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In conclusion, the present study demonstrates that open-
framework metal phosphates can be generated under rela-
tively mild conditions by treating amine phosphates with
metal ions and that amine phosphates are intermediates in
hydrothermal syntheses. The amine phosphates initially give
chain or ladder structures that give rise to more complex
structures, depending on time and temperature.
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Self-Assembly of a Radially Functionalized
Hexagonal Molecule:
Hexakis(4-hydroxyphenyl)benzene™**

Kenji Kobayashi,* Toshiaki Shirasaka, Azumi Sato,
Ernst Horn, and Naomichi Furukawa

Supramolecular approaches to self-assembly of molecular
solids rely in a predictable manner on directional and
complementary noncovalent interactions.l! Particular atten-
tion has recently focused on the rational design of micro-
porous solids with specific properties such as selective
adsorptionl? and catalytic activity.®! However, the formation
of hydrogen-bonded networks with large cavities often results
in self-interpenetration to fill the voids in the initial host
structure.!. The introduction of sterically demanding sub-
stituents into trigonal molecules®™® and the use of rigid
hexagonal macrocycles’l with multiple hydrogen-bonding
sites are potential methods to prevent interpenetration of
networks. Aoyama and ourselves recently prepared porous
networks of bis-resorcinol orthogonal aromatic triads for the
preorganization of host molecules.®! Hexaarylbenzene deriv-
atives’l are highly symmetrical molecules that can bear
diverse and multifunctional radial substituents and exhibit
an orthogonal arrangement of the interactive groups with
respect to the core moiety.l' 'l Here we report on the porous
two-dimensional hydrogen-bonded networks of hexakis(4-
hydroxyphenyl)benzene (1); the topology of the network
structures is flexible and guest-dependent.
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Host 1 was prepared by the [Co,(CO)g]-catalyzed cyclo-
trimerization”? of bis(4-methoxyphenyl)acetylene (81 %
yield) followed by deprotection of the resulting hexakis(4-
methoxyphenyl)benzene (2) with BBr; (92% yield). Recrys-
tallization of 1 from various solvents afforded inclusion
cocrystals, the stoichiometries of which were evaluated by
'H NMR spectroscopy in CD;0D: 1-3C,H;COOCH; from a
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mixture of methyl benzoate and benzene; 1-3 CH;COOEt
from a mixture of ethyl acetate and hexane; 1-4Et,0 and
1-3CH;COOEt in a 4:1 ratio from a mixture of diethyl ether
and ethyl acetate; 1-4DMF from a mixture of ethyl acetate,
diethyl ether, and DMF (N,N-dimethylformamide). Thus, in
the solid state, 1 prefers to include more polar guests. The
crystal structures of 1-4Et,0 (3) and 1-4DMF (4) were
determined by X-ray diffraction analysis!'? (Figure 1).

Figure 1. ORTEP plots (30% probability thermal ellipsoids) of a) 3 and
b) 4. Hydrogen atoms are omitted for clarity.

The molecular structure of 3 has a center of symmetry
(Figure 1a). Two of the four included ether molecules are
hydrogen-bonded to the hydroxyl groups HO1 of 1 (O1--- O5
2.69 A). The other two ether molecules interact with the
aromatic core of 1, whereby the distance between the methyl
group and the face of the core is about 3.6 A. The dihedral
angles between the phenol rings and the aromatic core at C1 -
C3 are 102.8, 68.2, and 96.7°, respectively.

All hydroxyl groups of 1 participate in the two-dimensional
hydrogen-bonded network (molecular sheet) of 3 (Figure 2a),
in which the intermolecular hydrogen-bonding patterns are
O2H - O3H --- O1H with O --- O distances of 2.81 and 2.74 A,
respectively. This network is an antiparallel assembly of one-
dimensional ladder-type networks (molecular tapes). Each
tape is formed by two-point O2H---O3H hydrogen bonds
between adjacent molecules along the b axis, and the tapes are
assembled into the molecular sheet in a stairlike fashion by
O3H --- O1H hydrogen bonds (Figures 2a and b). Hence, this
molecular sheet has two types of cavities: cavities A (ca. 7.6 x
76 A) in the tapes, and cavities B (ca. 6.0 x 7.6 A) between
them. One molecule of 1 constitutes one cavity A and two
cavities B.®! The molecular sheets are layered without
translation, so that two types of extended channels A and B
are generated along the a axis (Figure 2¢). The sheet—sheet
(core center to core center) distance along the a axis is 9.87 A.

