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Summary: Self-assembly of the π-complex (η4-benzoquin-
one)Mn(CO)3

- (QMTC) with metal ions [Mn(II), Co(II),
Zn(II)] generates neutral metal-organometallic coordina-
tion networks (MOMNs). The network architecture can
be controlled by (1) a solvent-induced change in coordi-
nation geometry at the metal nodes and (2) the introduc-
tion of substituents on the benzoquinone ring.

Metal-coordination-directed formation of both dis-
crete1,2 and infinite1,3-6 metal-organic supramolecular
networks (MONs) has attracted much recent attention.
The driving force behind this work is the desire to
construct functional solids that have applications in
areas such as catalysis, sensing, guest-host chemistry,
optics, and magnetics. A significant limitation on this
chemistry is a generally poor ability to control or even
predict the network architecture that will result when
the modular components are combined. This difficulty
in predicting structure is often due to the existence of
supramolecular isomers of similar energies.4 Even when
a particular structural architecture can be predesigned
with some confidence, the product often consists of
several interpenetrating networks, which usually, but
not always,6 limits the ability of the material to bind
potential substrates. It is clear that improvements in
the ability to rationally design supramolecular networks

will require a better understanding of the factors that
control structure.

We recently reported7-9 the construction of metal-
organometallic networks (MOMNs) that utilize metal
ions (or metal ion clusters) as nodes linked by the
organometalloligand QMTC. This η4-benzoquinone com-
plex serves as a bifunctional spacer by binding to the
metal nodes via both quinone oxygen atoms. In DMSO
solvent, divalent metal ions Mn2+, Co2+, Ni2+, and Cd2+

react with QMTC to generate the neutral one-dimen-
sional quinonoid polymers 1. Each metal ion node in 1

has octahedral geometry, with solvent DMSO providing
two axial ligands L. Analogous two-dimensional quinon-
oid coordination networks, again with octahedral nodes,
can also be generated in DMSO under certain experi-
mental conditions.9 In this communication, we show
that a change in solvent and/or introduction of substit-
uents on the carbocyclic ring in QMTC can have a
profound effect on the architecture of the resulting
coordination network. Significantly, the variations seen
are easily understood and hence predictable.

In the reaction of QMTC with Mn2+ and Co2+, it was
found that changing from DMSO to the less coordinating
solvent MeOH leads to the formation of 3-D diamondoid
structures in which the metal ion nodes adopt tetrahe-
dral rather than octahedral7,9 coordination. The metal
ions are coordinated to the quinone oxygen atoms only
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and no solvent is incorporated into the coordination
polymers.10 Figure 1 shows the geometry around one of
the Mn2+ nodes in [Mn(QMTC)2]∞.11 The polymers [Co-
(QMTC)2]∞ and [Zn(QMTC)2]∞, obtained from MeOH
solvent, also feature tetrahedral coordination and pos-
sess overall structures virtually identical to that found
for [Mn(QMTC)2]∞.12 All three structures consist of two
interpenetrating 3-D diamondoid networks, one of which
is illustrated in Figure 1 for [Mn(QMTC)2]∞. Thus, it is
concluded that in the case of Mn2+ and Co2+, switching
the solvent from DMSO to MeOH results in a funda-
mental change in architecture that is triggered by a

change from octahedral to tetrahedral coordination at
the divalent metal ion node. This change in geometry,
which is likely due to the generally weaker coordinating
ability of MeOH compared to DMSO, is suggestive of a
potentially useful methodology for controlling and pre-
dicting coordination network architecture. In contrast
to the behavior seen with Mn2+ and Co2+, the polymer
obtained with Zn2+ has the tetrahedral diamondoid
structure whether the solvent is MeOH or DMSO.7 This
fact reflects the greater tendency for Zn2+ to assume a
tetrahedral geometry.

The quinone rings in [M(QMTC)2]∞ (M ) Mn, Co, Zn)
adopt a slightly bowed conformation, with the oxygen
atoms being bent about 10° out of the carbocyclic diene
plane. As a consequence, the Mn(CO)3 moiety is much
more weakly bonded to the oxygen-bearing carbon
atoms than to the diene carbons, meaning that the
bonding is effectively of the η4 type. Figure 2a gives a
view normal to one of the quinone rings in [Mn-
(QMTC)2]∞. An essentially identical picture holds for the
cobalt and zinc analogues. It may be seen in Figure 2a
that the bonding from a given quinone to the metal
nodes occurs in a trans-manner from the oxygen lone
pairs. In other words, the lone pairs would appear to
be stereochemically active (vide infra).

