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Reaction of the rigid angular ligand tetrahydroxy-9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene, hereafter LH,,
with Mn(CH3CO,), - 2H,0 in a basic aqueous medium, in air, affords a crystalline product of composition Na,{[Mn-
(H20)]12L42} - XHo0. Single-crystal X-ray diffraction reveals the presence of large Mn""oL40] "2 metallocycles of
roughly hexagonal appearance, somewhat resembling a doughnut in which the central hole (van der Waals surface to
surface) is roughly a nanometer across. This is the first example of a metal derivative of the fully deprotonated form,
L*~. Associations with aquated Na™ counterions lead to a pleasingly symmetrical packing arrangement resembling
honeycomb, with the central holes of individual metallocycles lined up one above the other. The ligand L*~, on account
of its rigid angularity and its strong metal binding properties, promises to provide a rich source of unusual metal-

containing structures, in particular cages, in future studies.

Introduction

Catechol-based ligands have long been employed as strong
metal binding agents for the construction of interesting and
potentially useful supramolecular assemblies,' * such as
large polyhedra,” square and triangular macrocycles,” and
helicates.* Some of these materials have potential applica-
tions in gas sorption, as single molecule magnets and as
nanoreaction vessels. We report here some of our work with
the easily synthesized but previously little studied bis-
catecholate tetrahydroxy-9,10-dimethyl-9,10-dihydro-9,10-
ethanoanthracene, I (hereafter LH,). Surprisingly, only one
metal derivative of this interestingly rigid ligand has previously
been structurally characterized (to the best of our know-
ledge), viz., an octauranate cage complex in which the ligand
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is present in the only partially deprotonated form, LH,*.>
Reported herein is the crystal structure of a novel Mn'"
derivative of LH4, which contains large Mn'™",L,,]"2"
metallocycles of roughly hexagonal appearance. Associa-
tions with aquated Na™ counterions lead to an interesting,
pleasingly symmetrical packing arrangement in the solid
state. To the best of our knowledge, this is the first example
of a metal derivative of the fully deprotonated form, L*".
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Experimental Section

Synthesis. Preparation of LH,. Concentrated hydrochloric
acid (6 mL) was added to a molten mixture of catechol (24 g,
0.22 mol), mercaptobenzoic acid (100 mg, 0.6 mol), and aceto-
nylacetone (3 mL, 0.026 mol). The reaction mixture was
refluxed for 6 h, after which time the hot solution was added
to 400 mL of boiling water. A gummy byproduct was removed
by filtration, and the hot solution was allowed to cool overnight.
The crystalline product was further recrystallized from anisole
and was dried at the pump to give brownish plates. Yield: 4.5 g
(59.1%). Elemental analysis (%) found: C, 72.5; H, 6.0. Calcd
for C18H|gO4Z C, 725, H, 6.1.

Solvated Na,{{[Mn(H,0)];L;2}. A solution containing LH4
(19.4mg, 0.065 mmol) in dioxane (3 mL) was added to a solution
of Mn(CH;COO),-2H,0 (9.74 mg, 0.065 mmol) in water (1 mL).
This mixture was then treated with excess NaOH (41.6 mg,
1.04 mmol) in water (2 mL). Dark brown crystals began to
separate from solution after several days. The crystals were filtered
off, washed with water, and dried in the air. Yield: 6 mg (21%).
Elemental analysis (%) found: C, 49.3; H, 4.7. Calcd for Na,-
{[Mn(Hzo)]llez} 32H20 C 49. 3 H 4.9.

Crystal Data for Solvated Na;;{[Mn(H,O0)];;L2}. M,
9583.21, monoclinic, C2/c, a = 30.624(4) A b =151 439(6) A
c=32. 370(4)A B=110.290(2)°, V' =47827(10) A3, Z =420, =
50.1°, Mo Ka radiation, A = 0.71073 A T = 130K, y(MoKa) =
0.430 mm™ ', 125102 reflections measured, 42 164 unique, which
were used in all calculations, 737 parameters, wR, = 0.2793 (all
data) and R, = 0.0927 (I > 20([)) The structure was solved by
direct methods and refined us1ng a full-matrix least-squares proce-
dure based on F> (SHELX97).° Crystallographic analysis was
performed using the WinGX system of programs.’

Results and Discussion

Reaction of LH,4 with Mn(CH;COO),-2H>0 in a basic
aqueous medium in air affords hydrated crystals of composi-
tion Na;»{[Mn(H»O)];»,L;,} suitable for single-crystal X-ray
diffraction experiments. The crystals have monoclinic sym-
metry and space group C2/c. Metallocycles of composition
{[Mn(H,0)];,L;,}'*™ are present, details of which are con-
sidered below. There are equal numbers of two distinct types
of ligand, L4 and L,*", and six crystallographically distinct
types of Mn"" center, all with very similar coordination
environments. For descriptive purposes, all 12 of the Mn
centers may be considered equivalent. Six L,* ligands and
six pairs of Mn centers assemble into a metallocycle shown in
Figure la and b. Asis apparent in the figure, each L,*~ ligand
is directly associated with four Mn cations—it chelates a Mn
cation at each end, but also one catechol oxygen center at
each end bridges to a second Mn center. Four-membered
Mn—O—Mn—O rings are thus formed. Although the
[Mn»(L,)¢]"*" metallocycle, as viewed in Figure la, might
appear on first inspection to possess pseudo 6-fold symmetry,
itis clear in Figure 1b that there are “upper” and “lower” L*~
anions, which lead to only a pseudo 3-fold axis passing
through the center of the metallocycle . Likewise, there are
“upper” and “lower” Mn centers. The six “upper” metal
centers are essentially coplanar and close to the corners of a
regular hexagon; the six lower ones similarly form an equiva-
lent pseudo hexagon.
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Figure 1. (a) Mnjy(L,)s metallocyclic component of Naj,{[Mn-
(H,0)]15L 15} - xH,O viewed down the pseudo-3-fold axis and (b) a side-
on view.

