced by the CH/N
type hydrogen bonds 8 between the cyano nitrogen and the
olefinic hydrogen atom of the host molecules [C10–
H10 � � � N2: 2.65 Å (163.7�); C13–H13 � � � N2: 2.69 Å
(171.3�)] 8a,8d,9 and the short π–π contacts (C10 � � � N2: 3.58 Å;
C13 � � � N2: 3.64 Å) originated from such CH/N type H
bonds,1–3 along with the CN � � � CN contacts (N1 � � � C28:
3.57 Å; N6 � � � C1: 3.59 Å). The sidewise π–π contacts
(CN � � � C��C), which are found to commonly exist in this kind

Fig. 3 Experimental XRPD traces of (a) inclusion crystals 6 and (b) 7.

† CCDC reference numbers 205806–205811. See http://www.rsc.org/
suppdata/ob/b3/b302689b/ for crystallographic data in .cif or other
electronic format.

of material, are suggested to be responsible for the gold-like
metallic lustre 1 Moreover, the host and the p-dimethoxy-
benzene guest interact with each other through a remarkably
stronger C–H (host) � � � O (guest) hydrogen bond 8a,8c,10 [C6–
H6 � � � O1: 2.53 Å (152.6�)] since the oxygen atom O1 in
p-dimethoxybenzene guest works as an appropriate proton
acceptor.8a,11 The stronger C–H (host) � � � O (guest) interaction
is surmised as a predominant factor stabilizing the inclusion
crystal.8c,12 In contrast, there are no remarkable host–guest
hydrogen bonds and other interactions between the host and
the relatively smaller p-xylene guest within the crystal lattice of
4 (Fig. 6).

Since the inclusion of a relatively large aromatic guest such
as indene also occurs, and the consequent co-crystal is iso-
structural with the others, we surmised that aromatic molecules
having a similar size to indene, such as naphthalene or benzo-

Fig. 4 Space-filling projection of inclusion crystal 3 viewed along the
a-axis with guest molecules omitted, showing the open cavities.

Fig. 5 Packing diagram of inclusion crystal 8 viewed along the c-axis.
The CN � � � CN contacts (N1 � � � C28: 3.57 Å; N6 � � � C1: 3.59 Å) and
the CH/N type hydrogen bonds [C10–H10 � � � N2: 2.65 Å (163.7�);
C13–H13 � � � N2: 2.69 Å (171.3�); C6–H6 � � � O1: 2.53 Å (152.6�)] are
drawn as dotted lines. The sidewise π–π contacts (C10 � � � N2: 3.58 Å;
C13 � � � N2: 3.64 Å) originated from the CH � � � N hydrogen bonds are
omitted for clarity. N and O atoms are lightly shaded.
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Table 1 Crystallographic data and structure refinement parameters

Inclusion compound 3 4 5 6 7 8

Empirical formula 2C28H11N7S2�C7H8 2C28H11N7S2�C8H10 2C28H11N7S2�C7H8O 2C28H11N7S2�C8H10O2 2C28H11N7S2�C8H10O2 2C28H11N7S2�C9H8

