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The rctt isomer of tetrapyridylcyclobutane prepared from the solid-
state [2 þ 2] cycloaddition reaction of [bpeH2] 3 2CF3CO2 [bpe =
1,2-bis(4-pyridyl)ethene] undergoes isomerization reaction to the
rtct isomer in 100% yield, and this tetrahedral tetrapyridyl ligand
forms two metal-organic frameworks having ptt and pts topology.

Cyclobutane derivatives are important starting materials
for many cyclic and acyclic systems,1,2 and the regio- and
stereoselective synthesis of cyclobutane derivatives is one of
the key issues in organic photochemistry.2 Since the pioneer-
ing work of Schmidt,3 many efforts were directed toward
gaining control over the dimerization reaction of alkene
derivatives in the solid state.4 Such an assembly offers a
unique possibility of regiocontrolled access to a single cyclo-
butane derivative in quantitative yield but limited applic-
ability in the chiral synthesis of substituted cyclobutane
products.2,5

Solid-state and solution photodimerization of azastilbene
derivatives6,7 has been found to be very useful in the synthesis

of stereoselective cyclobutane rings. Recently, various efforts
have been made to synthesize stereospecific cyclobutane
derivatives from trans-1,2-bis(4-pyridyl)ethene (bpe) in the
solid state via noncovalent interactions or metal-mediated
assembly.8,9 In particular, small organic molecules have been
used as templates for the direct photoreaction of bpe to
produce stereospecific rctt-tetrakis(4-pyridyl)cyclobutane
(rctt-tpcb) in gram quantities.8 Such photoreactions con-
trolled by the packing of olefinic double bonds3,4 in bpe result
in themost favorable isomer rctt-tpcb, but other isomers such
as rtct-tpcb are less available or inaccessible.6,10,11 On the
other hand, the rtct-tpcb isomer is formed in relatively higher
yield by the isomerization of alkylated rctt-tpcb in solution.7

Organic spacers with pyridyl groups are attractive ligands
in the construction of metallosupramolecular architectures12

and metal-organic frameworks (MOFs).13-20 Ligands act-
ing as four connecting nodes bridging the metal secondary
building units are used in the construction ofMOFs,14,15 and
hence the tpcb ligands that can act as 4-connecting nodes are
suitable for this purpose.8,16Althoughone-dimensional (1D),
two-dimensional (2D), and capsule-like frameworks have
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been synthesized, three-dimensional (3D) frameworks using
tpcb nodes remain a challenge,16,17 the reason being that the
stereochemistry of rctt-tpcb may not allow the formation of
3D frameworks easily. As a consequence, the 3D frameworks
of tpcb have rarely been isolated during solution crystal
growth in the presence of light17 and single crystal-to-single
crystal structural transformation.18 On the other hand, the
pyridyl groups in rtct-tpcb are oriented in a tetrahedral
fashion, which makes it suitable for the fabrication of 3D
frameworks.19

Our earlier work on the isomerization of cyclobutane
derivatives in solution21 prompted us to study the utility of
trifluoroacetate (TFA) in the photoreactivity of bpe and
trifluoroacetic acid (HTFA) in the isomerization of tpcb
rings. Here we report the synthesis of rctt-tpcb and its
isomerization to the rtct stereoisomer, as exemplified in
Scheme 1. Further, rtct-tpcb has been employed to assemble
MOFs having ptt and pts net topology.
The salt [bpeH2] 3 2TFA (1) was synthesized by the direct

treatment of bpe with HTFA in methanol. The X-ray
structure reveals an infinite hydrogen-bonded assembly of
[bpeH2]

2þ cations and CF3CO2
- anions held together by

N-H 3 3 3O interactions [N1-H1 3 3 3O7, 2.630(5) Å; N2-
H2 3 3 3O3, 2.623(5) Å; N3-H3 3 3 3O2, 2.608(5) Å; N4-
H4 3 3 3O6, 2.620(5) Å] and further by very weak C-H 3 3 3O
and C-H 3 3 3F interactions (Figure 1a), forming a 2D layer.
Figure 1b shows three such adjacent but independent layers,
namely, A 3 3 3B 3 3 3C running in the b direction. However,
only the adjacent C 3 3 3C layers are interacting through very
weak F 3 3 3F contacts22,23 where the CdC bonds in the
[bpeH2]

2þ cations are oriented in a parallel fashion with a
distance of 4.26 Å, which is somewhat longer to be photo-
reactive.3 It may be noted that the distances between the
olefinic double bonds of the nearest [bpeH2]

2þ cations in the
adjacent layers A 3 3 3A, A 3 3 3B, and B 3 3 3C are 5.150-6.567 Å
with a slip-stacked arrangement.
Interestingly, powdered 1 kept between the glass plateswas

irradiated under an UV lamp for a period of 24 h and
produced [rctt-tpcb-H4]

4þ (2) in 100% yield as determined
by the 1H NMR spectroscopy24 in DMSO-d6. Although the
CdC bonds between C 3 3 3C layers are likely to react under
UV irradiation, the A 3 3 3B and B 3 3 3C layers are expected to
be photostable because of the distance criterion. The quanti-
tative dimerization of 2 can therefore be rationalized by the
cooperative movements of layers during the photoreaction,

and such cooperative molecular movements have been ob-
served in the solid state before.4,9

Compound 2 undergoes an acid-catalyzed isomerization
reaction in a DMSO-d6 solution to give [rtct-tpcb-H4]

