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synthesis of intertwined,
functionalized strands as precursors to molecularly
woven materials†

Natasha R. Wadhwa, Neil C. Hughes, Jaafar A. Hachem and Gellert Mezei*

Herein we propose a novel approach toward yet to be realizedmolecularly wovenmaterials (MWMs), based

onmetal-templated precursors containing intertwined strands with functional ends. Two different potential

precursors, based on terminal alkene-functionalized bis-Schiff base ligands (with either 1,2-

diaminophenylene or 1,2-diaminoethylene cores) coordinated around a Cu(I) ion, have been tested.

During this work, four novel organic ligands were prepared, along with the Cu(I) or Ag(I) complexes of

three of them, and were characterized by X-ray diffraction and/or NMR spectroscopy. Chemical

reactivity and structural studies (by single-crystal X-ray crystallography) of these novel compounds led to

the assessment of their viability as precursors for MWMs. The essential requirement that terminal

functionalities on the two intertwined ligand strands of the precursor must be far enough from each

other so that only inter- and no intra-molecular reactivity is possible, is only met by the precursor with

a 1,2-diaminophenylene core. This precursor, however, is less stable than the analogous one with a 1,2-

diaminoethylene core, as it easily undergoes intramolecular cyclization/aromatization to yield a stable

benzimidazole moiety, resulting in breakdown of the strands. The benzimidazole-containing compound

offers an interesting example of chiral crystallization (helical arrangement about a four-fold axis) induced

by hydrogen bonding of an otherwise achiral molecule. The results of this study outline the challenges

involved in the preparation of a MWM using our approach, and will aid in identifying more robust ligand

systems that meet the requirements of a MWM precursor set forth here.
1. Introduction

Strength, lightness and exibility are crucial features of some
materials used in everyday life. For certain specialized applica-
tions, extreme strength is required, while lightness and exi-
bility are still desirable. The challenge to combine these
properties into one material is not trivial, as very tough mate-
rials are usually brittle and/or dense. By analogy to macroscopic
woven materials, such as textiles and ropes, we predict that
covalent polymers woven at the molecular level will offer the
ultimate strength in a lightweight and exible material.
Mechanical failure of common polymers can occur by the dis-
entangling of individual strands as a result of breaking weak
intermolecular bonds. In contrast, disrupting a molecularly
woven polymer would require the simultaneous breaking of
multiple, strong covalent bonds. Although crosslinking is
known to increase strength, high crosslink densities cause
University, Kalamazoo, MI, 49008, USA.
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polymers to become rigid and glassy.1 Ultra-high molecular
weight polyethylene has high impact strength, but melts at
relatively low temperatures and easily deforms permanently
under tensile load.2 Graphene3 and carbon nanotubes4 have the
highest known tensile strengths; however, they are also the
stiffest materials known and have poor resistance to bending,
torsion and compression. The interlocked (but not cross-linked)
strands of a molecularly woven polymer would provide inherent
exibility, lightness and extreme strength at the same time.

Nomolecularly wovenmaterials (MWMs) have been reported
to date, as no technology is currently available for the weaving of
individual polymer strands.5 The possibility of creating
a “molecular macramé” by molecular weaving was anticipated
in 1992 by Daryle H. Busch: a tetranuclear grid complex, with
intertwined strands could, in principle, be extended in two
dimensions to yield a 2D woven structure (Fig. 1).6 Although
such tetranuclear precursors have been reported in the mean-
time,7 it is hard to imagine that long, polymeric analogs of the
ligands used as strands would lead to the desired, extended
woven materials. Instead, if the eight endings of the tetranu-
clear precursor's strands were appropriately functionalized,
polymerization (“molecular sewing”) could then yield a polymer
with interwoven strands. Metal complexes containing inter-
twined strands with functional end-groups have indeed been
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Concept of molecular weaving templated by metal ions.6
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used for the creation of discreet catenanes, rotaxanes, knots,
and higher order links.8 Other methods that could possibly be
extended to molecular fabrics, such as single-stranded DNA
weaving9 and surface templated synthesis,10 have been
entertained.

Herein we propose a simpler approach to MWMs, based on
mononuclear complexes as precursors (Fig. 2), and report
Fig. 2 Approach to molecularly woven materials based on polymerizatio
a 2D-network is shown; however, in the absence of directing factors, ra

Fig. 3 (a) Alkene functionalities in close proximity react intra-molecula
functionalities cannot react intra-molecularly and are expected to lead t

This journal is © The Royal Society of Chemistry 2016
terminal alkene functionalized precursors that could be “sewn”
together on the molecular level by alkene metathesis. Alkene
metathesis11 has been used successfully for the synthesis of
macrocycles,12 topologically unusual molecules (such as cate-
nanes,13 rotaxanes14 and knots15) and polymeric materials.16 To
avoid the formation of a [2]catenane (Fig. 3a) and to ensure that
only inter-molecular reactivity is possible, our MWM precursor
n of mononuclear precursors with functionalized endings. For clarity,
ndom 3D-networks are more likely to be obtained in practice.

rly and lead to a [2]catenane (92% isolated yield);13a (b) distant alkene
o a molecularly woven polymer.