Mw 1111.29 1125.31 1127.29 1157.31 1157.31 1135.31
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/c P21/c P21/c P21/c
Z 2 2 2 4 2 2
Cell constants       
a/Å 10.031 (2) 9.935 (3) 9.979 (3) 12.380 (7) 9.829 (5) 10.168 (6)
b/Å 27.595 (6) 27.547 (10) 27.550 (6) 27.61 (2) 27.691 (10) 27.708 (12)
c/Å 11.908 (5) 12.211 (6) 12.035 (5) 12.380 (5) 12.488 (7) 11.785 (11)
α/deg 90 90 90 90 90 90
β/deg 124.13 (5) 124.39 (5) 124.31 (5) 93.22 (5) 125.32 (6) 124.03 (9)
γ/deg 90 90 90 90 90 90
V/Å3 2728 (2) 2740 (2) 2733 (2) 5575 (6) 2773 (2) 2752 (3)
µ/cm�1 2.07 2.05 2.07 2.06 2.07 2.05
Crystal size/mm 0.35 × 0.15 × 0.15 0.40 × 0.25 × 0.15 0.50 × 0.40 × 0.35 0.50 × 0.40 × 0.35 0.50 × 0.20 × 0.15 0.55 × 0.45 × 0.40
Dcalc/g cm�3 1.353 1.364 1.370 1.379 1.386 1.370
T/K 298 298 298 298 298 298
Index ranges 0 � h � 12 �12 � h � 12 �12 � h � 11 �15 � h � 15 0 � h � 11 0 � h � 12
 �33 � k � 0 �33 � k � 0 �33 � k � 0 �33 � k � 0 �32 � k � 0 0 � k � 33
 �14 � l � 12 �15 � l � 12 �14 � l � 11 0 � l � 19 �14 � l � 11 �14 � l � 12
Reflns measured 5626 10612 5604 11716 5012 5659
Unique reflexions 5615 5514 5483 11216 4904 5488
Observed reflexions 3549 3076 3870 6378 3385 4023
Parameters 350 370 367 769 379 354
Rint 0.013 0.078 0.013 0.046 0.022 0.021
Criteria of I 3.00 3.00 3.00 3.00 3.00 3.00
GOOF 1.022 1.018 1.007 1.040 1.003 1.006
R1 a (obsd data, I>3σ(I )) 0.055 0.066 0.044 0.057 0.049 0.071
wR2 b (all data, F 2 refinement) 0.087 0.090 0.070 0.088 0.062 0.271
Final difference peaks/eÅ�3 �0.50, 0.99 �0.64, 0.51 �0.31, 0.51 �0.56, 0.55 �0.34, 0.35 �0.69, 1.04

a R1 = Σ{|F0| � |Fc| |/Σ|F0|. 
b wR2 = [Σw(F0

2 � Fc
2)2/Σw(F0

2)2]1/2. 
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thiophene, should also possibly display the same inclusion
behavior. However, both naphthalene or benzothiophene failed
to give crystalline inclusion.

Thermal gravimetry (TG) and differential scanning calor-
imetry (DSC) traces for the inclusion compounds 3–9 are
shown in Fig. 7. All the inclusion crystals decompose in a single
step in the weight loss curves, and the DSC traces show the first
endotherm, due to guest release, followed by a sharp endotherm
within the narrow range of 316–317 �C due to the melt of the
host.

The weight loss data of the inclusion compounds 3–9 derived
from the TG traces are almost in agreement with the stoichio-
metric ratios of 2 : 1 (host/guest) obtained from 1H NMR
integration and X-ray diffraction. By comparing the DSC data
of the dimethoxybenzene isomers included analogues, we
suggest that inclusion compound containing C2 symmetric
guest shows higher thermal stability.

Fig. 6 Packing diagram of inclusion crystal 4 viewed along the a-axis.
The CN � � � CN contacts (N1 � � � C28: 3.47 Å; N6 � � � C1: 3.54 Å) and
the CH/N type hydrogen bonds [C10–H10 � � � N2: 2.60 Å (177.7�);
C13–H13 � � � N2: 2.62 Å (172.3�)] are drawn as dotted lines. The
sidewise π–π contacts (C10 � � � N2: 3.56 Å; C13 � � � N2: 3.57 Å;
C14 � � � N3: 3.53 Å) originated from the CH � � � N hydrogen bonds are
omitted for clarity. N atoms are lightly shaded.

Fig. 7 Thermograms (TG and DSC) of the inclusion compounds 3–9.
The crystal number is represented with bold Arabic numerals.