The introduction of methyl groups at the 2- and
3-positions of the benzoquinone ring was found to
greatly influence the manner in which the quinone
oxygen lone pairs bind to the metal nodes. Crystal
structure analysis of coordination polymers [M(2,3-Me2-
QMTC)2]∞ (M ) Mn2+, Zn2+) grown in MeOH or EtOH
solvent revealed that in each case it is the lone pairs
projecting away from the methyls that bind to the nodes,
resulting in the cis-arrangement illustrated in Figure
2b.13,14 Presumably, this bonding pattern is dictated by
the steric requirements of the methyl groups. In any
event, the stereochemical switch from the trans to cis
results in a concomitant change in the polymer archi-
tecture from a 2-fold interpenetrated 3-D diamondoid
structure (Figure 1) to a noninterpenetrated ruffled 2-D
rhombohedral grid (Figure 3). Despite the trans to cis
and diamondoid to rhombohedral structural changes,
the metal nodes in [M(2,3-Me2QMTC)2]∞ remain tetra-

(10) [M(QMTC)2]∞ (M ) Mn, Co, Zn) were synthesized by combining
(η5-semiquinone)Mn(CO)3

8b (20 mg, 0.08 mmol) and M(OAc)2 (10 mg,
0.04 mmol) in 1.0 mL of MeOH. The biphasic mixture was sealed and
heated to 75 °C for 1 day. During this period, the reaction mixture
became homogeneous and crystals of product slowly deposited in ca.
80% yield. The product was washed with MeOH and Et2O and then
air-dried. For [Mn(QMTC)2]∞: IR (KBr) νCO 2027 (s), 1961 (s), 1932
(s), 1922 (s), 1570 (s), 1555 (m), 1510 (s) cm-1. Anal. Calcd for C18H8-
Mn3O10: C, 39.38; H, 1.47. Found: C, 39.11; H, 1.53. For [Co(QMTC)2]∞:

IR (KBr) νCO 2035 (s), 1981 (m), 1972 (m), 1936 (s), 1575 (m), 1557
(m), 1502 (s) cm-1. Anal. Calcd for C18H8CoMn2O10: C, 39.09; H, 1.46.
Found: C, 38.93; H, 1.20. The [Zn(QMTC)2]∞ obtained was found to
be identical with that obtained from DMSO solvent and previously
reported.7

(11) Crystal data for [Mn(QMTC)2]∞: formula C36H16Mn6O20, fw )
1098.13, tetragonal, space group P43, a ) 15.8914(8) Å, b ) 15.8914-
(8) Å, c ) 15.3532(14) Å, V ) 3877.2(4) Å3, Z ) 4, Fcalcd ) 1.881 g cm-3,
µ ) 1.980 mm-1, F(000) ) 2168, θ range 2.25-26.42°, 559 variables
refined with 7937 independent reflections to final R indices [I > 2σ(I)]
of R1 ) 0.0574 and wR2 ) 0.1478, and GOF ) 1.141. X-ray data
collection utilized Mo KR radiation at 298 K with a CCD area detector.

(12) Crystal data for [Co(QMTC)2]∞: formula C36H16Co2Mn4O20, fw
) 1106.10, tetragonal, space group P43, a ) 15.742(2) Å, b ) 15.742-
(2) Å, c ) 15.405(3) Å, V ) 3817.5(10) Å3, Z ) 4, Fcalcd ) 1.925 g cm-3,
µ ) 2.219 mm-1, F(000) ) 2184, θ range 2.26-26.41°, 559 variables
refined with 7792 independent reflections to final R indices [I > 2σ(I)]
of R1 ) 0.0706 and wR2 ) 0.1718, and GOF ) 1.102. Unit cell
determinations showed that the structure of [Zn(QMTC)2]∞ was
identical to the polymer grown from DMSO and previously reported.7

Figure 1. Tetrahedral geometry at a node in [Mn-
(QMTC)2]∞ and one of the two interpenetrated 3-D dia-
mondoid networks in the associated polymer (with Mn(CO)3
groups not shown).

Figure 2. Bonding of the quinone oxygens to Mn(II) nodes
in (a) [Mn(QMTC)2]∞ and (b) [Mn(2,3-Me2QMTC)2]∞.
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hedrally bonded to the quinone oxygens, as is shown in
Figure 3 for [Zn(2,3-Me2QMTC)2]∞.

The 3-D diamondoid and 2-D ruffled grid networks
were obtained by the same experimental proce-
dure, except that 2,3-Me2QMTC replaced QMTC in
the latter. The quinone ring in [M(2,3-Me2QMTC)2]∞
is slightly bowed as in [M(QMTC)2]∞, and the bond-
ing to Mn(CO)3 is best described as η.4 In [Zn(2,3-
Me2QMTC)2]∞ the O-Zn-O angles span the narrow
range of 108-111°, indicating very little distortion
from tetrahedral geometry. The polymer [Mn(2,3-Me2-
QMTC)2]∞ was crystallized from both MeOH and EtOH.
The two structures are qualitatively similar, with the

only notable difference being the incorporation of a
molecule of MeOH in the former. The MeOH molecule
was found to be weakly associated with the Mn2+ node
(Mn-O ) 2.36 Å), which produces some distortion in
the O(quinone)-Mn-O(quinone) angles (range 97-
111°). When [Mn(2,3-Me2QMTC)2]∞ is grown from EtOH,
no solvent was found to be incorporated into the
structure and the O-Mn-O angles are more nearly
tetrahedral.