RSC Adv., 2016, 6, 11430–11440 | 11431
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has the alkene functionalities placed close to the intertwined
core and far from each other (Fig. 3b). Thus, intra-molecular
reactivity is precluded based on geometric constraints.

2. Results and discussion
2.1. Synthesis

To prepare a MWM precursor with intertwined, alkene-
functionalized strands, we rst set out to prepare the bis-
Schiff base ligand 1,2-phenylene-bis[nitrilo(E)methylidyne(4-
allyloxyphenyl)] (compound 7 without the NO2-groups in
Fig. 4), by the reaction of 1,2-phenylenediamine with 4-allyloxy-
benzaldehyde. As 1,2-phenylenediamine turned out to be
unreactive toward 4-allyloxybenzaldehyde, we activated the
aldehyde by attaching a nitro group to the benzene ring. 3-Nitro-
4-hydroxybenzaldehyde is indeed much more reactive, so much
so that during the reaction with allyl bromide, condensation of
the aldehyde group with the acetone solvent also occurred
(which was not the case in the absence of the NO2-group). To
avoid the formation of the undesired 4-(3-nitro-4-
allyloxyphenyl)-3-buten-2-one (1) (Fig. 4), acetonitrile was used
instead of acetone as solvent, and 3-nitro-4-
allyloxybenzaldehyde (2) was obtained in excellent yield. On
reacting with 1,2-phenylenediamine (2 : 1 molar ratio) in
methanol, 2 afforded the mono-Schiff base N-[(3-nitro-4-
allyloxyphenyl)methylene]-1,2-benzenediamine (3), not the ex-
pected bis-Schiff base 7. When the same reaction was carried
out in ethanol instead of methanol, 2-(3-nitro-4-allyloxyphenyl)-
benzimidazole (4) was obtained instead of 7. Compound 4, an
achiral molecule, was found to crystallize in a chiral space
group (see the Crystallographic studies section below), and
formed bis[2-(3-nitro-4-allyloxyphenyl)-benzimidazole] silver(I)
nitrate (5) upon reaction with AgNO3 in acetonitrile.

In contrast to the metal-free approach to ligand 7, the use of
Cu(I) ion as template yielded completely different results. Thus,
when 1,2-phenylenediamine was rst reacted with [Cu(CH3CN)4]
PF6 in methanol before adding 3-nitro-4-allyloxybenzaldehyde (2)
in excess, the desired bis-Schiff base 7 was obtained in the form
of bis[1,2-phenylenebis{nitrilo(E)methylidyne(3-nitro-4-allyloxy-
phenyl)}]copper(I) hexauorophosphate (6). Crystals of 6 were
obtained by slow diffusion of diethyl ether vapor into acetone or
acetonitrile solutions. However, 6 turns out to be a rather delicate
molecule: attempts to crash it out from an acetone solution by
pouring into excess diethyl ether led to decomposition and yiel-
ded the benzimidazole 4. The same result was obtained upon
attempting to prepare the free ligand 7 by demetalating 6 in
acetonitrile with aqueous KCN. The cause of the observed reac-
tivity appears to be the higher stability of benzimidazole due to
extended aromaticity.

Although metal-free 1,2-diaminophenylene-based bis-Schiff
base ligands can undoubtedly be obtained,17 it appears that
the presence of phenyl groups on the methine carbons leads
exclusively to the formation of 2-phenylbenzimidazoles and/or
1-benzyl-2-phenylbenzimidazoles.18 A notable exception is the
case of phenyl groups with an ortho-OH19 or NH20 group, which
appear to stabilize the free bis-Schiff base ligand. Coordination
to Cu(I) ions stabilizes the elusive ligand 7, and provides the
11432 | RSC Adv., 2016, 6, 11430–11440
only known example of a 1,2-diaminophenylene-based bis-
Schiff base (6) without a stabilizing ortho-OH or NH group on
the methine-bound phenyl groups.

Based on the fact that ligand 7 could not be obtained in the
metal-free form, we predict that demetalation of a MWM based
on 6 will lead to breakdown of the material, as the more stable
benzimidazole moiety forms upon rupture of the strands.
Therefore, we next targeted analogous ligands, with 1,2-dia-
minoethylene instead of 1,2-diaminophenylene core, by react-
ing ethylenediamine with 4-allyloxybenzaldehyde (8) or its nitro
derivative (2). Unlike in the case of the 1,2-diaminophenylene
core, the corresponding bis-Schiff bases 9 and 10, which cannot
form benzimidazoles, were readily obtained (Fig. 4). Bis-Schiff
bases 9 and 10 were then reacted with [Cu(CH3CN)4]BF4 in
methanol to yield the MWM precursors 11 and 12. Differences
between the structures of 6 and 12, caused by changing the 1,2-
diaminophenylene core to a 1,2-diaminoethylene core, are dis-
cussed below in the ‘Crystallographic studies’ section.
2.2. Crystallographic studies