Conclusion
As stated above, attachment of two powerful electron-with-
drawing tricyanoethenyl groups to 1-phenyl-2,5-di(2-thienyl)-
pyrrole skeleton leads to a new versatile construction element
which proved useful in crystalline inclusion and π-conjugated
compound supramolecular chemistry. In inclusion compounds
3–9, the host molecules self-assemble to aggregate as molecular
pairs creating a flat sheet possessing circular cavities within
which the aromatic guests are accommodated. The inclusion
crystals show gold-like metallic lustre, suggesting that the
origination of the metallic lustre is not exclusively limited to the
tricyanoethenyl derivative itself, but possibly also to the crystal-
line inclusion compound containing tricyanoethenyl derivative.
Based on the structural features of the inclusion crystals, we
prefer to interpret the essential origin of the gold-like metallic
lustre as due to the co-planar sheet-like crystal arrangement
being extremely favorable to the sidewise intermolecular π–π
contact (CN � � � C��C) between the host molecules. The DSC
data of the analogs 3–9 proves that the C2 symmetry of the
guest molecules deeply influences their thermal stability. It
is also noteworthy that the aromatic guest molecules suitable
for the crystalline inclusion are all electron-donating. Com-
bined with the fact that the electron-deficient quinone and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) molecule
cannot be included, we can infer that electrostatic forces also
play a role in these supramolecular architectures.

Experimental

General

All chemicals were obtained from commercial suppliers and
used without further purification. 1H NMR spectra were
recorded at 300 MHz using a Varian Gemini-2000 NMR
spectrometer and chemical shifts were referenced to TMS as
internal standard. Chemical shifts (δH) are quoted in parts per
million (ppm). Coupling constants are quoted in Hertz (Hz).
Thermal analyses (TG-DSC) were carried out on a Mac Science
TG-DSC2000s apparatus. The measurements were performed
over the temperature range 30–330 �C at a heating rate of 10 �C
min�1 with a purge of dry nitrogen flowing at the pressure of ca.
0.15 MPa. UV-Vis absorption spectra in THF solution were
recorded on a JASCO V-570 spectrophotometer at con-
centration of 3 × 10�5 mol l�1. Solid-state UV-Vis-NIR diffuse
reflection–absorption spectra were recorded on a JASCO V-570
spectrophotometer equipped with an integral detector. Single
crystals of the corresponding compounds were uniformly
broken into powder and were put into a quartz glass cell for
measurement under the absorption response mode. Infrared
spectra were measured on a JASCO FT/IR-350 spectrophoto-
meter. Melting points are uncorrected. Elemental analyses were
performed by Chemical Analysis Center of Chiba University.
All X-ray powder diffraction (XRPD) analyses were taken on
a Mac Science MXP powder diffractometer using graphite-
monochromated Cu–Kα radiation (40 kV, 300 mA). The
spectra were measured between 2� and 50� in the 2θ/θ-scan
mode with steps of 0.01� in 2θ and 4�min�1.

Materials

Synthesis of the host compound. 1-Phenyl-2,5-bis[5-(tri-
cyanoethenyl)-2-thienyl]pyrrole 2. A mixture of 1-phenyl-2,5-
di(2-thienyl)pyrrole 1,4 (283 mg, 0.92 mmol) and TCNE (470
mg; 3.69 mmol) in 20 mL of anhydrous DMF was stirred for
24 h at 80 �C. The reaction mixture was cooled to room tem-
perature, then the precipitated golden-yellow solid was separ-
ated by filtration (ca. 453 mg, 78% based upon pure 2). The
solid was washed with acetone (5 mL × 3) and then dried
in vacuo at 80–100 �C until the colour changed to green. The
filtrate was poured into a saturated NaCl solution, and the
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aqueous layer was extracted with toluene (20 mL × 6). The
combined organic layer was dried over anhydrous MgSO4 and
concentrated in vacuo. The dark blue residue was purified by
column chromatography (silica gel, CHCl3) to afford the
remaining portion as dark green powder (75 mg, 16%; total:
94%): mp 316.5–317.0 �C (Found: C, 65.82; H, 2.06; N, 19.27.
Calc. for C28H11N7S2: C, 66.00; H, 2.18; N, 19.24%); νmax (KBr)/
cm�1 2218 (CN), 1502, 1406, 1379, 1358, 1200, 1120, 778
and 696; λmax/nm (ε/dm3 mol�1 cm�1) 644 (63300); δH (CDCl3)
7.09 (2 H, d, J 4.5, thiophene-3-CH��CH), 7.11 (2 H, s, pyrrole-
CH��CH), 7.47 (2 H, d, J 8.7, Ar), 7.71 (2 H, t, J 8.0, Ar), 7.80
(1 H, t, J 7.4, Ar) and 7.82 (2 H, d, J 4.5, thiophene-4-CH��CH).