The molecular structure of 4 has no symmetry; the dihedral
angles between the phenol rings and the aromatic core at C1 —
C6 are 91.3, 99.6, 772, 83.6, 76.3, and 97.7°, respectively
(Figure 1b). All DMF molecules (07, O8, O9, and O10) are
hydrogen-bonded to the hydroxyl groups HO1, HO4, HOS,
and HO6 of 1 with O---O distances of 2.70, 2.69, 2.64, and
2.55 A, respectively.
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Figure 2. Views of the X-ray crystal structure of 3: a) the two-dimensional
hydrogen-bonded network (one sheet) parallel to the a axis, b) one sheet
parallel to the b axis, and c) three neighboring sheets parallel to the a axis
(perspective view). Diethyl ether molecules are omitted for clarity.

The two-dimensional hydrogen-bonded network of 4 is
considerably different from that of 3. Four hydroxyl groups of
1 are involved in the network of 4 (Figure 3a), in which the
intermolecular hydrogen-bonding patterns are O2H--- O6H
(00 275A) and O3H--O5H (O--O 2.74A). The
molecular sheet is almost flat (Figure 3b). Although the
conformational asymmetry of 1 (Figure 1b) makes this host
chiral, both enantiomers are alternately aligned along the
hydrogen-bonded chains to give a racemic crystal of 4. The
network topology of 4 has large cavities (ca. 15.5 x 15.5 A)
which are partitioned by two phenol rings of 1. In contrast to
3, the adjacent sheets of 4 are laterally offset in an ABAB
sequence by 11.58 A along the a axis. Thus, each cavity in a
sheet is sandwiched between two host molecules of adjacent
sheets as ceiling and floor to form a chamber instead of a
channel (Figure 3¢).' The sheet—sheet distance is about
59A.

The host 1 in single crystals of 3 and 4 occupies 40 and 45 %
of the total volume of the unit cell, respectively. The
respective ratios of the volume occupied by guests in 3 and
4 are 0.51 and 0.41, which are comparable to those of 4 A and
13X molecular sieves.®™! Single crystals of 4 are quite stable
because all of the DMF molecules that are hydrogen-bonded
to 1 are accommodated in the chamber.[""! Thermogravimetric
analysis (10°Cmin~') of 4 showed the loss of three DMF
molecules at 143 -180°C and the remaining molecule at 201 —
228°C.

In summary, we have demonstrated that hexakis(4-hydrox-
yphenyl)benzene (1) as a radially functionalized hexagonal
host assembles into two types of porous two-dimensional
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Figure 3. Views of the X-ray crystal structure of 4: a) the two-dimensional
hydrogen-bonded network (one sheet) parallel to the ¢ axis, b) one sheet
parallel to the b axis, and c) three neighboring sheets parallel to the ¢ axis
(perspective view). DMF molecules are omitted for clarity.

hydrogen-bonded networks without interpenetration. These
are layered to form a channel or a chamber structure,
depending on the nature of guest molecules. Studies on the
functionalization of hexaphenylbenzene with other substitu-
ents such as carboxyl and amide groups are underway.

Experimental Section

2: A mixture of bis(4-methoxyphenyl)acetylene (480 mg, 2.01 mmol) and
[Co,(CO)s] (70 mg, 0.20 mmol) in dry 1,4-dioxane (20 mL) under argon was
stirred at 100°C for 24 h. After evaporation of solvent, the residue was
subjected to column chromatography on silica gel with hexane/diethyl
ether (9/1) as eluent. The crude product was recrystallized from CH,Cl,/
EtOH to give 2 (388 mg, 81%). M.p. 390°C (decomp.); 'H NMR
(270 MHz, CDCl;): 6 =3.63 (s, 18H), 6.43 (d, J=8.9 Hz, 12H), 6.66 (d,
J=89Hz, 12H); C NMR (675 MHz, CDCl;): 6 =54.9, 112.1, 1324,
133.6,140.2,156.7; EI-MS: m/z (%): 714 (96) [M*]; elemental analysis calcd
for C,xH,,04-0.5H,0: C 79.65, H 5.99; found: C 79.73, H 6.16.

