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The single crystals of discrete hydrated [(OAc)Cu(p-
hep),Cu(OAc)]-2H, 0 (1-2H,0) and [(OAc)Cu(u-hep),
Cu(O"Pr)]-2H,0O (2-2H,0) (the lattice H,O molecules exist
as a tetrameric water cluster, hep-H = 2-(2-hydroxyethyl)-
pyridine), OAc™ = acetate and O"Pr~ = n-propionate) undergo
single-crystal to single-crystal (SCSC) transformations to
the dehydrated 1 and 2, respectively, under the influence of
heat. The reverse SCSC processes of 1/2—1-2H,0/2-2H,0
involving the regeneration of the lattice water tetramers
take place on exposure of 1/2 to water vapour. However,
the blue single crystal of discrete hydrated [(O"Pr)Cu(u-
hep),Cu(O"Pr)]-2H,0 (3-2H,0), incorporating the two
bulkier O"Pr- terminal bidentate ligands, irreversibly
converts to the green single crystal of a unique discrete
tetrameric [Cu,(u;hep),(u-hep),(u-O"Pr),(O"Pr),] (4) with
double open cubane core either by heating or by a simple
vapour diffusion technique via the breaking and forming of
multiple covalent bonds.

Facile single-crystal to single-crystal (SCSC) transformation of
discrete or polymeric molecular frameworks without loss in
crystallinity has been a contemporary area of research in material
sciences.? Transformations involving the breaking and formation
of new bonds often destroy the crystalline state of molecules,® and
therefore, to develop systems which can retain the crystallinity on
SCSC transformation poses a formidable challenge.*’

The reversible or irreversible dehydration of lattice water
molecules by heating or vapour diffusion at the SCSC level is
primarily centred around the porous polymeric structures.® The
present report describes an unprecedented dehydration of the
lattice water molecules,” which exist as water tetramers (vide infra),
of the discrete [(OR)Cu(u-hep),Cu(OR")]-2H,0 [OR=0R’ =
bidentate OAc (1-2H,0), O"Pr (3-2H,0) and the bidentate mixed
OR = OAc/OR’ = O"Pr (2-2H,0)], either by heating or even by a
simple vapour diffusion technique at the SCSC level. Remarkably,
the dehydration of the lattice water tetramers at the SCSC level in
1-2H,0-3-2H,0 is sensitive to the R/R” groups associated with
the terminal ligands (OR/OR’). This leads to either a reversible
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dehydration-rehydration of water tetramers, 1.2H,0/2-2H,0 =
1/2 or an irreversible molecular transformation with a distinct
change in colour from dimeric blue-3-2H,O to unique anhydrous
double open cubane tetrameric structure of green-[Cu,(1shep),(u-
hep),(u-O"Pr),(0O"Pr),] (4) by heating as well as by simple vapour
diffusion techniques.

The reaction of dihydrated copper acetate with hep-H in MeOH
yields the dimeric [(OAc)Cu(u-hep),Cu(OAc)]-2H,0 (1-2H,0).
Furthermore, the addition of propionic acid to a methanolic
solution of 1.2H,O in 1:2 and 2:1 ratios, respectively, leads
to the formation of [(OAc)Cu(u-hep),Cu(O"Pr)]-2H,0 (2-2H,0)
having mixed OR/OR’ terminal ligands and [(O"Pr)Cu(u-
hep),Cu(O"Pr)]-2H,0 (3-2H,0) (see ESIT). Molecular structures
of 1.2H,0-3-2H,0 have been authenticated by single crystal X-ray
structural analysis (Fig. 1 and 2, Tables S1-S37).
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Fig. 1 Perspective view showing reversible dehydration and rehydration
at the SCSC level.

1-2H,0-3-2H,0 crystallise in the same triclinic Pl space
group with a crystallographically imposed inversion centre in
1-2H,0 (ESIt). Each Cu(n) ion in 1-2H,0-3-2H,0 is in a penta-
coordinated square pyramidal N104 environment (Fig. 1 and 2,
Table S4+).
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Fig.2 Perspective view showing irreversible SCSC transformation of the
blue single crystal of 3-2H,0 to the green-single crystal of 4.