2.2.1. 2-(3-Nitro-4-allyloxyphenyl)-benzimidazole (4).
Compound 4, an achiral molecule (Fig. 5), crystallizes in
a Sohncke space group (P43, chiral space group), wherein
chirality is generated by the helical arrangement of the mole-
cules (Fig. 6). The apparent chirality of 4 in the crystalline state
originates from the position of the allyl group, which can curve
either above or below the plane of the molecule (the dihedral
angle between the imidazole and 3-nitro-4-allyloxyphenyl
moieties is 13.8�). However, 4 is not a rigid molecule, and it is
capable of converting into its mirror image through internal
degrees of freedom. A survey of the Cambridge Structural
Database indicates that molecules without a chiral center
strongly prefer crystallization in centrosymmetric space
groups.21 It has also been documented that statistically, con-
formationally exible achiral molecules are less likely to crys-
tallize in chiral space groups than conformationally rigid ones.
Nevertheless, possible factors leading to chiral crystallization of
achiral molecules, such as intermolecular hydrogen bonding
that results in spiral chains, had been pointed out.22 Within the
crystal lattice of 4, adjacent molecules are linked together
through imidazole NH/N hydrogen bonds (N1/N2: 2.858(3)
Å; N1–H1: 0.86 Å; H1/N2: 2.006 Å; N1–H1/N2: 170.4�) into
spiral chains, which are connected to each other by p–p

stacking interactions between the benzene rings of the imid-
azole and the 3-nitro-4-allyloxyphenyl moieties (centroid–
centroid distance: 4.028(2) Å; dihedral angle between mean
planes: 14.03(9)�). It appears that these intermolecular forces,
perhaps along with other weak interactions (such as CH/O
hydrogen bonds), lead to a preference for molecular packing via
43 screw axes rather than inversion centers and glide planes.
The identication of molecular features that lead to chiral
crystallization of achiral molecules is especially important for
crystal structure prediction, crystal engineering and the devel-
opment of non-linear optical materials, for which non-
centrosymmetric space groups are a requirement for second-
harmonic generation.23
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Reaction scheme for the preparation of compounds 1–12.

Fig. 5 Thermal ellipsoid plot (50%) of 4.

This journal is © The Royal Society of Chemistry 2016
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2.2.2. Bis[2-(3-nitro-4-allyloxyphenyl)-benzimidazole]sil-
ver(I) nitrate (5). In contrast to 4, crystals of the silver complex of
2-(3-nitro-4-allyloxyphenyl)-benzimidazole are not chiral (Fig. 7
and S1†). Thus, two different conformations of two crystallo-
graphically unique Ag-complexes (with different orientations of
the allyl end-groups) are found within the crystal structure of 5.
The Ag and nitrate ions are located on a C2 axis, which does not
bisect the NO3

� ions symmetrically. Therefore, the nitrate ions
are disordered over two positions. In the case of the Ag1
complex, two C-atoms of the allyl group are essentially coplanar
with the 2-phenylbenzimidazole moiety (dihedral angle
between the imidazole and the phenyl mean planes: 7.11(9)�;
dihedral angle between the 2-phenylbenzimidazole mean
RSC Adv., 2016, 6, 11430–11440 | 11433
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Fig. 6 Packing diagram of 4, illustrating the helical arrangement of
molecules (highlighted in gold) about the crystallographic 43 four-fold
axis.

Fig. 7 Ball-and-stick representation of the two crystallographically
unique Ag-complexes within the crystal structure of 5. Weak Ag/O
and Ag/H interactions are shown with gray and green dashed lines,
respectively. Only the H-atoms involved in these interactions, and one
of the two disordered positions of each nitrate ion are shown for
clarity. Color code: Ag – purple; O – red; N – blue; C – black; H – pink
(Ag1–N1: 2.132(3) Å, Ag2–N4: 2.105(3) Å).

Fig. 8 Schematic representation of the four different conformers
found in the crystal structure of 5, showing the differences in allyl
group orientations and in angles between ligand strands.
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planes: 53.89(3)�), whereas in the case of the Ag2 complex, only
one C-atom of the allyl group is coplanar with the 2-phenyl-
benzimidazole moiety (dihedral angle between the imidazole
and the phenyl mean planes: 8.58(11)�; dihedral angle between
the 2-phenylbenzimidazole mean planes: 39.35(4)�) (Fig. 8).
Within the crystal lattice of 5, the Ag1 and Ag2 complexes form
alternating layers (Fig. 9), in which individual complexes are
linked together by H-bonds between imidazole H-atoms and
nitrate ions in one direction (for Ag1, N/O: 2.880(3) Å, N–H:
0.859 Å, N–H/O: 2.037 Å, N–H–O: 166.5�; for Ag2, N/O:
2.757(4) Å, N–H: 0.860 Å, N–H/O: 1.932 Å, N–H–O: 160.2�), and
11434 | RSC Adv., 2016, 6, 11430–11440
by weak Ag–nitrate (Ag/O: 2.698(2) and 3.104(5) Å for Ag1, and
2.844(5) and 3.183(3) Å for Ag2) and p–p interactions between
benzene rings of neighboring benzimidazole and 3-nitro-4-
allyloxyphenyl moieties in the perpendicular direction (for
Ag1, centroid/centroid: 3.6363(17) Å, angle between mean
planes: 7.13(10)�; for Ag2, centroid/centroid: 3.918(2) Å, angle
between mean planes: 8.65(12)�). Worthy to mention are two
short Ag/H distances for both Ag1 (C–H/Ag: 2.434 Å; C–H–Ag
angle: 142.1�) and Ag2 (Ag/H: 2.493 Å; C–H–Ag angle: 143.2�),
recognized as agostic/anagostic24 interactions (Fig. 7).

