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1,2,4,5-Benzenetetracarboxylic acid: a versatile
hydrogen bonding template for controlling the
regioselective topochemical synthesis of head-
to-tail photodimers from stilbazole derivatives†

Gabriela Ortega,a Jesús Hernández,a Teresa González,a Romano Dorta b and
Alexander Briceño *a

The crystal engineering of hydrogen bonded organic assemblies based on 1,2,4,5-benzenetetracarboxylic

acid (H4bta) and stilbazole derivatives (1–10) is exploited to provide regio-controlled [2 + 2] photo-

cycloadditions in the solid state. Single crystal X-ray diffraction analyses have revealed that all the arrays

are built-up from the self-assembly of the (H2bta)
2− dianion with two stilbazolium cations via O–H⋯O−

and N+–H⋯O− charge-assisted H-bonding synthons: (4-Hstilbazolium+)2(H2bta
2−). The dianion displays

an interesting diversity of H-bonding motifs. Such structural flexibility allowed us to obtain four structure-

types defined by the preferential formation of intramolecular or intermolecular hydrogen bonds between

carboxylate-carboxylic groups. In these ionic assemblies two predominant structural H-bonding patterns

were observed. The first pattern is characterised by the formation of intramolecular H-bonds in the

dianion, leading to discrete assemblies based on ternary arrays. The second hydrogen pattern consists of

2-D hydrogen networks built-up from the self-assembly of anions via intermolecular H-bonds that are

linked to the cations. Two additional examples, in which the dianion is self-assembled in two types of

ribbons, were also observed. Another supramolecular feature predominant in all these arrays is the stack-

ing of the cations in a head-to-tail fashion, which is controlled via cation–π interactions. These arrays are

photoactive in the solid state upon UV-irradiation leading to the regioselective synthesis of rctt-cyclo-

butane head-to-tail-isomers in high to quantitative yield. In this work, the template tolerance either to

steric or electronic effects by changing the number or positions of the supramolecular interactions

exerted by distinctive functional groups was also explored. In addition, assemblies bearing 2-chloro (7 and 8)

and 3-chloro-4-stilbazole (1 and 9) crystallize in two different crystalline forms, leading to novel examples of

supramolecular isomers with similar solid state reactivity.

Introduction

In recent times, supramolecular assistance has emerged as an
efficient approach of controlling reactivity in the solid state.1–3

The use of auxiliary molecules as templates in synthesis is now

a well-recognised approach for the preparation of a wide
variety of molecular and supramolecular arrangements. In par-
ticular, hydrogen bonding templates1 and metal-templated
assemblies2 extended to multivalent templates3 have been
employed successfully for topochemical [2 + 2] photodimerisa-
tions. More recently, the use of ionic interactions has become
an important tool as an alternative synthetic approach to
prepare stereocontrolled compounds either in solution or in
the solid state.4–7 In particular, Yamada and Ramamurthy’s
groups have reported a very strong and reliable effect of proto-
nated unsaturated pyridyl compounds in a supramolecular
approach to orient molecules in a parallel fashion.5,6

In general, this methodology can be used to steer the self-
assembly of novel photoactive arrangements based on asym-
metrical olefins with enforced head-to-tail stacking. The prefer-
ential obtaining of this configuration is a direct consequence
of strong pyridinium–π interactions.5,6 The strength of these
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interactions can be tuned by varying the π-electron density on
the aryl rings through the attached substituents. More recently,
Vittal and co-workers also have reported examples of solid
state reactivity of ionic assemblies based on unsaturated car-
boxylic acids and molecules bearing pyridyl groups.7 Although
electrostatic interactions are less directional in comparison to
other supramolecular interactions such as coordination bonds
or hydrogen bonds, such interactions can nevertheless be used
for a rational design of molecular assemblies. This makes it a
challenge to predict the relative orientations of ionic counter-
parts in organic molecular salts when compared to neutral co-
crystals. We have anticipated that a simple manner to modu-
late the directionality of ionic interactions is to use robust
charge-assisted hydrogen bonds in self-assemblies directed by
charge-assisted carboxylate–pyridinium hydrogen bonding syn-
thons.8 In this context, as part of our ongoing efforts to design
and prepare photoreactive solids, we have been able to engin-
eer novel photoreactive multicomponent assemblies based on
the modular self-assembly of carboxylic acid and unsaturated
stilbene and stilbazole derivatives.9

