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Metal-coordination-directed self-assembly of polymers and
discrete nanostructures is a very active research area.[1] The
construction of predictable architectures having useful elec-
tronic, catalytic, or host±guest properties is the driving force
behind this work. To date, the vast majority of reported
compounds have metal centers connected by simple organic
molecules that serve as multifunctional ligands or spacers.[1]

We recently demonstrated, however, that the p-bonded

organometallic complex ion [(h4-benzo-
quinone)Mn(CO)3]� (1) can serve as a
bifunctional ligand (™organometalloli-
gand∫) by coordinating through the quinone
oxygen atoms in the presence of divalent
transition-metal ions.[2a] M2þ ions (M¼Mn, Cd, Zn) and 1
were found to self-assemble into crystalline organometallic
quinonoid polymers, whose dimensionality and geometry can
be controlled by the choice of added metal ion.
Herein, we report that the organometalloligand [(h4-

benzoquinone)Mn(CO)3]� reacts with Mn2þ ions to form
two isomeric coordination networks. Figure 1 illustrates the
two architectures possible when 1 links to the Mn2þ centers.
Either a 2D pseudoplanar quinonoid array (Figure 1a) or 1D
™string∫ arrays (Figure 1b) can be formed. A representation

of these two networks with {Mn(CO)3} moieties attached to
the constituent quinone molecules is also given in Figure 1.
One would expect that bifunctional spacer molecules could be
used to join together the planes in Figure 1a, or the strings in
Figure 1b. Indeed, we recently demonstrated that 1,
Mn2þ ions, and 4,4’-bipyridine self-assemble in dimethyl
sulfoxide (DMSO) to afford a polymer (2), which contains a
2D planar network linked by bipyridine spacers.[2a] We now
report that self-assembly of the same components, but with
the Mn2þ ions maintained at a very low concentration, results
in the formation of the isomeric polymer 3, consisting of the
1D strings linked by bipyridine spacers. It is noteworthy that
polymers 2 and 3 both contain rectangular grid networks.
Typically, the isomer distribution found in supramolecular
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Figure 1. Representation of the self-assembly of Mn2þ ions with the h4-
quinone complex 1 to form neutral a) 2D grid and b) 1D string networks.



structures is dictated by the presence of guest molecules that
serve as templates for self-assembly.[1e,3] In our studies,
however, the isomer formed is determined not by guest
molecules but rather by the concentration of the metal ion
that coordinates to the organometalloligand and the bipyr-
idine spacers.
When 1 and 4,4’-bipyridine react in DMSO in air at 70 8C

for two days in ambient room light, there is a slow photo-
generation of Mn2þ ions and concomitant formation of
polymer 3. In contrast, when several equivalents of Mn(OAc)2
are present in the reaction mixture, polymer 2, which contain
a 2D pseudoplanar quinonoid network, is formed exclusively.
In reactions with lower Mn2þ concentrations, the 1D string
analogue 3 appears, and becomes dominant when no
Mn(OAc)2 is added at the commencement of the reaction.
Table 1 lists the distribution of polymers 2 and 3 as a function

of the amount of added Mn(OAc)2.[4] An examination of the
disposition of the organometalloligand spacers in Figure 1
suggests that the quinone oxygen donors are more likely to be
™trapped∫ in a 2D planar network where there is an
abundance of available Mn2þ ions. Formation of the 1D string
architecture would be more likely when the concentration of
Mn2þ ions is maintained at a low level. Support for this
hypothesis was obtained by treating 1 with excess Mn(OAc)2
in dimethylacetamide (DMA), from which crystalline poly-
mer [{(h4-benzoquinone)Mn(CO)3}2Mn(dma)2]n (4) was ob-
tained (reaction in DMSO did not afford suitable crystals).

The crystal structure of 4 (Figure 2) verified the anticipated
2D quinonoid network with each Mn2þ ion possessing two
axial DMA ligands.
The crystal structure of 3 is shown in Figure 3 and a

representation of one layer of the polymeric assembly is
provided in Figure 4. The organometalloligand in 3 adopts a
boat conformation with the quinone carbon atoms bent out of
the plane of the diene by 138, so that the overall structure is
best described as an h4-quinone. The rectangular grids in 3
have dimensions of approximately 10 î 12 ä. The pseudopla-
nar layers stack through noncovalent interactions to form the
3D material. As may be seen in Figure 5, the rectangular
boxes in one layer are overlaid by {Mn(CO)3} moieties in the
next layer, so that the crystal does not contain open channels.
Two DMSO molecules per box are located between adjacent
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Table 1. Distribution of polymeric isomers 2 and 3 in the self-assembly of 1,
4,4’-bipyridine, and Mn2þ ions as a function of the number of added
equivalents of Mn(OAc)2.[a]

Equivalents of Mn(OAc)2 Products

8 2 only
2 2 only
0.5 2 (major) and 3
0.25 2 and 3 (major)
0 3 only

[a] In the presence of 1.0 equiv of 1 and 20 equiv of 4,4’-bipyridine in
DMSO at 70 8C.

Figure 2. Crystal structure of polymer 4, [{(h4-benzoquinone)Mn-
(CO)3}2Mn(dma)2]n.