2.2.3. Bis[1,2-phenylenebis{nitrilo(E)methylidyne(3-nitro-
4-allyloxyphenyl)}]copper(I) hexauorophosphate (6) and bis
[1,2-ethylenebis{nitrilo(E)methylidyne(3-nitro-4-allyloxy phenyl)}]
copper(I) tetrauoroborate (12). The exchange of the 1,2-dia-
minophenylene core in 6 (Fig. 10 and S2†) to a 1,2-diamino-
ethylene core in 12 (Fig. 11 and S3†) has a signicant inuence on
the structure of the precursor with intertwined strands (Fig. 12).
Although the Cu–N distances (average: 2.038(2) Å in 6, 2.065(2) Å
in 12), N–Cu–N angles (84.03(7) and 84.62(7)� in 6, 85.61(6) and
85.56(7)� in 12; N atoms from same strand) and the angle
between planes dened by N–Cu–N are virtually identical
(80.97(7)� in 6 and 81.27(6)� in 12), the free rotation around the
C–C bond of the 1,2-diaminoethylene bridge in 12 leads to
a different relative orientation of the two strands within each
complex. Thus, the N–C–C–N torsion angle changes drastically
from 1.3(3) and 3.0(3)� in 6, to 53.5(2) and 57.6(2)� in 12 (N/N
This journal is © The Royal Society of Chemistry 2016
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Fig. 9 View along the alternating planes formed by the crystallographically unique Ag1 and Ag2 complexes in the crystal structure of 5, showing
the disordered nitrate ions.

Fig. 10 Ball-and-stick representation of the crystal structure of 6
(PF6

� counterion and H-atoms omitted for clarity).
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separations lengthen from 2.734(2) and 2.738(2) Å in 6 to 2.801(2)
and 2.809(3) Å in 12). As a result, the angle between phenolic O-
atom, core (1,2-diaminophenylene or 1,2-diaminoethylene) C–C
bond centroid and opposite phenolic O-atom increases from 84.3
and 88.7� in 6 to 103.6 and 106.7� in 12. This change is accom-
panied by a shi in p–p interactions: while in 6 intermolecular
p–p interactions dominate (centroid–centroid: 3.558(2), 3.752(2)
and 3.770(2) Å, parallel benzene rings; closest intramolecular
This journal is © The Royal Society of Chemistry 2016
centroid–centroid: 4.420(1) Å), an opposite scenario is observed
in 12 (intramolecular centroid–centroid: 3.644(1) and 3.802(1) Å,
angle between benzene ring mean planes: 11.5 and 11.7�; closest
intermolecular centroid–centroid: 4.157(1) Å). Ultimately, the
terminal alkene functionalities are much closer to each other in
12 (closest distance between phenolic O-atoms: 6.02(1) Å) than in
6 (closest distance between phenolic O-atoms: 8.45(1) Å), possibly
allowing intramolecular reactivity in 12.
3. Summary

Herein we have set forth a novel approach toward the prepara-
tion of hitherto elusive molecularly woven materials, by
“sewing” together (polymerizing) precursors with intertwined,
functionalized strands. An essential feature of these precursors
is the placement of the terminal functionalities so that only
inter- and no intra-molecular reactivity is possible. We have
prepared precursors based on terminal alkene-functionalized
bis-Schiff base ligands (with either a 1,2-diaminophenylene or
a 1,2-diaminoethylene core), coordinated around a Cu(I) ion. It
rst became evident that the bis-Schiff base with the 1,2-dia-
minophenylene core (7) can easily undergo intramolecular
cyclization/aromatization to yield a stable benzimidazole
moiety. Therefore, 7 could only be isolated as the tetrahedral
Cu(I) complex (6). The analogous bis-Schiff bases with a 1,2-
diaminoethylene core (9 and 10), in turn, are stable in both
metal-free and complex forms. The structure of the two
different precursors, derived from X-ray crystallographic
studies, reveals another crucial requirement for the MWM
precursor. While in 6 the rigid 1,2-diaminophenylene cores do
orient the strands so that the terminal alkene functionalities are
RSC Adv., 2016, 6, 11430–11440 | 11435
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Fig. 11 Ball-and-stick representation of the crystal structure of 12 (BF4
�

counterion, nitrobenzene solvent molecule and H-atoms omitted for
clarity). Both terminal –CH]CH2 groups and one of the nitro groups of
the bis-Schiff base ligand shown in orange are disordered (60/40) over
two positions (only one position is shown for clarity).