Inspired by Shan and Jones’s work,10 we recognised the
potential of 1,2,4,5-benzenetetracarboxylic acid (H4bta) as an
interesting multivalent template to act as an H-bonding supra-
molecular switch, which could be used to organize novel
photoactive arrangements based on asymmetrical olefins with
enforced head-to-tail stacking (Scheme 1). In particular, the
presence of pyridyl or amine groups leads to ionic multicom-
ponent assemblies due to proton transfer between them.11 We
have demonstrated that it is possible to induce the transform-
ation of the H4bta molecule from a homotopic into a flexible
heterotopic template9a (presence either of carboxylate or car-
boxylic groups). Thus, deprotonated partial form of the H4bta
can act either as hydrogen bond acceptor or hydrogen bond
donor, leading to new supramolecular arrays in combination
with N-heterocyclic targets. Herein, we extend the use of this
template as a versatile supramolecular switch to modulate
from molecular to supramolecular ionic assemblies with a
wide variety of asymmetrical olefins. In this contribution, we
evaluate a set of stilbazole derivatives displaying halogen (–Cl
or –Br) and bulky substituents (–CN), which thanks to
different substituents on the aryl ring exert distinctive steric
and electronic demands together with possible side interaction
forces in the supramolecular ionic assemblies (Scheme 2).
Thus, directing effects and relative contributions of such sub-
stituents on steric, cation–π, and halogen⋯halogen inter-

actions were observed. We report the successful extension of
this approach to the assembly of ten novel photoactive ionic
arrangements based on H4bta and stilbazole derivatives
(Scheme 1): (3-Cl-Hstb+)2(H2bta

2−) (1), (2,4-di-Cl-Hstb+)2
(H2bta

2−) (2), (3-Br-Hstb+)2 (H2bta
2−) (3), (4-Br-Hstb+)2(H2bta

2−)
(4) (3-CN-Hstb+)2(H2bta

2−) (5), (2-CN-Hstb+)2(H2bta
2−) (6),

(2-Cl-Hstb+)2(H2bta
2−) (7), (2-Cl-Hstb+)2 (H2bta

2−) (8) (3-Cl-
Hstb+)2(H2bta

2−) (9) and (4-CN-Hstb+)2(H2bta
2−) (10).

All the arrays are photoreactive in the solid state upon UV-
irradiation, leading to the regioselective synthesis of rctt-head-
to-tail-photodimers. In addition, assemblies bearing 2-chloro-
(7 and 8) and 3-chloro-4-stilbazole (1 and 9) crystallize in two
different forms, resulting in two new examples of supramole-
cular isomers12 with similar solid state reactivity.

Experimental

All chemicals and solvents were purchased from Aldrich and
were used as received without further purification. The FT-IR
spectra were recorded from KBr pellets in the range
4000–400 cm−1 on a Thermo-Scientific FT/IR spectrometer.
The C, H and N elemental analyses were conducted on a
Fisons-EA1108 CHNS-O elemental analyzer. 1H-NMR spectra
were recorded on Bruker 300 and 500 MHz spectrometers from
solution in d6-DMSO solutions.

X-Ray crystallography

Single crystal X-ray diffraction. Suitable single crystals of
compounds 1–11 were mounted on a glass fiber and data sets
were collected at 298(2) K on a Rigaku diffractometer, AFC-7,
Mercury CCD-detector, Mo-Kα (λ = 0.71073 Å) radiation. Data
collection was performed using φ and ω scans. Non-hydrogen
atoms were located from the difference E-maps by means of
direct methods and the structural data were refined by full-

Scheme 1 Schematic representation of H-bonded assemblies directed
by charge-assisted hydrogen bonds between cations and anions,
showing cation–π interactions.

Scheme 2 Structure diagram of stilbazole molecules used for the syn-
thesis of ionic assemblies.
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matrix least-squares methods on F2 using the SHELXL-2013
crystallographic software package.13 Anisotropic thermal para-
meters were used to refine all non-hydrogen atoms. The H
atoms on the C atoms were included in calculated positions.
The H-atoms on carboxylic groups were located from Fourier
maps. The powder X-ray diffraction (PXRD) patterns were col-
lected on a Siemens D5005 X-ray diffractometer with Bragg–
Brentano geometry, using a zero background sample holder
(Si (510) single crystal) and Cu Kα (1.5418 Å) and operated at
40 kV–30 mA.

