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An unprecedented example of concomitant harmonisation of
hydrogen bonding and metal-templating to direct a topochem-
ical [2+2] cycloaddition with quantitative yield is reported.

Supramolecular assistance to covalent synthesis represents an
important alternative to prepare stereocontrolled compounds
either in solution or in the solid state.? In recent times,
H-bonding' and metal-templated® have been successfully used to
direct topochemical [2 + 2] cycloaddition of olefins. In particular,
transition metal atoms display well-known coordination geometry
preference, this structural feature provides single points to combine
both crystal engineering tools to assembly metal-organic building
blocks bearing distinctive ligands with variable multiple binding
donor—acceptor sites.* Such binding capacity can be finely tuned to
induce self-assembly of discrete metal motifs with encoded
necessary information (e.g. O-H and pyridyl groups) into multi-
component supramolecular aggregates. This approach has been
employed in the assembly of supramolecular arrays based on both
coordinated and H-bonded bridging bipyridines.” The structural
similitude of these N-donor ligands with stilbene derivatives could
be exploited for the rational design of novel materials with ideal
geometrical parameters required for solid state photoreaction."*®
In this context, we have recently described the use of multivalent
templates based on aquo complex H-bonded multi-component
networks as a strategy to direct reactivity of stilbenes.” Thus, we
anticipated that a simple manner to module the number of
multiple binding sites on the metal complex should be possible
through the control of the coordinated water molecule content. In
this report, we have explored this approach to drive topochemical
formation of dimers of an asymmetrical stilbene [trans-1-(2-
pyridyl)-2-(4-pyridyl)ethylene (2,4-bpe)] from multi-component
metal assemblies: [Mn(2,4-bpe),(OH,)4](ClO4),-2(2,4-bpe)-2H,O
(1) and [Mn(2,4-bpe),(NCS)(OH»),] (2).1 These compounds
represent unprecedented harmonisation examples, to the best our
knowledge, of H-bonding and metal templates to mediate a [2 + 2]
photodimerisation in the solid state. The UV-irradiation of both
compounds lead to the regioselective formation of head to tail rczz-
1,3-bis(2-pyridyl)-2,4-bis(4-pyridyl)cyclobutane (3) [rctt-2,4-tpcb-
ht; tpcb = tetrapyridylcyclobutane] (Scheme 1). Compound 2
irradiated and after heating under reflux in a H,O-MeOH
mixture produces unexpected asymmetrical stereomutation of the

Laboratorio de Sintesis y Caracterizacion de Nuevos Materiales, Centro
de Quimica, Instituto Venezolano de Investigaciones Cientificas (I1VIC),
Apartado 21827, Caracas, 1020-A, Venezuela. E-mail: abriceno@ivic.ve;
Fax: +58-212-5041350; Tel: +58-212-5041320

+ Electronic supplementary information (ESI) available: Experimental
details. Fig. SI-S7. XRD patterns, Views of the structures 1-4, "H NMR
and UV-vis spectra. See DOI: 10.1039/b706936g

rett-dimer to the ritt-isomer (4). The crystal structures bearing
these isomers (3 and 4), are also presented.}

Crystals of 1 and 2 were prepared from H;O-MeOH solutions
of Mn(ClOy),-6H,0 with 2.4-bpe and MnCl,-2H,0, NaNCS and
2.4-bpe, respectively. Both compounds were obtained as single
phases and were characterised by elemental analysis, IR and single-
crystal X-ray studies (see ESI).