Fig. 12 Comparative stick diagrams showing the different relative
orientation of the two ligand strands in 6 and in 12.
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far from each other, in 12 the exible 1,2-diaminoethylene core
allows the functional groups to approach each other close
enough for intramolecular reactions to possibly occur.
Furthermore, it also becomes evident that although 6 and 12 are
perhaps the synthetically most easily accessible and inexpensive
candidates, they are inadequate as MWM precursors, as during
alkene metathesis, (PCy3)2Cl2Ru]CHPh (Grubbs catalyst)
consistently led to breakdown of the bis-Schiff base ligand (to
the benzimidazole derivative 4 in the case of 6, and to the
starting material 2 in the case of 12). We are currently targeting
more robust ligand systems that will address all the require-
ments for a MWM precursor revealed by this work.
4. Experimental section
4.1. General

Acetone was dried with CaSO4, distilled under N2 and stored
over 4 Å molecular sieves. 4-Allyloxybenzaldehyde,25
11436 | RSC Adv., 2016, 6, 11430–11440
[Cu(CH3CN)4]BF4 and [Cu(CH3CN)4]PF6 (ref. 26) were prepared
according to the literature. 3-Nitro-4-hydroxybenzaldehyde was
obtained by the nitration of 4-hydroxybenzaldehyde using
a modied procedure from the literature.27 1,2-Benzenediamine
(o-phenylenediamine) was recrystallized from boiling water/
activated charcoal. K2CO3 and KI were dried overnight in an
oven at 130 �C. All other commercially available reagents were
used as received. NMR spectra were recorded on a Jeol JNM-
ECP400 spectrometer.
4.2. Synthesis of 3-nitro-4-hydroxybenzaldehyde (1)

As the published procedure27 was found to yield only 15–22% of
product, an improved procedure is reported herein. 4-Hydrox-
ybenzaldehyde (12.0 g, 0.0983 mol) was dissolved with stirring
in 100 mL glacial acetic acid, and the solution was cooled in an
ice bath. Under vigorous stirring, HNO3 (70%) (35 mL, 35 g pure
HNO3, 0.55 mol) was added dropwise over 15 minutes. Aer
stirring for 20 hours (the ice slowly melted and the solution
warmed up to room temperature), the reaction mixture was
cooled in an ice bath. The solid was ltered out, washed with
two 7 mL portions of ice-cold acetic acid (70% in water) and
then with six 25 mL portions of water. Aer drying in air, the
product was kept in high vacuum for 12 hours. Yield: 8.38 g
(51%). 1H NMR (400 MHz, CDCl3): 11.01 (s, 1H, OH), 9.93 (s, 1H,
CH]O), 8.62 (d, 1H, 4J ¼ 2.2 Hz), 8.13 (dd, 1H, 3J ¼ 8.8 Hz, 4J ¼
2.2 Hz), 7.31 (d, 1H, 3J ¼ 8.8 Hz).
4.3. Synthesis of 3-nitro-4-allyloxybenzaldehyde (2)

3-Nitro-4-hydroxybenzaldehyde (0.55 g, 3.3 mmol), anhydrous
K2CO3 (1.40 g, 10.1 mmol), KI (0.133 g, 0.80 mmol) and allyl
bromide (0.90 mL, 1.26 g, 10.4 mmol) were reuxed in 50 mL
anhydrous acetonitrile under an N2 atmosphere for 20 hours.
Aer removal of the solvent and excess allyl bromide in vacuum,
the residue was dissolved in 100 mL chloroform and the solu-
tion was ltered to remove the insoluble inorganic salts.
This journal is © The Royal Society of Chemistry 2016
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Evaporation of the solvent in vacuum yielded 0.66 g of 2 as
a yellow liquid, which slowly solidied on standing. Yield: 97%.
1H NMR (400 MHz, CDCl3): 9.92 (s, 1H, CH]O), 8.34 (d, 1H, 4J¼
1.8 Hz), 8.05 (dd, 1H, 3J ¼ 8.8 Hz, 4J ¼ 2.2 Hz), 7.21 (d, 1H, 3J ¼
8.4 Hz), 6.03 (m, 1H), 5.51 (dm, 1H, 3J¼ 17.6 Hz), 5.38 (dm, 1H, 3J
¼ 11.7 Hz), 4.79 (m, 2H) ppm. 13C NMR (101MHz, CDCl3): 189.2,
156.0, 139.8, 135.1, 131.0, 129.0, 126.8, 118.8, 115.1, 70.4 ppm.

4.4. Synthesis of N-[(3-nitro-4-allyloxyphenyl)methylene]-1,2-
benzenediamine (3)

A solution of 1,2-benzenediamine (0.058 g, 0.54 mmol) in 3.3 mL
methanol was added dropwise to a solution of 2 (0.330 g, 1.59
mmol) in 1.6 mL methanol, and the mixture was stirred for two
days. The yellow precipitate was ltered, washed with methanol
and dried in vacuum. Yield: 0.089 g (68%). 1H NMR (400 MHz,
CDCl3): 8.48 (s, 1H, N]CH), 8.39 (d, 1H, 4J ¼ 2.2 Hz), 8.04 (dd,
1H, 3J ¼ 8.8 Hz, 4J ¼ 2.2 Hz), 7.14 (d, 1H, 3J ¼ 8.8 Hz), 7.07 (m,
2H), 6.76 (m, 2H), 6.05 (m, 1H), 5.52 (dm, 1H, 3J ¼ 17.2 Hz), 5.37
(dm, 1H, 3J ¼ 10.6 Hz), 4.76 (m, 2H), 4.25 (s, 2H, NH2) ppm.