General procedure

Methods for obtaining single crystals between stilbazole
derivatives and 1,2,3,4-benzenetetracarboxylic acid (H4bta).
Crystals of all H-bonded assemblies were prepared by mixing
H4bta (100 mg, 0.4 mmol) and the respective stilbazole com-
pound (0.8 mmol), previously dissolved in a MeOH–DMSO
mixture in a 1 : 1 vol/vol ratio with a final volume of 30 mL.
Some trials were made only in methanol as solvent for example
the preparation of assemblies bearing 2-Cl-4-Stb and 3-Cl-4-Stb.
The resulting solutions were left to evaporate at room tempera-
ture until crystals appeared. The crystals were removed from
the solution before complete evaporation in order to obtain
good quality single crystal. The experimental data for each
ionic assembly are shown in Table 1 (See ESI†). The PXRD pat-
terns reveal that such phases are obtained with a high crystal-
line purity for the majority of the phases, except for the poly-
morphs of 2-Cl-4-Stb (7–8) and 3-Cl-4-Stb (1) (See ESI†).

Results and discussion

The combination of H4bta with 2 molar equiv. of stilbazole
derivatives in solution gave crystals of 1–10. All the assemblies
were characterised by elemental analysis, FT-IR and single
crystal X-ray studies. The relative molar ratios of both com-
ponents were established by elemental analyses and sub-
sequently confirmed by crystal structure determinations. As
expected, all the crystals formed 2 : 1 anhydrous stilbazolium/
dicarboxylate assemblies. Solid state FT-IR spectroscopy con-
firmed the proton transfer from H4bta to the stilbazole mole-
cule in each structure, which is reflected by a reduction in the
relative intensity of the carboxyl CvO stretching mode
between the range 1708 and 1687 cm−1 in comparison to the
starting acid. Additionally, the appearance of two strong
absorption bands in the range of 1628 and 1336 cm−1 is
characteristic of the carboxylate groups due to the asymmetric
and symmetric C–O stretching modes, respectively, and a third
broad band between 2160 and 2134 cm−1 is assigned to the
O⋯H–N interactions of the stilbazolium cations.

Description of crystal structures (1–10)

Single crystal X-ray diffraction analyses of all the structures
showed a common structural feature: the deprotonation of two
acids of the four –COOH groups in H4bta is revealed by C–O
distances in the range of 1.210–1.266 Å in the carboxylate

anions, whereas the C–O and CvO bond lengths in the free
carboxylic acid functions display typical distances in the range
of 1.296–1.324 Å and 1.203–1.234 Å, respectively. In addition,
all asymmetric units of structures 1–10 contain a cation in a
general position and half a (H2bta)

2− dianion lying about an
inversion centre, and the arrays are built-up from the self-
assembly of a (H2bta)

2− dianion with two stilbazolium cations
via O–H⋯O− and N+–H⋯O− charge-assisted hydrogen bonds.
In particular, cation–anion interactions are directed by the for-
mation of carboxylate–pyridinium hydrogen bonding synthons
of type II and III (Scheme 3).

The dianion displays an interesting diversity of H-bonding
motifs, and this structural flexibility generates four structure
types described by the preferential formation of intra- or inter-
molecular hydrogen bonds between carboxylate and carboxylic
acid groups. In the ionic assemblies described here two struc-
tural patterns are predominant. The first is characterised by
the formation of O–H⋯O− charge-assisted intramolecular
H-bonds in the dianion, leading to discrete assemblies based
on ternary arrays, i.e. (4-HStilbazolium+)2(H2bta

2−) The second
structure type consists of 2-D hydrogen bonding networks
built-up from the self-assembly of anions via O–H⋯O− inter-
molecular H-bonds between carboxylic acid and carboxylate
groups. These layers are linked by the cations. Two additional
examples, in which the dianion is self-assembled in two types
of ribbons, were also observed.

Formation of discrete ionic assemblies directed by O–H⋯O−

and N+–H⋯O− charge-assisted hydrogen bonds. Crystal struc-
tures of ionic assemblies 1–5

Hydrogen-bonded assemblies 1–5 crystallise in triclinic system
with P1̄ space group and related unit cell parameters. Details
are summarised in Table 1. The asymmetric units contain one
stilbazolium cation (4-Hstb)+ in a general position and half of
a (H2bta)

2− dianion located on a special position 1a (0,0,0).
Each anion forms two O–H⋯O− intramolecular H-bonds
between carboxylic–carboxylate groups, leading to a quasi-
planar molecular motif. Further, the anion is linked to two
cations via N+–H⋯O− H-bonds, forming a ring with additional
C–H⋯O interactions described by the graph symbol R2