The asymmetric unit of 1 contains one half of cationic complex
[Mn(2.4-bpe),(OH)4**, one free 2,4-bpe molecule and one water
of crystallisation. The metal centre is placed on an inversion centre
and showed a slightly distorted octahedral environment, in which
four water molecules are located in the equatorial plane [Mn-Ow
range: 2.161(3)-2.211(3) A], and two pyridine nitrogen atoms in
the axial sites [Mn-N 2.282(3) A]. Both bipyridines are
coordinated by 4-pyridyl nitrogen in a monodentate fashion. In
the crystal structure this metal complex participates as donor of
eight hydrogen bonds through the coordinated water molecules
(see Fig. S2, ESI¥). Each metallic motif is linked to four 2.4-bpe
molecules via O-H:-*N hydrogen bonds involving both coordi-
nated and free bipyridines [O--*N range: 2.745(4)-2.877(5) A].
Coordinated 2,4-bpe of adjacent metal complexes are connected
through the remaining 2-pyridyl unit, whereas free 2,4-bpe are
bonded by 4-pyridyl site. Additional O-H---O interactions are
observed between coordinated water molecules, crystallisation
water and perchlorate anions [O---O range: 2.696(3)-2.943(6) A]).
These interactions generate a hydrogen bonded layer extended in
the (111) plane, as depicted in Fig. 1(a). This 2D array displays
rhomboidal grids defined by four Mn centres [Mn---Mn distances:
14.47 x 18.01 A]. Within this cavities are located the perchlorate
anions and water molecules of crystallisation, allowing the
assembly of the layers through H-bonding interactions. In this
layer either coordinated or free 2,4-bpe molecules are arranged in a
parallel manner, allowing m-m interaction between pairs of
molecules. Similar sheet-like networks, bearing 4,4-bipy and 4,4-
bpe ligands have been previously reported.** A remarkable
feature of this organisation is the presence of two types of
intermolecular contacts between double bonds of neighbouring
2,4-bpe molecules, where concomitant H-bonding and metal—
template interactions participate in the orientation of the molecules
in a head-to-tail fashion (ht). Both contacts display C=C:--C=C
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Scheme 1 R, = 2-pyridyl; R, = 4-pyridyl.
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Fig. 1 (a) View of the layers found in the crystal structure of 1.
Transparent gray ovals show the two types of contacts between 2.4-bpe
molecules: centrosymmetrically related pairs of molecules oriented by
metal coordination (symmetry: 2 — x, —y, —z) (b), and sustained by
hydrogen bonds (symmetry: | — x,2 — y, 1 — z) (¢).

(centroid-to-centroid: <3.85 A) distances suitable for topochemical
[2 + 2] cycloaddition, according to the limiting value proposed by
Schmidt (<4.2 A).® These pairs of molecules are related by a centre
of symmetry and the relative orientation and close contact between
the molecules anticipate the formation of the ht-isomer (Fig. 1(b)
and (c)).

The crystal structure of 2 is built up from a neutral discrete
metal complex, in contrast to the crystal structure of 1. The Mn
centre displays similar octahedral coordination geometry as that
observed for 1, with four N-atoms from two thiocyanate ligands
and two 4-pyridyl nitrogens [Mn—-N range: 2.169(4)-2.316(3) A]).
The remaining coordination sites are occupied by two coordinated
water molecules (Mn-Ow range: 2.183(3)-2.193(3) A). All pairs of
ligands adopt a trans configuration around the metal (Fig. 2). In
this metal complex the H-bonding capacity has been reduced due
to the replacement of two coordinated water molecules by two
NCS™ anions in comparison with that to 1 (donor of four
hydrogen bonds, Fig. S3, ESIY). Crystal packing of 2 forms an
H-bonded 2-D-network from self-assembly of metal complex units
via hydrogen bonds, in which each complex is linked to four
adjacent complexes through the coordinated water molecules.
Each water molecule interacts with one SCN™ and one 2-pyridyl
unit to form layers parallel to ab-plane [O---S average: 3.234(4) A;
O---N range: 2.702(8)-2.799(5) A]. This complex is isomorphous

Fig. 2 View of the crystal structure of 2 in the ab plane, showing the
pyridine ring 77 intercalations and short contacts between double bonds
along the a-axis.

with Fe-derivative recently reported.® A detailed description of this
2-D array and its H-bonding interactions is given in this article.
Another view related with the potential reactivity in the solid state
of this compound is shown here. Neighbouring H-bonded layers
are assembled through m—m intercalations between pyridine rings in
a zipper-like fashion to afford a 3-D network (Fig. 2).

This interaction mode determines the presence of face-to-face
contacts between coordinated 2,4-bpe molecules [average distance:
3.93 A] and provides a head-to-tail orientation between them
(Fig. 2). This array also exhibits two types of contacts between
double bonds with adequate distances (centroid to centroid
<3.95 A) to favour the cycloaddition reaction,® similarly to those
observed for 1.

As anticipated, the '"H NMR characterisation of the compounds
obtained after UV irradiation of 1 and 2 for 2 days confirms
photocycloaddition in both cases. The spectrum of the crude dimer
(3) obtained from 1 reveals that this conversion is quantitative
(yield: 100%), showing the total disappearance of the signals
corresponding to the starting pyridine and the presence of two
signals at 4.70 and 4.86 ppm characteristic signals of the C-H
protons of the rett-24-tpcb-ht” (Fig. S4(a), ESIT). This result
suggests an efficient photoreaction in both pairs of 2.4-bpe
contacts previously mentioned.

