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Self-Assembled Cu-Based Capsule

Synthesis of a Self-Assembled Molecular Capsule
that Traps Pyridine Molecules by a Combination
of Hydrogen Bonding and Copper (1))
Coordination**

Md. Akhtarul Alam, Munirathinam Nethaji,* and
Manabendra Ray*

Molecule and molecular assemblies with cavities of different
size and shape to encapsulate guest molecules have been
synthesized in view of their potential use as selective hosts for
anion sensing, catalysis, selective recognition, and separation
of guest molecules.'! Rebek, Jr. and co-workers recently
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demonstrated that the binding of a reagent inside a capsular
cavity boosts the rate of a Diels—Alder reaction.?”! The self-
assembly of relatively small molecules, through hydrogen
bonding, or metal-ligand interactions, proved to be very
useful in forming large capsular cavities.'! While several
capsular cavities have been synthesized by using organic
frameworks (e.g. resorcinarene, calixarene),!!l coordination
complexes with a redox stable metal center,['! and a few with a
redox active metal center,l’! there is no report of a capsular
cavity with the redox-active metal center having an available
binding site inside the capsule.l! The synthesis of a capsular
cavity with an available coordination site at redox active
metal centers inside the pocket can, in principle, facilitate the
study of the reactivity of the bound guest molecule inside a
cavity. In our effort to synthesize a capsular cavity with a
redox center, we have synthesized a self-assembled capsule of
an octameric Cu'' coordination complex by using an easy to
synthesize ligand (Scheme 1). This capsule has four guest
pyridine molecules trapped inside the cavity (Figure 1), in
which two of the pyridine molecules are held with a
combination of hydrogen bonds and Cu!! coordination.

The octameric Cu! complex (Figure 1) was synthesized
from the tetradentate deprotonated ligand (L?*-, Scheme 1)
and the Cu!! salt, Cu(ClO,),6H,0. Because of the presence of
an amine hydrogen atom, an imidazole N—H group (a H-bond
donor), and carboxylate oxygen atoms (a H-bond acceptor) in
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Scheme 1. Synthesis of the tetradentate ligand, L>~.
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Figure 1. Molecular structure of 1. Solvent molecules are omitted for
clarity.
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the ligand, we expected an interligand hydrogen-bonding
network to aid in the formation of cages. Crystallization of the
complex from pyridine and diethyl ether afforded deep-green
crystals of [CugLgPy,]-Py-3MeOH-(C,H;),0 (1; Py=pyri-
dine). The complex 1 was crystallized in the space group of P1
(No. 1) with two slightly different cup-shaped tetrameric units
in the unit cell (1a and 1b).) The lattice diagram shows that
1a and 1b are on top of each other, thus forming a capsule
bound through eight hydrogen-bonding interactions between
the imidazole NH groups of one tetramer and nonbonded
carboxylate-oxygen atoms of the other tetramer (Figure 1).[!

The structure of 1a (Figure 2) is a cyclic tetramer with an
imidazole “arm” from one monomeric unit coordinated to the
next monomeric unit to form a cycle. The coordination
geometry around the Cu" center is square pyramidal with an
N;O,-donor environment. The four phenolate rings are
organized in a manner that effectively closes one side of the
square, thus making a cup shaped bottom. Two pyridine
molecules are trapped inside la side by side, with each
N atom of the pyridine molecule oriented towards the amine
N atom of the ligand. The N(trapped pyridine)—N(amine)
separations (N5—N3a 2.990 A, N6—N3c 3.025 A) are within
the range of 2.68-3.09 A observed for N--HN hydrogen
bonds.I”! The space-filling model demonstrates that the two
side-by-side pyridine molecules fill the cavity perfectly
(Figure 2b).
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Figure 2. a) One tetrameric copper unit (1a, [Cu,L,Pys] ORTEP dia-
gram, thermal ellipsoids set to 50% probability). b) Space-filling
model of 1a top view and c) bottom view.
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The cyclic tetramer 1b, is similar to 1la (Figure 3),
however, two sides of the cup bend inwardly. The trapped
pyridine molecules of 1b are coordinated to the Cu' center
instead of being H-bonded to the amine groups (Figure 4).
This coordination of the pyridine molecule from inside the

Figure 3. Tetrameric copper unit (1b, [Cu,L,Py,]Py, ORTEP diagram,
thermal ellipsoids set to 50% probability).
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Figure 4. Part of the Cu,L, unit of 1a and 1b showing the change in
bonding interactions between trapped pyridine molecules, amine
N atoms, Cu" centers, and external pyridine molecules.

cavity to the Cu'" center results in the deviation of the Cu8 and
Cu6 atoms from the plane described by O1, N3, O3, N1
towards the trapped pyridine (shift of 0.194 and 0.203 A for
Cu8 and Cu6, respectively). Consequently, there is no
coordination of the external pyridine molecules to the Cu8
and Cub6 atoms, as square-pyramidal geometry is preferred for
Cu!! complexes over octahedral geometry because of Jahn—
Teller distortions. Thus, the coordination sites at the copper
centers are accessible from inside the cyclic tetramer.