2(7)
(heterosynthon type II).14 Such interactions generate a centro-
symmetric discrete supramolecular ionic assembly with the
general formula (n-R1-Hstb+)2(H2bta

2−) where n: 2, 3 or 4 and
R1: Cl, Br or –CN (Details of geometrical parameters of charge-
assisted H-bonds are shown in Table 2). Thus, the ternary
supramolecular motif is self-assembled into supramolecular
ribbons directed by cation–π interactions between pyridinium
and aryl rings with distance in the range of 3.81–4.29 Å (Fig. 1
(a–e)). In these structures, depending on the number or posi-
tion of the distinctive ring substituents, some structural differ-
ences and supramolecular interactions exerted by these func-
tional groups were observed. In structure (3-Cl-
Hstb+)2(H2bta

2−) (1) the cation–π interaction occurs between
ternary assemblies located in different supramolecular 1D-
arrays without cation–cation interactions in this direction
(Fig. 1(a)). In structures (2,4-di-Cl-Hstb+)2(H2bta

2−) (2) and 2(3-
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Br-Hstb+)2 (H2bta
2−) (3) a structural variant is observed (Fig. 1

(b and c)), where the formation of a double chain between
anions and cations is formed by secondary supramolecular

interactions (C–H⋯Cl: 2.832(9) Å) for 4-chloro substitution in
structure 2 and C–H⋯O: 3.424(4) Å in (3). Structures (4-Br-
Hstb+)2(H2bta

2−) (4) and (3-CN-Hstb+)2(H2bta
2−) (5) feature

additional cation⋯cation supramolecular interactions: in 4
ternary assemblies are connected via Br⋯Br interactions15

with a distance of 3.374(2) Å (Fig. 1(d)), and in the case of 5
complementary centrosymmetric CN⋯H–C: interactions
(3.508(2) Å) are observed (Fig. 1(e)).8a

In these structures parallel ribbons are stacked in layers
and stabilised by π⋯π interactions. Adjacent layers are con-
nected by complementary multiple C–H⋯O interactions.
Additional C–H⋯Cl contacts are present in structure 1
through the chlorine atoms in position 2 in the aryl rings.
Likewise, in structure 3 we see side-to-side Br⋯Br interactions
between the bromine atoms in ring-position 3, similar to that
observed in structure 4 (Br⋯Br: 3.836(9) Å). In all the struc-
tures, such interactions determine the pairwise intercalation
of (4-Hstb)+ between the anions stabilised by additional
cation–π interactions (Fig. 1(a–e)). This interaction mode leads

Scheme 3 Schematic representation of different hydrogen bonding
synthons: carboxylic-pyridine heterosynthons (I), carboxylate-pyridi-
nium heterosynthons (II and III), centrosymmetric carboxylic acid dimers
(IV), and syn–syn and anti–anti carboxylate–carboxylic interactions
(V and VI).

Table 2 Hydrogen bond geometry of selected H-bond interactions

Compound D–H⋯A D–H (Å) H⋯A (Å) D⋯A (Å) D–H⋯A (°)

(1) N1–H1N⋯O3i 0.90 1.80 2.697(5) 172
N1–H1N⋯O4i 0.90 2.52 3.184 (5) 131
Intra O2–H2⋯O4 1.09 1.37 2.425(5) 160