4.5. Synthesis of 2-(3-nitro-4-allyloxyphenyl)-benzimidazole
(4)

A solution of 1,2-benzenediamine (0.17 g, 1.6 mmol) in 2.5 mL
absolute ethanol was stirred overnight with a solution of 2 (0.66
g, 3.2 mmol) in 5 mL absolute ethanol. The yellow precipitate
was ltered, washed with a small amount of ethanol and dried
in vacuum. Recrystallization from acetone provided 0.32 g
(68%) of 4 as light yellow crystals. 1H NMR (400 MHz, acetone-
d6): 12.06 (s, 1H), 8.65 (d, 1H, 4J ¼ 1.4 Hz), 8.44 (dd, 1H, 3J ¼ 8.8
Hz, 4J ¼ 1.5 Hz), 7.68 (m, 1H), 7.52 (m, 1H), 7.51 (d, 1H, 3J ¼ 8.8
Hz), 7.22 (m, 2H), 6.11 (m, 1H), 5.53 (dm, 1H, 3J¼ 17.1 Hz), 5.32
(dm, 1H, 3J ¼ 10.8 Hz), 4.87 (m, 2H) ppm. 13C NMR (101 MHz,
acetone-d6): 152.4, 149.4, 144.4, 140.3, 135.3, 132.3, 131.9, 123.4,
123.1, 123.0, 122.1, 119.4, 117.6, 115.8, 111.2, 70.0 ppm. Pale-
yellow X-ray quality single-crystals were obtained by slow cool-
ing of a concentrated, hot acetone solution.

4.6. Synthesis of bis[2-(3-nitro-4-allyloxyphenyl)-
benzimidazole]silver(I) nitrate (5)

A solution of 4 (14 mg, 53 mmol) in 3 mL CH3CN was layered
over a solution of AgNO3 (2.6 mg, 15 mmol) in 1 mL CH3CN.
Aer a few days yellow X-ray quality single-crystals of 5 were
obtained. 1H NMR (400 MHz, DMSO-d6): 13.22 (s, 2H), 8.68 (d,
2H, 4J ¼ 2.2 Hz), 8.42 (dd, 2H, 3J ¼ 8.8 Hz, 4J ¼ 2.2 Hz), 7.69 (d,
2H, 3J ¼ 7.4 Hz), 7.56 (m, 4H), 7.24 (m, 4H), 6.06 (m, 2H), 5.48
(dd, 2H, 2J¼ 1.1 Hz, 3J¼ 17.2 Hz), 5.33 (dd, 2H, 2J¼ 1.1 Hz, 3J¼
10.6 Hz), 4.87 (d, 4H, 3J ¼ 5.1 Hz) ppm. 13C NMR (101 MHz,
DMSO-d6): 152.6, 149.9, 140.1, 132.9, 132.8, 123.7, 123.1, 118.7,
118.6, 116.7, 70.3 ppm.

4.7. Synthesis of bis[1,2-phenylenebis{nitrilo(E)
methylidyne(3-nitro-4-allyloxyphenyl)}]copper(I)
hexauorophosphate (6)

A colorless solution of [Cu(CH3CN)4]PF6 (0.302 g, 0.810 mmol)
in 15 mL methanol was added under an N2 atmosphere to
This journal is © The Royal Society of Chemistry 2016
a solution of 1,2-benzenediamine (0.178 g, 1.65 mmol) in 5 mL
methanol. The purple solution obtained was transferred into
a solution of 3-nitro-4-allyloxybenzaldehyde (1.000 g, 4.83
mmol) in 10 mL methanol under N2. A bright red precipitate
was obtained, which was stirred for 24 hours, ltered, washed
with methanol and dried in vacuum. 0.626 g of 5 was obtained
as a red powder. Yield: 65%. 1H NMR (400 MHz, acetone-d6):
8.95 (s, 4H, N]CH), 8.30 (d, 4H, 4J ¼ 1.8 Hz), 8.02 (dd, 4H, 3J ¼
8.8 Hz, 4J ¼ 1.8 Hz), 7.69 (s, 8H), 6.93 (d, 4H, 3J ¼ 8.8 Hz), 6.01
(m, 4H), 5.43 (dm, 4H, 3J¼ 17.2 Hz), 5.31 (dm, 4H, 3J¼ 10.6 Hz),
4.73 (m, 8H) ppm. 13C NMR (101 MHz, CDCl3): 161.5, 154.5,
144.1, 139.3, 135.2, 131.8, 129.9, 126.9, 126.1, 120.2, 117.8,
115.1, 70.2 ppm. Red X-ray quality single-crystals were grown
from acetone or acetonitrile solution by slow diethyl ether vapor
diffusion.
4.8. Synthesis of 1,2-ethylenebis[nitrilo(E)methylidyne
(4-allyloxyphenyl)] (9)