On the other hand, after irradiation, the product of 2 became
insoluble in HO-MeOH at room temperature, in contrast to the
solubility showed by the starting complex. This low solubility is
associated with the possible formation of metal-oligomers as
consequence of an apparent cross-linking vie multiple [2 + 2]
cycloaddition into the layers. The photoproduct of 2 was only
soluble under reflux or in DMSO, and was later extracted with
H,>O-CH,Cl,. Surprisingly, the spectrum of the solid isolated from
the photoreaction of 2 showed the presence of the same signals
observed for 3, together with an additional complex set of signals,
in particular in the region of the aliphatic methine protons (see
Fig. S4, ESIY). These signals are consistent with the formation of a
rett and rtti-stereoisomeric mixture, in a ratio ca. 1 : 1 with a total
conversion of 91%. (Fig. S4(b), ESI¥). It is important to note that
the rare rttt-configuration is not observed, to our knowledge, from
direct photoirradiation of stilbenes in solution.'“!” In general, such
processes with asymmetrical stilbenes are quite inefficient in
solution, generating a complex mixture of side products in low
yields. A rational explanation to the formation of the r¢t-isomer in
the solid state would imply the participation of a pedal-like change
conformation mechanism'' accompanied by a concomitant #rans—
cis isomerisation mechanism.'"® This behaviour could be in
agreement with the static disorder observed on the double bonds
of one of the coordinated pyridines in 2 (Fig. S3(b), ESI}).
Nevertheless, in order to gain a better insight about this process,
further studies demonstrated that such result was not reproducible
in the solid state. In all cases where the solid 2 was dissolved in
DMSO at room temperature only the formation of the rctt-isomer
was observed, which was always obtained in ca. 88-92%.
Therefore, the formation of the rrtz-isomer from the solid state
was discarded due to the possibility of a rearrangement ex-situ (in
solution) of the rctt-dimer. This change occurs via thermal
stereomutation,'? during the dissolution of 2 (irradiated) upon
reflux in a H,O-CH3;OH mixture. Such behaviour was confirmed
by 'H NMR spectroscopy, observing the formation of the rezz-
isomer once again. Interestingly, this stereomutation does not
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Fig. 3 Ball-and-stick representation of the 1D polymer observed in the
crystal structure of 4.

occur when the isolated dimer 3 is heated under reflux; this
suggests that the molecular rearrangement is metal-assisted.

The stereochemistry of both isomers was confirmed by single-
crystal X-ray diffraction analysis. Crystals of 3 were obtained by
recrystallisation from a chloroform—DMSO mixture at 35 °C. The
structure of the rctt-2,4-tpcb-ht isomer consists of 2D supramo-
lecular sheets parallel to the ac-plane connected by weak van der
Waals interactions (Fig. S5, ESIf). On the other hand, optical
microscopy analysis of irradiated crystals of 1 and 2 reveals evident
changes in their coloration and shapes. During the exposure both
crystals became opaque with a colour change from dark brown to
pale brown. Likewise, both compounds show evident signs of
deformation and large internal fractures. These macroscopic
features suggest that neither photoreaction proceeds via single
crystal to single crystal.'®

The rttt-isomer was isolated as part of a coordination polymer
[Mn(rztt-2,4-tpcb-ht)4(NCS),], (4) obtained from the recrystallisa-
tion of 2 after irradiation and heating. The crystal structure of 4
consists of a 1-D coordination polymer built up from Mn-nodes
linked by bridging rttt-isomers. The Mn atom lies on an inversion
centre and displays a {MnNg} environment coordination sphere
[Mn-N range: 2.172(4)-2.327(3) A}, in which four rzt-2,4-tpcb-ht
molecules are located in the equatorial plane, and two N-atoms
from NCS™ ligands in the axial sites. The metal centres are
connected exclusively by coordination of both 4-pyridyl units, the
groups being oriented in a cis configuration on the cyclobutane
ring, yielding a 1-D polymer along the [110]-direction (Fig. 3). The
2-pyridyl motifs do not exhibit metal-coordination modes, but are
involved in the formation of self-complementary intramolecular
hydrogen bonds between pairs of molecules along the chain
[C24---N4 3.359(6) A]. These chains are organised in parallel and
assembled in a criss-cross-like fashion through multiple interac-
tions between the pyridyl rings (Fig. S6, ESIT).

In conclusion, we report two unprecedented examples of
concomitant H-bonding and metal-templated approaches in
multi-component metal assemblies to direct [2 + 2] photocycload-
dition of an asymmetrical stilbene in the solid state. Non-
photochemical formation of the isomer rzzt-2,4-tpcb-ht is the first
example, to the best of our knowledge, of an asymmetrical thermal
stereomutation of a homodimer assisted by a metal centre. Further
studies on thermal rearrangements in other cyclobutane derivatives
promoted by transition metals are in progress.

This work was supported in part by FONACIT, grant LAB-
97000821 and G-2005000433.
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