Symmetry codes: i = 1 − x, 1 − y, −z

(2) N1–H1N⋯O4ii 0.90 1.73 2.620(3) 171
Intra O1–H1O⋯O3 1.13 1.32 2.435(3) 169

Symmetry codes: ii = −1 + x, y, 1 + z

(3) N1–H1N⋯O4iii 0.90 1.74 2.634(4) 171
Intra O1–H1O⋯O3 0.85 1.59 2.433(4) 174

Symmetry codes: iii = 1 − x, 1 − y, 1 − z

(4) N1–H1N⋯O4iv 0.90 1.80 2.685(4) 166
Intra O1–H10⋯O3 1.12 1.30 2.405(4) 170

Symmetry codes: iv = −x, −y, −z

(5) N1–H1N⋯O1v 0.90 1.82 2.715(4) 174
Intra O2–H2O⋯O3 1.04 1.36 2.391(4) 172

Symmetry codes: v = 1 − x, 1 − y, 2 − z

(6) O2–H2O⋯O4vi 1.04 1.58 2.608(3) 168
N1–H1N⋯O3vii 0.90 1.80 2.698(3) 173

Symmetry codes: vi = −x, 1 − y, −z; vii = 1 + x, −1 + y, z

(7) N1–H1N⋯O2viii 0.90 1.71 2.596(4) 168
O3–H2O⋯O1ix 0.85 1.76 2.603(3) 175

Symmetry codes: viii = −x, 1 − y, 1 − z; ix = −x, −y, 1 − z

(8) N1–H1A⋯O3xi 0.91 1.99 2.755(5) 151
O1–H2O⋯O4xii 0.85 1.41 2.461(4) 158

Symmetry codes: xi = 1 − x, −y, −z, xii = −x, 1/2 + y, 1/2 − z

(9) N1–H1N⋯O2xiii 0.96 1.67 2.621(2) 168
O3–H1O⋯O1xiv 0.85 1.63 2.480(2) 173

Symmetry codes: xiii = 1 + x, 1/2 − y, −1/2 + z; xiv = x, 1/2 − y, −1/2 + z

(10) N1–H1N⋯O3xv 0.90 1.77 2.601(4) 152
O2–H2O⋯O4xvi 0.85 1.71 2.547(3) 168

Symmetry codes: xv = x, 1/2 − y, 1/2 + z; xvi = 1 − x, 1/2 + y, 1/2 − z
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to face-to-face contacts between adjacent cations, which are
oriented in a head-to-tail fashion with short contacts between
the double bonds of adjacent molecules ≤4.2 Å. Such contacts
are suitable for undergoing [2 + 2] cycloaddition reactions in
the solid state according to Schmidt’s criteria.16

Formation of 1-D hydrogen ribbons directed by O–H⋯O− and
N+–H⋯O− charge-assisted hydrogen bonds. Crystal structure
of the ionic assembly 6

The crystal structure of (2-CN-Hstb+)2(H2bta
2−) (6) also forms a

ternary ionic from the self-assembly of one H2bta
2− dianion

and two stilbazolium cations via a charge-assisted heterosyn-
thon similar to those observed for structures 1–5 [N1⋯O1:
2.694(3) Å ] Nevertheless, the interaction between the supramo-
lecular motifs is not directed by cation–π interactions
(Fig. 2(a)). In the dianion, the carboxylate groups are slightly
tilted (15.5°) with respect to the aromatic ring, whereas the car-
boxylic acid groups are nearly perpendicular to the carboxylate
groups. This disposition leads to intermolecular interactions
between the carboxylate and carboxylic groups via centro-
symmetric O–H⋯O− H-bonds described by the graph set

R2
2(14), contrarily to the formation of intramolecular H-bonds

as observed in the previous structures [O2⋯O4: 2.608(2) Å].
The proton of the carboxylic acid group in the dianion adopts
an antiplanar configuration,17–19 forming zigzag H-bonded
ribbons along the b-axis (Fig. 2(b)). This interaction mode pre-
cludes a head-to-tail stacking between the cations as those
observed in structures 1–5. The cations are aligned head-to-
head to each side of the ribbons in stair-steps fashion along
the c-axis. These chains are self-assembled via cation–cation
interdigitation in the ac-plane (Fig. 2(c)). This supramolecular
organisation does not allow for close contacts between the
double bonds, the shortest measuring 6.4 Å

Formation of 2-D hydrogen networks directed by O–H⋯O−

and N+–H⋯O− charge-assisted hydrogen bonds. Crystal struc-
ture of the ionic assembly 7

A second 1-D hydrogen bonded array is also observed for struc-
ture 2(2-Cl-Hstb+)(H2bta

2−) (7) (Fig. 3). A comparative analysis
with the 1-D hydrogen ribbons found in 6 reveals remarkable
structural differences, for example: the connectivity between
the dianions in 6 and 7 is different. As in structure 6, these
1-D ribbons are formed through the same kind of complemen-
tary O–H⋯O− H-bonds described by the graph notation
R2

2(14) between centrosymmetric pairs of carboxylate and car-
boxylic groups along the a-axis [O1⋯O3: 2.602(3) Å ]. However,
the relative orientation of the acidic protons in the structure of
7 is planar,17 in contrast to their antiplanar orientation found
in the structure of 6 (Fig. 2(b)). The carboxylate and carboxylic

Fig. 2 (a) View of the H-bonded array between found in the crystal
structure of 6. Hydrogen atoms were omitted for clarity, except the
involved in H-bonding interactions. (b) anti–anti H-bonded ribbons
composed of H2bta

2− dianion self-assembled via carboxylate–carboxylic
interactions. (c) View of the stacking of H-bonded ribbons in the ac-
plane. Symmetry codes: vi = −x, 1 − y, −z; vii = 1 + x, −1 + y, z.