A solution of ethylenediamine (0.760 g, 12.6 mmol) in 5 mL
absolute ethanol was added dropwise to a solution of 4-ally-
loxybenzaldehyde (4.010 g, 24.7 mmol) in 35 mL absolute
ethanol. A white precipitate started forming soon, which was
stirred overnight (�18 h), then ltered out, washed with abso-
lute ethanol and dried in vacuum. Yield: 3.25 g (75%). 1H NMR
(400 MHz, CDCl3): 8.19 (s, 2H, N]CH), 7.61 (d, 4H, 3J¼ 8.8 Hz),
6.90 (d, 4H, 3J ¼ 8.8 Hz), 6.04 (m, 2H), 5.40 (dm, 2H, 3J ¼ 17.3
Hz), 5.29 (dm, 2H, 3J ¼ 10.3 Hz), 4.55 (dm, 4H, 3J ¼ 5.4 Hz), 3.90
(s, 4H) ppm. 13C NMR (101 MHz, CDCl3): 162.0, 160.6, 133.0,
129.7, 129.3, 118.0, 114.8, 68.9, 61.8 ppm. 1H NMR (400 MHz,
acetone-d6): 8.23 (s, 2H, N]CH), 7.67 (d, 4H, 3J ¼ 8.8 Hz), 6.96
(d, 4H, 3J ¼ 8.8 Hz), 6.06 (m, 2H), 5.41 (dm, 2H, 3J ¼ 17.2 Hz),
5.25 (dm, 2H, 3J ¼ 10.6 Hz), 4.60 (dm, 4H, 3J ¼ 5.2 Hz), 3.83 (s,
4H) ppm. 13C NMR (101 MHz, acetone-d6): 160.9, 160.7, 133.6,
129.8, 129.5, 116.8, 114.6, 68.5, 61.7 ppm.
4.9. Synthesis of 1,2-ethylenebis[nitrilo(E)methylidyne
(3-nitro-4-allyloxyphenyl)] (10)

A solution of ethylenediamine (0.680 g, 11.3 mmol) in 5 mL
absolute ethanol was added dropwise to a slightly warmed (30–
40 �C) solution of 3-nitro-4-allyloxybenzaldehyde (4.500 g, 21.7
mmol) in 40 mL absolute ethanol. Within an hour a large
amount of precipitate formed. Aer stirring overnight (�18 h),
the yellow precipitate was ltered out, washed with absolute
ethanol and dried in vacuum. Yield: 3.58 g (75%). 1H NMR (400
MHz, CDCl3): 8.20 (s, 2H, N]CH), 8.15 (d, 2H, 4J ¼ 2.2 Hz), 7.84
(dd, 2H, 3J ¼ 8.4 Hz, 4J ¼ 2.2 Hz), 7.06 (d, 2H, 3J ¼ 8.4 Hz), 6.01
(m, 2H), 5.47 (dm, 2H, 3J¼ 17.2 Hz), 5.33 (dm, 2H, 3J¼ 10.6 Hz),
4.70 (dm, 4H, 3J¼ 5.2 Hz), 3.94 (s, 4H) ppm. 13C NMR (101 MHz,
CDCl3): 159.6, 153.4, 140.1, 133.2, 131.4, 129.1, 125.3, 118.8,
114.8, 70.2, 61.3. 13C NMR (400 MHz, CDCl3): 159.5, 153.3,
139.9, 133.4, 131.4, 129.1, 125.0, 118.6, 114.8, 70.1, 61.3 ppm. 1H
NMR (400 MHz, acetone-d6): 8.34 (s, 2H, N]CH), 8.19 (d, 2H, 4J
¼ 1.8 Hz), 7.96 (dd, 2H, 3J¼ 8.8 Hz, 4J¼ 1.8 Hz), 7.37 (d, 2H, 3J¼
8.8 Hz), 6.07 (m, 2H), 5.48 (dm, 2H, 3J ¼ 17.6 Hz), 5.29 (dm, 2H,
3J ¼ 10.6 Hz), 4.82 (dm, 4H, 3J ¼ 5.1 Hz), 3.92 (s, 4H) ppm. 13C
RSC Adv., 2016, 6, 11430–11440 | 11437
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Table 1 Crystallographic details for compounds 4, 5, 6 and 12