In each case the packing diagram shows four lattice water
molecules from two neighbouring dimeric units to form a water
tetramer (Fig. 3 and Fig. S11) with two different O - - - O distances
of 2.781/2.811 (1.2H,0), 2.786/2.815 (2-2H,0) and 2.745/2.810
(3:2H,0) A." Packing diagrams also reveal the presence of a
hydrogen bonded 2D polymeric chain (Fig. S2, Table S51).
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Fig. 3 Packing of 1.2H,0 along the a-axis showing the formation of
water tetramer.

On heating, at 110 °C in air for 3 h, the single crystals of 1.2H,O
and 2-2H,0 undergo selective dehydration of the lattice water
tetramers, while retaining their crystallinity, resulting in 1 and 2,
respectively, without any change in their core structural motif or
the blue colour (Fig. 1, SIt). The single crystal of 1 possesses the
same P1 space group with a crystallographically imposed inversion
centre (Table S1t). A 16% decrease in the unit cell volume, from
593 A3 in 1.2H,0 to 496 A® in 1 is consistent with the loss of
two lattice water molecules per dimeric unit. A similar decrease
in the unit cell volume from 1143 A’ in 2-2H,O to 1017 A® in
2 is also observed. The packing diagrams establish the presence
of C-H--- O hydrogen bonding in 1 and 2 and =--- &t stacking
interactions in 2 (Fig. S2, Table S57). If the weak interactions are
ignored, then 1.2H,0—1 or 2-2H,0—2 can be considered as 1D
to 0D transformations (Fig. S37).

On subsequent exposure of the dehydrated single crystals, 1 and
2 to water vapour for 24 h, the starting hydrated single crystals of
1-2H,0 and 2-2H,0 are regenerated. Importantly, the lattice water
molecules in the regenerated crystals also exist as a tetrameric
water cluster as has been observed initially (Tables S1 and S2+).

On the other hand, increasing the bulk of the terminal ligands,
as in [(O"Pr)Cu(u-hep),Cu(O"Pr)]-2H,0 (3-2H,0), introduces an
interesting contrast. Heating single crystals of 3-2H,0 at 110 °C
in air for 3 h causes a distinct change in colour of the crystals
from blue (3) to green (4) with retention of crystallinity. Structural
analysis of 4 reveals its identity as a new double open cubane'
tetrameric copper complex [Cu,(u;hep),(p-hep),(u-O"Pr),(O"Pr),]
(Fig. 2).

Thus, unlike 1-2H,0 and 2-2H,0, the dehydration of the lattice
water tetramer in the crystal of 3-2H, O results in a unique complex
molecular level transformation from a dinuclear 3-2H,0O to a
tetranuclear 4. It possesses a monoclinic P2,/ ¢ space group with a
crystallographically imposed inversion centre (see ESIT). The four
Cu(n) ions in 4 are interconnected by two p-hep, two p;-hep-,
and two i-O"Pr~ ligands. The central Cu,O, unit in 4 is arranged
in a double open cubane conformation (Fig. 4).

Fig. 4 Ball and stick representation of the central Cu, core structure of 4
showing the double open cubane form.

The Cu(1n) ions in 4 hold two different configurations. The Cul
atom exhibits octahedral geometry with basal positions occupied
by one nitrogen atom of hep~, three oxygen atoms each from ;-
hep~, u-hep™ and O"Pr~, and the two apical sites are composed
of oxygen atoms of pu-O"Pr~ and the terminal O"Pr-. Unlike
Cul, the Cu2 in 4 exhibits square pyramidal geometry (4 + 1)
where basal plane is constituted by one nitrogen atom of p-hep-,
three oxygen atoms each from p-hep-, p;-hep™, 1-O"Pr~ and the
axial position is linked with one oxygen atom of p;-hep™. The
Cu-N distances in 4 vary slightly: Cu(1)-N(1), 1.979(3) A and
Cu(2)-N(2), 2.062(3) A. However, appreciable variation in Cu—O
distances, 1.902-2.675 A, exists depending on their connectivities.
The packing diagram reveals the presence of intermolecular C—
H--- O hydrogen bonding such that each tetramer is surrounded
by six neighbouring tetramers yielding a 3D polymeric chain (Fig.
S4, Table S57).