1: A solution of BBr; (0.75 mL, 7.93 mmol) in dry CH,Cl, (10 mL) was
added to a suspension of 2 (860 mg, 1.20 mmol) in dry CH,Cl, (80 mL) at
—20°C over 10 min. The mixture was allowed to warm to room temper-
ature over 18 h and then poured into 2mM NaOH (30 mL). The aqueous
layer was washed with CH,Cl,, acidified with 3m HCI, and extracted with
ethyl acetate. After evaporation of the solvent, the white solid was
recrystallized from ethyl acetate/diethyl ether and dried in vacuo to give 1
(696 mg, 92% ). M.p. 250°C (decomp.); 'H NMR (270 MHz, CD;0D): 6 =
6.29 (d, J=8.6 Hz, 12H), 6.57 (d, J=8.6 Hz, 12H); 3C NMR (67.5 MHz,
CD;OD): 6 =115.3,134.5, 135.1, 142.5, 156.5; FAB-MS: m/z (%): 630 (35)
[M+]; elemental analysis calcd for C,,H3;O4-1.5H,0: C 76.70, H 5.06;
found: C 76.68, H 4.79.
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[Reg(u-H)5(CO),4] 2 The First Carbonyl
Cluster with a Cyclohexane-Like Structure**

Mirka Bergamo, Tiziana Beringhelli, Giuseppe
D’Alfonso,* Pierluigi Mercandelli, Massimo Moret,*
and Angelo Sironi

We have recently reported!!! the synthesis of the penta-
metallic ring cluster [Res(u-H),(CO),]~ through the cyclo-
addition of the [Re;H,(u-H),(CO);,]~ anion and the Re,(CO)s
fragment originated from the labile complex [Re,(CO)s-
(thf),]? (Scheme 1). The reaction exploits the well-known o-
donor capability of M—H bonds toward coordinatively
unsaturated metal centersP! and shows that polyhydridic

S S ©®=Re(CO); S=THF
Scheme 1. Synthesis of the pentametallic ring cluster [Res(u-H),(CO),] .

complexes can behave as multidentate “ligands”. The Re;
cluster anion—or, better, its neutral [Res(u-H)s(CO),y] pro-
tonation derivativell—were the highest members of a series
of cyclic [ReH(CO),], oligomers (n=3-5),[1 which are
isolobal analogues of the corresponding (CH,), cycloalkanes
owing to the isolobal relationshipP! between (singlet) methy-
lene and the ReH(CO), moiety.
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If this approach would be used to obtain a six-membered
ring cluster, a tetranuclear chain complex would be required
containing two terminal hydrides, which should thus act as a
bidentate bridging “ligand” toward the Re,(CO); fragment.
The unsaturated complex [Re,(u-H),(CO);] (1) is known to
easily add M—H~ anions, giving L-shaped [M(u-H)Re-
(CO),(u-H)ReH(CO),] derivatives.l' 71 We therefore treat-
ed 1 with one equivalent of the [NEt,]* salt of the dinuclear
anion [Re,H,(u-H)(CO);]~**¥ and obtained rapidly and with
satisfactory selectivity the addition derivative [Re,H,-
(u-H)5(CO)y]~ (2).

In Scheme 2 we have depicted one of the possible rotational
conformers of 2, whose fast dynamics accounts for the 2:2:1
pattern of the hydride resonances in the 'H NMR spectrum.
High conformational lability around the Re-H-Re linkages
has been observed in all the other Re, chain clusters
characterized so far.[>7]

S=THF

® =Re(CO)4
Scheme 2. Synthesis of the hexametallic ring cluster [Req(u-H)s(CO),,] .

The reaction of 2 with an equimolar amount of [Re,(CO)y-
(thf),] afforded a complex mixture containing several un-
identified species. Monitoring by 'H NMR spectroscopy
showed that the resonance of the expected [Re4-
(u-H)5(CO),4]~ anion (3, Scheme 2) never exceeded 40 % of
the total integrated intensity of the hydride region. Crystal-
lization of this mixture led to the isolation of orange crystals of
the [NEt,]* salt of 3.

An X-ray diffraction analysis®” confirmed the nature of
anion 3. Indeed, the metal centers in [Reqs(u-H)s(CO),4]~
(96 valence electrons) exhibit a cyclohexane-like geometry
(Figure 1), which is unprecedented among clusters containing
only carbonyl ligands. Some metal complexes containing Ag,
Ni, or Pd have metallic cores with hexagonal geometries, but
the metals centers are held together by bridging sulfur
ligands.['” The closest structural analogue of 3 is the irregular
hexagon made of alternating Fe(CO), and Cd(2,2"-bipyridyl)
groups, which is present in [Fe(CO),{u-Cd(bipy)}];.["*! There-
fore anion 3 represents to our knowledge the first example of
a hexagonal frame of metal centers built of three-center, two-
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