Preparation of single crystals of the crystalline inclusion
compounds. The inclusion compounds 3, 4 and 5 were obtained
by dissolving the host compound 2 into the minimum amount
of guest. The corresponding single crystals appeared by slow
evaporation at ambient temperature. The inclusion compounds
6–9 were prepared by dissolving the corresponding host–guest
mixture (H/G = 1 : 3 or 1 : 4) into the minimum amount of
CHCl3 solvent. The corresponding single crystals grew by slow
evaporation of CHCl3 at room temperature. The inclusion
compounds 5, 6, 7 and 9 could also be formed slow diffusion
of hexane into the corresponding guest solution of the host 2.
However, this method was not effective enough to get single
crystals for X-ray structural analysis.

Inclusion compounds
3. Gold-like lustrous crystals: dec (TG-DSC) 136.5 �C

(Found: C, 67.86; H, 2.78; N, 17.48. Calc. for 2C28H11N7S2�
C7H8: C, 68.09; H, 2.72; N, 17.65%).

4. Gold-like lustrous crystals: dec (TG-DSC) 179.0 �C
(Found: C, 68.29; H, 2.88; N, 17.17. Calc. for 2C28H11N7S2�
C8H10: C, 68.31; H, 2.87; N, 17.43%).

5. Gold-like lustrous crystals: dec (TG-DSC) 172.7 �C
(Found: C, 67.13; H, 2.83; N, 17.18. Calc. for 2C28H11N7S2�
C7H8O: C, 67.13; H, 2.68; N, 17.40%).

6. Gold-like lustrous crystals; dec (TG-DSC) 129.2 �C
(Found: C, 66.08; H, 2.84; N, 16.68. Calc. for 2C28H11N7S2�
C8H10O2: C, 66.42; H, 2.79; N, 16.94%).

7. Gold-like lustrous crystals; dec (TG-DSC) 135.4 �C
(Found: C, 66.48; H, 2.88; N, 16.59. Calc. for 2C28H11N7S2�
C8H10O2: C, 66.42; H, 2.79; N, 16.94%).

8. Gold-like lustrous crystals; dec (TG-DSC) 193.4 �C
(Found: C, 66.19; H, 2.71; N, 16.86. Calc. for 2C28H11N7S2�
C8H10O2: C, 66.42; H, 2.79; N, 16.94%).

9. Gold-like lustrous crystals; dec (TG-DSC) 151.0 �C
(Found: C, 68.71; H, 2.64; N, 17.19. Calc. for 2C28H11N7S2�
C9H8: C, 68.77; H, 2.66; N, 17.27%).

X-Ray crystallography

Data collections were performed on a Mac Science MXC18
four-circle diffractometer with graphite monochromated
Cu–Kα radiation (λ = 1.54178 Å) using the ω-2θ scan technique
at 298 K. The structures were solved by direct methods and
refined by full-matrix least-squares methods against F 2 (SIR
92 13 on a computer program package; maXus ver. 4.3p2
Bruker-AXS). For compounds, 4, 7, and 8, all non-hydrogen
atoms were refined with anisotropic displacement parameters
and hydrogen atoms were refined isotropically. In compounds,
3, 5, and 9, heavy atoms were refined anisotropically except
for those of the guest molecule. No empirical absorption
correction was applied to all crystal refinements. For compound
5, the guest (anisole) is disordered over 2 sites but the
occupancies for each atom are not the same as each other, and
have a wide range of values.
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