The two halves of the capsule exhibit contrasting binding
with guest molecules. In 1a, the Cul and Cu3 atoms are each
coordinated by an external pyridine molecule, but not by the
trapped pyridine molecules. On the other hand, in 1b the
N atom of the pyridine molecule (N8) is coordinated to Cu8
(similarly N7 to Cu6). The N8—N3h(amine) separation of
3.104 A in 1b is closer to N-+-HN hydrogen bonding range of
2.68-3.09 A (Figure 4).7 Thus, the presence of a N—H close to
the Cu'' center allow trapped pyridine molecules in 1b to bind
using both metal-ligand interactions and hydrogen bonding,
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simultaneously. This factor makes the trapped pyridine
molecules less labile compared to the external pyridine
molecules as observed in the solution studies (see below).
We are not aware of this type of binding in any other reported
capsular cavity.

The Cu—N(external pyridine) distances in molecules 1a
and 1b (2.4-2.5 A, see Supporting Information) are consid-
erably longer than Cu—N(apical pyridine) bond length of
217 A in [Cu(Cyclops)Py] ClO® (Cyclops = difluoro-3,3'-
(trimethylenedinitrilo)bis(2-butanoneoximato)borate)  and
212, 213 A in Cuy(OAc),Py,® but within the range of
2.6-2.8 A for apical Cu—NI[" bond lengths. This makes the
externally bound pyridine molecules particularly labile.

The crystals desolvate rapidly and loose crystallinity on
isolation. The elemental analysis matches with the formula
[CugLgPy,(H,O)s]. Thermogravimetric analysis (TGA) exhib-
its a curve that corresponds to a weight loss of 5.3 % in the 30—
110°C range and a further 11.4% loss in the 180-230°C
temperature range, which corresponds to the removal of eight
water and four pyridine molecules (expected total of 15.1%).
We believe that these pyridine molecules are those that were
trapped inside the cavity. The room temperature magnetic
moment is less than that expected for a S = 1/2 system, which
indicates the possible presence of antiferromagnetic coupling
between the Cu'! centers.

The electrospray ionization mass spectra of 1 in MeOH
shows the presence of a Cu,L, unit, but no peak was observed
corresponding to the pyridine adduct. This is not surprising as
the hydrogen-bonding network holding the two halves of the
capsule open up in a protic solvent such as MeOH, and the
trapped pyridine molecules axially coordinated to the kineti-
cally labile Cu® center are replaced by solvent molecules.
Thus, the Cu,L, units are stable in MeOH. The EPR spectrum
of 1 in MeOH at 77K is typical for a distorted square
pyramidal geometry around a Cu!! center.['!J

In conclusion, we have synthesized a new self-assembled
capsule by using an easy to synthesize ligand, and a Cu'! salt.
The capsule has enough space inside to accommodate four
pyridine molecules. The capsule has both H-bonds and
kinetically labile Cu" centers which are available for binding
from inside the cavity. Thus, we have observed a novel guest
binding inside the cavity that uses both hydrogen bonds and
metal coordination at the same time.

Experimental Section

Elemental  analysis caled (%) for 1  Cug(CpHis-
N;0,)s(CsHsN),-8H,0: C 48.94, H 4.64, N 12.88; found: C 48.68, H
451, N 12.92. IR (KBr, #): 1615(sh), 1596(s) cm™' #(COO),gm;
1388(s) cm ™! #(COO) . Ay: (MeOH) 2 Scm2mol~". ESI-MS(+) in
MeOH for {[Cu,(L),] +H}*, m/z calculated 1291.1, found 1290.8; UV/
Vis: Apax [nm] (¢ [M~tem™!)/Cu: in pyridine:, 416 (520), 668 (170); in
MeOH: 273 (5700), 382 (920), 686 (150). EPR: powder; 300 K 2.116
(isotropic), 77 K, 2.118 (isotropic); MeOH, 77K, g, =2253, g, =
2.060, Ay =175 G. u; (powder, 298 K); 1.63 up/Cu.
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