In summary, we have demonstrated that the gross
architecture of metal-organometallic coordination net-
works (MOMNs) consisting of metal ion nodes linked
by (η4-benzoquinone)Mn(CO)3

- organometalloligand spac-
ers can be controlled by (1) a solvent-induced change in
coordination geometry at the metal ion nodes from
octahedral to tetrahedral and (2) a substituent-induced
change in the stereochemistry of spacer binding to the
nodes, resulting in the network switching from a 3-D
interpenetrated diamondoid to a 2-D rhombohedral
structure. Significantly, these simple changes are easily
understood and, therefore, may find general utility in
the rational design of supramolecular coordination
networks.
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can Chemical Society, for support of this work.
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MeOH]∞, [Zn(2,3-Me2QMTC)2]∞, [Co(QMTC)2]∞, and [Mn(2,3-
Me2QMTC)2]∞, respectively. This material is available free of
charge via the Internet at http://pubs.acs.org. These files have
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Centre as registry numbers CCDC-204130, 204131, 204132,
204133, and 204134, respectively.
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(13) [M(2,3-Me2QMTC)2]∞ (M ) Zn, Mn) were synthesized by com-
bining (η5-2,3-dimethylsemiquinone)Mn(CO)3

8b (20 mg, 0.08 mmol) and
M(OAc)2 (10 mg, 0.04 mmol) in 1.0 mL of MeOH. The biphasic mixture
was sealed and heated to 80 °C for 1 day. During this period, the
reaction mixture became homogeneous and crystals of product slowly
deposited in ca. 85% yield. For [Zn(QMTC)2]∞: IR (KBr) νCO 2028 (s),
1947 (s, br), 1545 (m), 1503 (s), cm-1. Anal. Calcd for C22H16-
ZnMn2O10: C, 42.92; H, 2.62. Found: C, 42.78; H, 2.53. For [Mn(2,3-
Me2QMTC)2‚MeOH]∞: IR (KBr) νCO 2021 (s), 1954 (s), 1944 (s), 1942
(m), 1496 (m), cm-1. Anal. Calcd for C23H20Mn3O11: C, 43.35; H, 3.16.
Found: C, 43.22; H, 3.05. Heating (η5-2,3-dimethylsemiquinone)Mn-
(CO)3 in EtOH produced [Mn(2,3-Me2QMTC)2]∞, as verified by X-ray
diffraction (vide supra).

(14) Crystal data for [Zn(2,3-Me2QMTC)2]∞: formula C22H16ZnMn2O10,
fw ) 615.60, orthorhombic, space group P212121, a ) 11.1472(6) Å, b
) 11.8026(7) Å, c ) 18.3879(10) Å, V ) 2419.2(2) Å3, Z ) 4, Fcalcd )
1.690 g cm-3, µ ) 2.065 mm-1, F(000) ) 1232, θ range 2.05-25.05°,
320 variables refined with 4268 independent reflections to final R
indices [I > 2σ(I)] of R1 ) 0.0479 and wR2 ) 0.0783, and GOF ) 1.015.
Crystal data for [Mn(2,3-Me2QMTC)2]∞: formula C22H16Mn3O10, fw )
605.17, orthorhombic, space group P212121, a ) 11.4061(6) Å, b )
12.0915(6) Å, c ) 17.9405(9) Å, V ) 2474.3(2) Å3, Z ) 4, Fcalcd ) 1.625
g cm-3, µ ) 1.560 mm-1, F(000) ) 1212, θ range 2.12-28.32°, 320
variables refined with 6142 independent reflections to final R indices
[I > 2σ(I)] of R1 ) 0.0494 and wR2 ) 0.0828, and GOF ) 0.983. Crystal
data for [Mn(2,3-Me2QMTC)2‚MeOH]∞: formula C23H20Mn3O11, fw )
637.21, orthorhombic, space group P212121, a ) 11.2244(7) Å, b )
12.1179(7) Å, c ) 18.4937(11) Å, V ) 2515.4(3) Å3, Z ) 4, Fcalcd ) 1.683
g cm-3, µ ) 1.542 mm-1, F(000) ) 1284, θ range 2.01-25.04°, 339
variables refined with 4457 independent reflections to final R indices
[I > 2σ(I)] of R1 ) 0.0277 and wR2 ) 0.0733, and GOF ) 1.072.

Figure 3. Tetrahedral geometry at a node in [Zn(2,3-Me2-
QMTC)2]∞ and the 2-D rhombohedral network in the
associated polymer (with Mn(CO)3 groups not shown).
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