In contrast to the selective formation of the double open cubane
tetrameric copper complex (4) via the dehydration of the lattice
water molecules in 3-2H,0, the dehydration of the coordinated
water molecules associated with the analogous discrete dimeric
complex [Cu(u,-hep)(TFA)(H,0)], (TFA = monodentate trifluo-
roacetate) at the SCSC level was reported™? to yield a tetrameric
copper complex, [Cu,(ushep),(u-hep),(u-TFA),(TFA),] (A) having
the preferential chair configuration (B) under the influence of
vapour only. In A the terminal TFA is monodentate and oxygen
atoms of u-TFA bind separately with the two Cu ions of two parent
dimeric units (Chart 1) but in 4 the terminal O"Pr is bidentate and
only one oxygen atom of u-O"Pr links with the two Cu ions of two
parent dimeric units leaving the second oxygen atom of O"Pr free
(Fig. 2).

Single crystals of 1-2H,0-3-2H,0 were also subjected to solvent
vapour to explore the feasibility of gas—solid mediated SCSC
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Chart 1 Schematic representation of A and its chair form B.

transformations. While the single crystals of 1-2H,0 and 2-2H,0
failed altogether to show any transformation on exposure to
vapours of ROH (R = Me, Et or 'Pr), CH;CN, CH,Cl, or DMF,
a facile selective transformation of the single crystal of 3-2H,0
(blue) to 4 (green) was observed by the vapour diffusion technique.
Though 3-2H,0—4 in MeOH occurs spontaneously within 5 min,
in EtOH, 'PrOH, or CH;CN the transformation proceeds at a
much slower rate of 2 h, 24 h and 8 d, respectively. This solvent
dependent varying rates of transformation implies that the initial
dehydration of the lattice water tetramers of 3-2H,O is the key
step towards the subsequent spontaneous intermolecular coupling
process between the adjacent two dehydrated molecules of 3 to the
tetrameric 4 which indeed precluded to trap the crystal of the
intermediate 3.

The facile SCSC transformation of 3-2H,O to 4 either by heat
or vapour is accompanied by the conversion of one terminal
bidentate O"Pr- and p-hep™ of each dimeric unit to p-O"Pr-
and p;-hep, respectively (Fig. 2). The involvement of multiple
bond breaking and formation of new covalent bonds in the
transformation of 3-2H,O to 4 indeed makes it an irreversible
process such that the backward SCSC reaction of 4—3 or 3.2H,0
does not occur at all on exposure of the crystals of 4 to the water
vapour.

The voy vibration of the lattice water molecules in the single
crystals of 1.2H,0-3-2H,0 near 3400 cm™' is expectedly absent in
1, 2 and 4 (Figs. S5-S71). The TGA of 1-.2H,0-3-2H,0 reveals
a weight loss of 5-7% in the temperature range of 25-180 °C
corresponding to the weight loss of two lattice water molecules per
dimeric unit (Figs. S8-S10t). The powder XRD of 4 in different
solvents are shown in Fig. S11. At 298 K, 1.2H,0 and 1 exhibit
u=1.308 and 1.132 B.M., respectively, however, the Cu(11) centres
in 2-2H,0, 2, 3-2H,0 and 4, are strongly antiferromagnetically
coupled leading to a diamagnetic state.

The present communication thus demonstrates an unprece-
dented reversible dehydration-rehydration of the lattice water

tetramers in discrete molecular frameworks at the SCSC level
and also shows remarkable influence of the terminal bidentate
carboxylate ligands towards the mode of SCSC transformations,
either reversible 1.2H,0/2-2H,0=1/2 or dehydration of 3-2H,0
to the transient anhydrous 3 followed by selective spontaneous
intermolecular coupling of two units of 3 to generate 4 with the
unique double open cubane structure which otherwise does not take
place via the conventional synthetic routes.
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