Fig. 1 (a–e) View of the H-bonded ribbons found in the crystal struc-
tures of 1–5. Basic building unit in each structure is highlighted (dark
ball and sticks), showing O–H⋯O− and N+–H⋯O− charge-assisted
hydrogen bonds and short contact between double bonds of neigh-
bouring pairs of stilbazolium cations. The Br⋯Br interactions are indi-
cated for structure of 4 (d). Symmetry codes: i = 1 − x, 1 − y, −z; ii = −1 +
x, y, 1 + z; iii = 1 − x, 1 − y, 1 − z; iv = −x, −y, −z; v = 1 − x, 1 − y, 2 − z.
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acid groups are twisted by 56.5° and 40.5° with respect to the
mean plane of the aromatic ring. Neighbouring H-bonded
ribbons are assembled through π–π interdigitation between
(2Cl-Hstb)+ cations linked via N+–H⋯O− H-bonds (type II), in a
head-to-tail fashion and reinforced through remaining
cation–π interactions. These H-bonding interactions intercon-
nect a 2-D H-bonded network parallel to the ac-plane. The
resulting organisation allows for shorter CvC⋯CvC contacts
(centroid-to-centroid: 4.23 Å) of the pairs of molecules sus-
tained by charge-assisted H-bonds, which is a the borderline
value according to the criteria proposed by Schmidt (<4.2 Å).16

Formation of 3-D hydrogen networks directed by O–H⋯O−

and N+–H⋯O− charge-assisted hydrogen bonds. Crystal struc-
tures of ionic assemblies 8–10

The crystal structures of (2-Cl-Hstb+)2(H2bta
2−) (8), (3-Cl-

Hstb+)2 (H2bta
2−) (9) and (4-CN-Hstb+)2(H2bta

2−) (10) are
shown in Fig. 4(b–d). In these structures a novel hydrogen
bonding pattern was found. The H2bta

2− anions are self-
assembled into square layers via H-bonds between carboxylic
and carboxylate groups in a syn–syn fashion (Fig. 4(a)).17,19 The
carboxylate and carboxylic acid groups are twisted by 73.7° and
6.6° for 8, 32.3° and 58.1° for 9 and 5.1° and 88.3° for 10 with
respect to the mean plane of the aromatic ring. Adjacent layers
are connected through (4-Hstb)+ cations via charge-assisted
carboxylate–pyridinium supramolecular moieties (Fig. 4(b–d)).
Nevertheless, a new supramolecular interaction motif was
observed (Type-III), in contrast to the structures described
above (Details of geometrical parameters of charge-assisted
H-bonds are shown in Table 2). The cations are stacked in a
head-to-tail fashion directed by cation–π interactions, thus gen-
erating a 3-D hydrogen bonded network. In these structures
close CvC⋯CvC contacts are observed (centroid-to-centroid:
in the range of 3.9–4.4 Å). Particularly, in structures 8 and 9
these distances are longer than those observed in structures
1–5, and are slightly over the limit proposed by Schmidt
(<4.2 Å).16

Supramolecular isomerism

The combination of halogen substituted stilbazoles, such as
2-Cl-4-Stb and 3-Cl-4-Stb, with H4bta produces two different
self-assembled supramolecular organisations via O–H⋯O−

and N+–H⋯O− charge-assisted hydrogen bonds. An analysis of

the factors that affect the preferential formation of each of the
observed supramolecular isomers revealed that the selectivity
in the crystallisation process is highly dependent on the
solvent used. When methanol is used in the case of 2-Cl-4-Stb
phase 7 is obtained. However, a methanol–DMSO mixture in a

Fig. 4 (a) Schematic representation of 2-D H-bonded network formed
via syn–syn charge-assisted H-bonds between H2bta

2− anions found for
the structures 8–10. (b–d) Perspective view of 3D crystal structures for
the structures 8–10, showing cation–anion interactions between 2D
H-bonded layers via charge-assisted carboxylate-pyridinium H-bonding
synthons (III) and short contacts between double bonds of the olefins.
Symmetry codes: xi = 1 − x, −y, −z; xii = −x, 1/2 + y, 1/2 − z; xiii = 1 + x,
1/2 − y, −1/2 + z; xiv = x, 1/2 − y, −1/2 + z; xv = x, 1/2 − y, 1/2 + z; xvi =
1 − x, 1/2 + y, 1/2 − z.