Figure 3. Crystal structure of polymer 3, [{(h4-benzoquinone)Mn-
(CO)3}2Mn(4,4’-bipyridine)]n.



layers, with a third DMSO molecule situated within each box
(Figure 5). Suspending 3 in CD2Cl2 at room temperature for
2 h resulted in the complete and quantitative loss of all three

DMSO molecules (Figure 6). Significantly, an X-ray rotation
photograph taken after removal of DMSO indicated that this
process occurs without affecting the crystallinity.
In conclusion, we have demonstrated the selective polymer-

ization of p-bonded quinone complexes to afford 1D and 2D
networks which can be subsequently linked by bipyridine
spacers to generate isomeric polymers containing rectangular
grids.[5] This chemistry constitutes a rare example of the use of
a p-bonded organometallic complex to function as a spacer
(organometalloligand) in the coordination-directed self-as-
sembly of a supramolecular structure. It is reasonable to
suppose that organometalloligand spacers may find general
application in supramolecular chemistry. They offer the
possibility of novel structural features, as well as novel
applications based on through-bond metal±metal interactions
between organometallic and inorganic metal centers.

Experimental Section

Syntheses of polymers 3 and 4 : The complex [(h5-1,4-semiquinone)Mn-
(CO)3][2b] (12 mg, 0.048 mmol) and excess 4,4’-bipyridine (10 equiv) were
combined in DMSO (0.5 mL) at 70 8C in ambient room light. The
bipyridine rapidly converted the manganese complex into the quinone

complex 1. After 2 days, crystals of
polymer 3 suitable for X-ray studies
were obtained in 77% yield. IR (KBr):
ñCO¼ 2027 (s), 1960 (s), 1929 (s), 1603
(w), 1567 (s), 1521 (s) cm�1; elemental
analysis calcd (%) for 3¥3DMSO,
C34H34Mn3N2O13S3: C 43.46, H 3.65, N
2.98, S 10.24; found: C 43.09, H 3.56, N
2.88, S 10.01. Polymer 4 was synthesized
by combining [(h5-1,4-semiquinone)-
Mn(CO)3] (12 mg, 0.048 mmol) and
Mn(OAc)2¥4H2O (2 equiv) in dimethyl-
acetamide (DMA, 0.5 mL) at 70 8C.
After 2 days, crystals of 4 suitable for
X-ray studies were obtained in 75%
yield. IR (KBr): ñCO¼ 2026 (s), 1949 (s),
1929 (s), 1558 (s), 1510 (s) cm�1.

Crystal structures of 3 and 4 : Crystals of
3 suitable for X-ray studies were grown
from a solution in DMSO. X-ray data
collection with MoKa radiation was
carried out at 298 K by using a Siemens
P4 diffractometer equipped with a CCD
area-detector. The structure was deter-
mined by direct methods and refined on
F2 using SHELXTL version 5. All hy-
drogen atoms were inserted in ideal
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Figure 4. Representation of one layer of polymer 3.

Figure 5. Packing diagram of polymer 3 showing the relative disposition of the layers and the presence of two
DMSO molecules located between the layers and a third DMSO molecule located in each rectangular box.

Figure 6. Equivalents of DMSO displaced at room temperature from
polymer 3¥3DMSO when suspended in CD2Cl2.
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Molecular devices are currently of intense interest,[1] but
functional supramolecular devices are shorter term candi-
dates for various applications including signal processing[2]

and separation.[3] Control of the self-assembly[4] of photonic,
electronic, and ionic supramolecular, or ™chemionic∫,[2a,5]

devices remains an important challenge. We have devised a
surprisingly simple, self-reversing, photoredox system that
functions as a chemionic switch (Figure 1). This bi-stable

supramolecular device can be switched ™on∫ by light and ™off∫
by chemical oxidation. Light is an attractive agent for
mediating self-assembly, and this has led us to base our
chemionic switch on a photoredox reaction driven by an
illuminated semiconductor.[6] Electron±hole pairs formed
near the surface of the semiconductor by the absorption of
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positions, riding on their carbon atoms. Crystal data for 3 :
C17H17Mn1.5NO6.5S1.5, Mr¼ 469.82, monoclinic, space group C2/c, a¼
39.700(3), b¼ 8.3664(6), c¼ 24.390(2) ä, b¼ 90.128(2)8, V¼
8101.0(11) ä3, Z¼ 16, 1calcd¼ 1.541 gcm�3, m¼ 1.139 mm�1, F(000)¼ 3832,
q range 1.03±26.408, 520 variables refined with 8304 independent reflec-
tions to final R indices [I> 2s(I)] of R1¼ 0.0676 and wR2¼ 0.1892, and
GOF¼ 1.025. Crystals of 4 suitable for X-ray studies were grown from a
solution in DMA. Crystal data for 4 : C26H26Mn3N2O12, Mr¼ 723.31,
monoclinic, space group P21/c, a¼ 12.939(2), b¼ 10.0886(15), c¼
12.9121(19) ä, b¼ 90.128(2)8, V¼ 1510.0(4) ä3, Z¼ 2, 1calcd¼ 1.591 gcm�3,
m¼ 1.299 mm�1, F(000)¼ 734, q range 2.68±26.368, 206 variables refined
with 12734 independent reflections to final R indices [I> 2s(I)] of R1¼
0.0570 and wR2¼ 0.1397, and GOF¼ 0.979. CCDC-182869 and -186586
contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB21EZ, UK; fax: (þ 44)1223-336-033; or
deposit@ccdc.cam.ac.uk).
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Figure 1. Illustration of the self-reversing chemionic switch. ™ODS-TiO2∫
describes TiO2 particles surface-functionalized with octadecyltrichlorosi-
lane (ODS). Holes generated by near-UV illumination oxidize the solvent
to generate hydrogen ions, while photogenerated electrons reduce solution
ferrocenium (Fcþ) to ferrocene (Fc), which dissolves into the hydrophobic
monolayer on the surface of the TiO2. After storing the sample in the dark
for several hours the ferrocene spontaneously reoxidizes by reaction with
atmospheric O2.