The complete {[Mn(H>0)];»L15}'?" system is shown in
Figure 2a. The six-coordinate Mn environment, consisting of
one chelated L,*", one chelated L,*", a coordinated water
molecule directed away from the metallocycle center, and a
“bridge bond” to an oxygen donor of an L,*~ ligand chelated
to a neighboring Mn center, is shown in Figure 2b. As can be
seen, the two aqua ligands per Mn pair are on the same side of
the four-membered Mn—O—Mn—O ring. In contrast to
L,*", the L,* ligands are directly associated with only two
metal centers that are chelated at opposite ends. As is
consistent with the oxidation state of +3 for the Mn center,
significant tetragonal elongation of the coordination envi-
ronment is clearly apparent, the elongated bonds being the
“bridge bonds” (average, ca. 2.41 A) as indicated in
Figure 2b, and those trans to them (average Mn—O, ca.
2.16 A) by contrast, the average Mn—OH, bond is ca. 1.90 A
inlength. Bond valence sum calculation indicates an “average
oxidation state” for M, of ca. 2.9. As can be seen in Figure 2a
(and Figure S1, Supporting Information), the L,*~ ligands
act as capping units, partially blocking the otherwise open
top and bottom faces of the [Mn;»(L,)e]'>" metallocyclic
hexagon (as it is seen in Figure la). Three L,*~ ligands are
located above the average plane of the macrocycle, and three
are located below, as can be seen in Fi igure 2. When viewed
side on (Figure S1), the {{Mn(H,O0)];,L;,} '~ metallocycle has
a doughnut-like appearance with a central cavity of 51%n1ﬁcant
size, the separation between directly opposed Mn'" centers
being ca. 2.25 nm. Although the {{Mn(H,0)];»L, 2} " metal-
locycle lies only on a crystallographic center of inversion, it
does possess approximate Dz, point group symmetry.

The negative charge on {{Mn(H,0)];»L;»}'*~ is balanced
by 12 Na™ cations, six of which are located inside the
metallocycle in the manner indicated in Figure 3a. Each of
the “internal” Na™ cations carries two molecules of water and
is bound to three catechol oxygen centers. The “external”
Na™ cations appear in linear trios, as shown in Figure 3b.



Article

Figure 2. (a) Complete {[Mn(H,0)];L;5}'*" metallocycle looking
down the pseudo-3-fold axis. (b) A pair of Mn'™ centers in the metallo-
cycle.

Figure 3. The role of sodium. (a) A view of the metallocycle showing the
“internal” aquated Na™ cations (represented as blue spheres). For clarity,
Na—O are represented with green bonds. (b) The binding of one metallo-
cycle to another via “external” aquated Naj clusters.

Some of the water molecules bound to Mn™ (discussed

earlier and shown in Figure 2) act as bridges to two of the
Na* cations within the linear Nas cluster, as shown in Figure 3b.
A second metallocycle interacts in the same way with the Naj
cluster, which acts as glue to cement the two metallocycles
together, as can be seen in Figure 3b. The central Na* cation
of the trio interacts simultaneously with coordinated water
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Figure 4. A central column of metallocycles and six near-neighbor
columns. Only four of the six contacts between the central column and
its neighbors involve the Na; “glue”.

molecules from separate metallocycles, while the terminal
Na™ cations each interact with a particular metallocycle.

In the extended structure, {{Mn(H>0)];,L15}'>~ metallo-
cycles stack one on top of another (see Figure S2, Supporting
Information), to form infinite columns running parallel to the
¢ axis. This arrangement generates large channels of roughly
nanometer size, with the cross-section passing through the
centers of the metallocycles; these channels are occupied by
disordered water molecules.

All columns are parallel, each being surrounded by six
neighbors in a honeycomb fashion (Figure 4). As can be seen,
the exterior Najs clusters link each column to four of the six
neighboring columns in the manner discussed above and as
was shown in Figure 3b.

Crystals of Naj,{{Mn(H,0)];»L;»}-xH,O contain vast
regions of space occupied by disordered water. A calculation
of the solvent accessible volume reveals that the metallocyclic
anions and their associated aquated Na™ cations account for
only 44% of the total crystal volume. An estimation of
residual electron density indicated that there are on the order
of 970 water molecules present in the unit cell.*® This
approximation is in excellent agreement with the volume
available to accommodate these solvent molecules (assuming
a single water molecule has a volume of ~30 A%).

Crystals of Naj,{[Mn(H,0)];,L,}-xH,O display a very
low solubility in a variety of solvents, including water,
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acetonitrile, acetone, and tetrahydrofuran. Despite repeated
attempts in a range of solvents, electrospray mass spectro-
metric studies failed to provide any indication of the metallo-
cycle in solution. This was not surprising given the very poor
solubility of the crystals.

The compound described here represents only the sec-
ond example of a coordination compound derived from
LH, and the first example involving its fully deprotonated
form. The generation of the doughnut-like metallocyclic
complex {[Mn(H,0)];»L;»}'?~ represents an interesting
and unusual example of self-assembly. In addition to the
interesting internal structural features of the metallocycle,
an aesthetically appealing packing arrangement, which
leaves vast regions of water-filled space, is observed.
In light of the results presented here, the ligand L*",
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on account of its rigid angularity and its strong metal binding
properties, promises to provide a rich source of unusual
metal-containing structures, in particular cages, in future
studies.
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