Fig. 3 View of 2D H-bonded network found in the crystal structure of
7, showing charge-assisted H-bonds cation–anion and syn–syn anion–
anion H-bonding interactions. Symmetry codes: viii = −x, 1 − y, 1 − z;
ix = −x, −y, 1 − z.
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1 : 1 vol/vol ratio leads to the arrangement 8. It is worth
nothing that the crystallisation is much faster with methanol
than with the methanol–DMSO mixture. These results suggest
that the formation of the isomers is controlled by kinetic vs.
thermodynamic factors. Similar structural diversity was
obtained with 3-Cl-4-Stb, and crystallisation in methanol leads
to the discrete phase 1, whereas by using a methanol–DMSO
mixture the 3D H-bonded network 9 is obtained.

The powder X-ray diffraction patterns match experimental
and calculated patterns for polymorphs 1 and 9 together with
7 and 8, as displayed in Fig. S17 and S24, ESI.† Surprisingly,
the PXRD patterns for both pairs of polymorphs are similar,
showing only the presence of a single polymorph corres-
ponding to 9. No additional diffraction peaks are found, even
when were identified the corresponding single crystals of 1
and 9 in each case, respectively. It is worth nothing the pres-
ence of background radiation in PXRD for 1, which suggested
the possible formation of amorphous material. This could be
attributed to the potential transformation of 1 into 9 upon
grinding of the sample. Similar transformations have been
reported by us and Jones at short grinding times
(1–5 min).9c,10c We speculate that the ability of different poly-
morphs to interconvert can provide qualitative information on
their crystal structure stabilities. A plausible mechanism
would imply the change of an intramolecular to inter-
molecular H-bond between H2bta

2− anions and re-stacking of
stilbazole molecules. In contrast to those polymorphs 7 and 8,
the solids never were obtained as a crystalline single phase
with a reasonable structural purity. In both patterns the predo-
minant phase was identified as compound 8 with additional
diffraction peaks, which were assigned to the formation of a
common crystalline photoproduct based on a further 1H-NMR
spectroscopy analyses, where both solids resulted to be photo-
reactive induced by ambient radiation light. At this point, it
was not possible to establish which were the precursor photo-
active phases (7, 8 or both). Thus, 3D H-bonding networks
those observed for 8 and 9 would seem more stable than 1D
and 2D H-bonding arrays those found for 1 and 7, respectively.
Although the dimensionality is different in each isomer 7 and
8 of (2-Cl-4-Stb+)2(H2bta

2−), the stacking of the cations occurs
in a head-to-tail fashion with distances CvC⋯CvC distances
(centroid-to-centroid) very near the limit proposed by Schmidt
(∼4.2 Å). On the contrary, isomers 1 and 9 bearing the (3-Cl-4-
Hstb+) cation display notably different CvC⋯CvC distances
of 3.97 Å and 4.42 Å, respectively.

Solid state reactivity studies

Powdered crystalline samples (80 mg) and crystals of 1–10 were
irradiated at 302 nm for 2–3 days. The irradiated samples were
characterised by 1H-NMR spectroscopy for monitoring the
respective topochemical transformations. These photodimers
were isolated by extraction with CH2Cl2 after neutralization of
the acid component with NaOH. During exposure to UV light
observation of the irradiated crystals by optical microscopy of
compounds 1–10 revealed evident changes in their shapes and
colours. The crystals showed a gradual formation of aniso-

tropic internal cracks and fractures on defined faces of the
crystal. These changes are associated with movements of the
stilbazolium cations located on the potentially reactive planes
where dimerisation should occur. Such structural changes
suggest that the photoreaction in these cases does not proceed
via single crystal to single crystal transformation.20 All com-
pounds were photoreactive with the exception of 6. Inclusive
compound 9 proved to be reactive in spite of displaying larger
contacts between double bonds (4.42 Å) compared to the rest
of the structures. Similar examples of photoactive crystalline
phases with distances in the range 4.2–4.7 Å have been
reported recently.21 The degrees of conversion of the photo-
active compounds 1–5 and 7–10 were estimated from 1H NMR
spectra.