Compound 4 5 6 12 C6H5NO2

Formula C16H13N3O3 C32H26AgN7O9 C52H44CuF6N8O12P C50H49BCuF4N9O14

Formula weight 295.29 760.47 1181.46 1150.33
Crystal system Tetragonal Monoclinic Monoclinic Monoclinic
Space group P43 P2/c P21/n P21/n
a/Å 8.7624(1) 26.7698(3) 15.2157(2) 14.5499(2)
b/Å 8.7624(1) 7.3672(1) 14.5593(2) 18.8640(2)
c/Å 18.3758(2) 15.5539(2) 22.9542(3) 19.3788(2)
a/o 90 90 90 90
b/o 90 97.758(1) 102.021(1) 105.378(1)
g/o 90 90 90 90
V/Å3 1410.89(3) 3039.44(7) 4973.5(1) 5128.45(11)
Z 4 4 4 4
Dcalc/g cm�3 1.390 1.662 1.578 1.490
Absorption coefficient, m/mm�1 0.099 0.734 0.569 0.517
Reections collected/unique 33 826/3510 46 487/6232 94 617/11 859 89 433/10 493
Observed reections (I > 2s(I)) 2811 4468 8664 8312
Goodness-of-t (on F2) 1.047 1.007 1.027 1.009
R1(F); Rw(F) (I > 2s(I)) 0.0437; 0.0908 0.0389; 0.0682 0.0408; 0.0928 0.0359; 0.0779
R1(F); Rw(F) (all data) 0.0628; 0.0995 0.0718; 0.0778 0.0673; 0.1054 0.0524; 0.0857
Largest diff. peak & hole (e Å�3) 0.341/�0.232 0.463/�0.551 0.458/�0.508 0.403/�0.393
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NMR (101 MHz, acetone-d6): 159.4, 152.8, 140.4, 133.2, 132.3,
129.6, 124.0, 117.5, 115.2, 69.9, 61.1 ppm.
4.10. Synthesis of bis[1,2-ethylenebis{nitrilo(E)
methylidyne(4-allyloxyphenyl)}]copper(I) tetrauoroborate
(11)

[Cu(CH3CN)4]BF4 (0.225 g, 0.715 mmol) in 7.5 mL CH3CN was
added to compound 9 (0.500 g, 1.43 mmol) in 30 mL CH3CN
under stirring. The colorless solution immediately turned
orange. Aer stirring for 10minutes, the solvent was removed in
vacuum. Yield: 0.59 g (97%). 1H NMR (400 MHz, CDCl3): 8.27 (s,
2H, N]CH), 7.60 (d, 4H, 3J ¼ 8.8 Hz), 6.84 (d, 4H, 3J ¼ 8.8 Hz),
6.02 (m, 2H), 5.40 (dm, 2H, 3J¼ 17.6 Hz), 5.28 (dm, 2H, 3J¼ 10.6
Hz), 4.56 (s, 4H), 3.97 (s, 4H) ppm. 1H NMR (400 MHz, acetone-
D6): 8.52 (s, 2H, N]CH), 7.81 (d, 4H, 3J ¼ 8.8 Hz), 7.00 (d, 4H, 3J
¼ 8.8 Hz), 6.04 (m, 2H), 5.40 (dm, 2H, 3J ¼ 17.6 Hz), 5.26 (dm,
2H, 3J ¼ 10.6 Hz), 4.61 (dm, 4H, 3J ¼ 5.1 Hz), 4.14 (s, 4H) ppm.
13C NMR (101 MHz, acetone-D6): 164.4, 161.7, 133.3, 130.8,
127.2, 117.1, 114.6, 68.7, 61.4 ppm.
4.11. Synthesis of bis[1,2-ethylenebis{nitrilo(E)
methylidyne(3-nitro-4-allyloxyphenyl)}]copper(I)
tetrauoroborate (12)

[Cu(CH3CN)4]BF4 (0.180 g, 0.572 mmol) in 4 mL CH3CN was
added to compound 10 (0.500 g, 1.14 mmol) in 19 mL CH3CN
under stirring. The color of the solution turned from yellow to
orange. Aer stirring for 10minutes, the solvent was removed in
vacuum. Yield: 0.55 g (94%). 1H NMR (400 MHz, acetone-D6):
8.67 (s, 2H, N]CH), 8.20 (d, 2H, 4J ¼ 2.2 Hz), 7.96 (dd, 2H, 3J ¼
8.8 Hz, 4J ¼ 1.8 Hz), 7.45 (d, 2H, 3J ¼ 8.8 Hz), 6.07 (m, 2H), 5.49
(dm, 2H, 3J ¼ 17.2 Hz), 5.33 (dm, 2H, 3J ¼ 10.6 Hz), 4.84 (dm,
4H, 3J ¼ 5.1 Hz), 4.19 (s, 4H) ppm. 13C NMR (101 MHz, acetone-
D6): 164.1, 154.0, 139.7, 135.0, 132.1, 126.5, 124.3, 117.8, 115.5,
11438 | RSC Adv., 2016, 6, 11430–11440
70.2, 61.9 ppm. Single-crystals were grown from a nitrobenzene
solution by diethyl ether vapor diffusion.
4.12. X-ray crystallography

X-ray diffraction data were collected at 100 K from a single-
crystal mounted atop a glass ber under Paratone-N oil, with
a Bruker SMART APEX II diffractometer using graphite-
monochromated Mo-Ka (l ¼ 0.71073 Å) radiation. The struc-
tures were solved by employing SHELXTL direct methods and
rened by full-matrix least squares on F2, using the APEX2
v2014.9-0 soware package (Bruker AXS Inc.: Madison, WI,
2014).28 All non-H atoms were rened with independent aniso-
tropic displacement parameters. Hydrogen atoms were placed
at calculated positions and rened using a riding model. Bond-
length and atomic displacement parameter restraints were used
for the disordered groups in 12. Crystallographic data have been
deposited at the Cambridge Crystallographic Data Centre
(deposition numbers: CCDC 1439669–1439672). Crystallo-
graphic details are summarized in Table 1.
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K. R. Dunbar, Angew. Chem., Int. Ed., 1999, 38, 3477–3479;
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