4þ (3)
and [rcct-tpcb-H4]

4þ (4) in 4-5 days. Variable-temperature
(VT) 1HNMRstudies24 (from25 to 100 �Cat 10 �C intervals)
show that the isomerization reaction becomes fasterwhen the
temperature is increased (Figure 2). Further, 3 turns out to be
the major product at 100 �C (product distribution: 2, 7.76%;
3, 78.02%; 4, 14.22%), and the isomerization is found to be
irreversible. The neutral isomer rtct-tpcb can be conveniently

Scheme 1. TFA-Mediated Synthesis of rctt-tpcb Using the Photo-
reaction of 1 in the Solid State and the Selective Synthesis of rtct-tpcb via
the Isomerization Reaction of 2 in the Solution Phase

Figure 1. (a) Portion of the packing in 1. The nitrogen (blue), oxygen
(red), and fluorine (green) areas indicated. (b)Packingarrangement of 2D
layers ofA 3 3 3B 3 3 3C. The olefinic CdC bonds between theC 3 3 3C layers
are aligned in a parallel fashion with a distance of 4.26 Å.

Figure 2. VT1HNMRspectra of photodimerizedproduct 2 inDMSO-d6.
The spectra show the formation of protonated cyclobutane isomers
rctt-tpcb, rtct-tpcb, and rcct-tpcb. The inset shows the structure of
protonated rcct-tpcb.
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synthesized in 100% yield by heating photodimerized salts at
100 �C for 30 min and through further workup of 3.
The isomer rtct-tpcbwith a tetrahedral node has been used

for the construction of two MOFs, namely, [Zn(rtct-tpcb)-
(H2O)2](ClO4)2 3 6.5H2O (5) and [Co(rtct-tpcb)(F)2] 3 5H2O
(6) (Figure 3). Colorless block crystals of 5 were obtained
by layering a methanolic solution of rtct-tpcb on an aqueous
solution of Zn(ClO4)2 3 6H2O. X-ray structure reveals that 5
forms 3D nets having ptt (twisted pts) topology13,20 [Schl€afli
symbol is (4.63.82)2(4

2.62.82) (62.84)] (Figure 3b). There are
two crystallographically independent ZnII centers in 5 with
octahedral geometry; eachmetal center is coordinated to four
nitrogen atoms of the tetrahedrally disposed tpcb rings in a
square plane, and two aqua ligands occupy the trans posi-
tions. The combination of a tetrahedral spacer and a square-
planar metal connector yields ptt nets, which contain open
pores in all three crystallographic directions. Especially, there

are two kinds of pores along the b axis, having large honey-
comb channels with opening dimensions of 9 � 19 Å and
comparatively small rhombic channels with opening dimen-
sions of 9� 9 Å. The channels are loosely occupiedwithwater
molecules and disordered ClO4

- anions. The empty space
without the counterions and solvents in the cationic MOF 5
will account for ∼61.7% of the unit cell volume.
Golden-yellow crystals of 6 were obtained by a solvother-

mal reaction of rtct-tpcb with Co(OAc)2.4H2O and NaF.
X-ray crystallography shows that the coordination environ-
ment inCoII is very similar to that in 5 except that the F- ions
occupy the trans positions instead of the aqua ligands. The
connectivity in 6 can be described as having pts topology if we
consider that theCoII center decorates the Pt position and the
center of the cyclobutane ring of tpcb occupies the S position
(Figure 3c). In the doubly interpenetrated pts net, five water
molecules per formula unit fill up the pores present (17%
solvent cavity).
Three topological nets commonly known by linking tetra-

hedral and square-planar units are ptt, pts, and mog (moga-
nite).13,20 Here, both ptt and pts nets look similar in their
arrangement but differ in connectivity. The presence of
ClO4

- anions appears to prevent interpenetration by occu-
pying the void space, thus influencing the formation of the ptt
network in 5. On the other hand, 6 forms doubly interpene-
trated 3D networks with pts topology in the absence of any
counterion. They can be considered as topological isomers.25

In summary, we report the stereospecific synthesis of rtct-
tpcb, otherwise photochemically inaccessible in the solid
state. This study shows that TFA plays a major role in the
alignment of the CdC double bonds in bpe by weak F 3 3 3F
contacts, which undergoes a photochemical [2 þ 2] cycload-
dition reaction to furnish rctt-tpcb and further catalysis of the
isomerization reaction to rtct-tpcb quantitatively in solution.
ThisHTFA-catalyzed isomerization seems to be the easyway
to access this isomer rtct-tpcb, which has tetrahedrally dis-
posed pyridyl groups. Remarkably, rctt-tpcb displayed the
ability to form MOFs with interesting topologies. Ongoing
work is focused on the use of this ligand in constructing
various supramolecular architectures.

Acknowledgment. Dr. Mangayarkarasi Nagarathinam
is sincerely thanked for her help with powder X-ray
diffraction and thermogravimetric analysis data and
Geok Kheng Tan for X-ray data collection. We acknow-
ledge the Ministry of Education for funding this project
through NUS FRC Grant R-143-000-371-112.

Supporting Information Available: Experimental details,
crystal data in CIF format, and NMR spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.

Figure 3. (a) Tetrahedral orientation of rtct-tpcb and a square-planar
connector (M) = ZnII and CoII. Perspective views of (b) the ptt net in 5
and (c) two interpenetrated pts nets in 6.
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