As expected from crystal structure analyses, the 1H NMR
characterisation of the compounds isolated from the irradiated
solids confirmed the photodimerisation in the photoactive
crystalline phases (Fig. S10–S16†). The spectra of the crude pro-
ducts obtained from 1–10 revealed a high to moderate degrees
of conversion. The yields of the photoreactions are summarised
in Table 3. All spectra showed the relative decrease or complete
disappearance of the signals related to the olefinic protons of
starting olefins. Additionally, the appearance of two new peaks
in the form of doublets in the range of 4.89–4.53 ppm is
characteristic of the C–H protons of a cyclobutane ring with a
rctt-head to-tail configuration. The chemical shifts of the
remaining signals were consistent with the reported 1H NMR
pattern of derivatives with such configurations.1g,6a In all
spectra the presence of only two signals in the region of the ali-
phatic methine protons revealed the regio- and stereospecific
nature of each photoreaction. Several attempts to obtain single
crystals of the different photoproducts were unsuccessful with
the exception of the photoproduct from the assembly 10.
Finally, the rctt-head-to tail stereochemistry of 11 was confirmed
by single crystal X-ray diffraction analysis of a sample of the iso-
lated product obtained by recrystallisation from chloroform.
The asymmetric unit contains half molecule lies about an
inversion centre. The cyclobutane ring adopts a perfectly
planar conformation (Fig. 5).

Table 3 Product obtained upon irradiation from the different ionic
assemblies. The percentage of conversion (%) was calculated based on
integration of 1H NMR signals. Yield of the photoreaction from the
assemblies using additional grinding-irradiation cycle

Stilbazolium
assembly

CvC⋯ CvC
distance (Å)

H-Bonded
array Yield (%)

(3-Cl-HStb+) (1) 3.97 0-D 90
(2,4-di-Cl-HStb+) (2) 4.29 0-D 91
(3-Br-HStb+) (3) 4.00 0-D 86
(4-Br-HStb+) (4) 3.81 0-D 98
(3-CN-HStb+) (5) 3.92 0-D 100
(2-CN-HStb+) (6) 6.40 1-D Photoinert
(2-Cl-HStb+) (7) 4.23 2-D 83
(2-Cl-HStb+) (8) 4.29 3-D 85
(3-Cl-HStb+) (9) 4.43 3-D 86
(4-CN-HStb+) (10) 3.99 3-D 100
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Taking advantage of our studies on mechanochemistry in
order to improve the yield of any photoreaction via multiple
grinding-irradiation cycles prompted us to apply a second
grinding-irradiation cycle to the remaining irradiated por-
tion.9c,d,22,23 These mixtures were ground during 15–30 min
with some drops of methanol. The resulting mixtures were
irradiated again at the same wavelength during the same time
periods. 1H-NMR characterization of the extracted solids
revealed that the yield of the photodimerisation reactions was
always higher than the first set of reactions from one single
irradiation cycle (see Table 3), leading to a remarkable
improvement of the yields (in some cases nearly to
quantitative).

Conclusions

In summary, it has been shown that the use of ionic inter-
actions based on charge-assisted H-bond synthons provides a
reliable and directional means to induce self-assembly of
organic building blocks into multi-component supramolecular
arrays, bearing the adequate geometrical parameters needed
for the solid-state photoreactivity from unsaturated targets. We
have demonstrated the potential of H4bta as a useful multi-
valent H-bonding template to direct synthesis of regio- and
stereoselective [2 + 2] photoreactions in the solid state. This
molecule acts as an efficient H-bonding supramolecular
switch18,24 to mediate exclusively head-to-tail cyclobutanes
derived from different stilbazole derivatives, in contrast to
homotopic templates. Supramolecular arrays are dominated by
the versatility of the H2bta

2− anion to form different self-
assemblies via O–H⋯O− and N+–H⋯O− H-bond interactions
(Types II, III, V and VI). Besides the head-to-tail arrangement,
the stacking of the cations is also reinforced by ionic cation–π
interactions. This arrangement persists in spite of the pres-
ence of distinctive substituents able to direct head-to-head
arrays, as is the case of –Cl and –Br atoms on the aryl ring by
means of attractive halogen⋯halogen interactions.15 Such

interactions were only observed via side interactions through
compounds 1–4. This flexibility of supramolecular interactions
allows for a great tolerance either to steric or electronic effects
exerted by functional groups in varying numbers and posi-
tions, which in some cases leads to polymorphism. Two new
examples of supramolecular isomers (1, 9) and (7–8) with
similar solid state reactivity patterns are disclosed.3a In
addition, mechanochemical assistance incorporating an
additional grinding-irradiation cycle is shown to improve the
yield of [2 + 2] photoreactions in the solid state, and this
aspect is currently being investigated in our laboratories.
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