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| INTRODUCTION

mic capsules can be considered as both an offshoot of
alternative to their organic counterparts. Whether in
norganic assemblies or combined with organic ligands,
satile coordinations of the transition metals allow for
fying variety of architectures and the phenomenon of
sembly allows complex structures to form in one-pot
ons with near-quantitative yields. Starting with areview
sition metals as components in capsule structures and
dng at the development of this field, the focus of this chap-
Il then shift to polyoxometalates, inorganic molecules
mposed primarily of transition metals held together by
n bridges, giving an introduction to this unique chem-
amily followed by a discussion regarding how self-
bled architectures can provide an alternative form of
sulation.

1.1 Transition Metals in Capsule Formation

fundamental problem in tlie synthesis of organic capsules
complexity of the target molecules. Due to the linear
ire of hydrogen bonds, one of the principal intramolecular
utilized in the design of organic capsules, the curvature
e capsule, has to be introduced elsewhere, which can
and lengthy and complex syntheses [1]. One means of
eving complex architectures without intensive synthetic
is to make use of the varying coordination geometries
nsition metals. By employing rigid polydentate ligands
1 more than one coordination site, it is possible to direct
If-assembly of complex three-dimensional polyhedral
tures, in which the metals act as vertices and the linkers
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act as edges (with two coordination sites) or faces (with
more than two) [2]. Some example structures are shown in
Figure 15.1.

The structures produced by this method can be synthe-
sized in one-pot reactions and at near-quantitative yield,
although some synthetic effort may be involved in the syn-
thesis of the organic ligands.

A comprehensive overview of transition metal capsules
would require more space than this chapter is able to give.
However, a general impression of the achievements of the
field will be attempted. Two interesting results will be looked
at: The first is a capsule functioning as an enzyme mimic
which ultimately achieves enzyme-like rate acceleration, and
the second is an investigation into the use of crystalline cap-
sules as hosts for reactions.

15.1.2 Capsules for Catalysis

The work performed by the Raymond group (supramolecular
chemistry) in conjunction with the Bergman group (catalysis)
has provided a thorough exploration of a specific capsule sys-
tem used to catalyze a number of simple organic reactions [3].
The capsule is shown on the left in Figure 15.1 with the for-
mula [GasLg]"™*~ (L = N,N'-bis(2,3-hydroxybenzoyl)-1,5-
diaminonaphthalene). The naphthalene-based ligands form
the edges of the tetrahedral structure, meeting at the four
gallium-atom vertices, where three bidentate ligands occupy
the octahedral coordination sphere of the gallium. These cap-
sules form without a templating guest, are water-soluble and
stable 1o guest exchange, and provide a hydrophobic cavity
of up t0 450 A [3].
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FIGURE 15.1. Three transition metal capsules. (Left) Gadolinium metal centers with a naphthalene-
based linear ligand (Raymond). (Center) Palladium metal centers with triazole-based trigonal planar
ligands (Fujita). (Right) Palladium centers with curved ligands bearing pendant glucose groups

(Fujita).

The observation that water-reactive species could be sta-
bilized within the hydrophobic cavity [4] prompted further
rescarch into encapsulating protonated guests. This revealed
that protonated amines could be preserved inside the capsules
even above pH values that would deprotonate a free amine,
suggesting a strong stabilization [5]. Tt was reasoned that
these capsules, following from the theory of transition state
stabilization in enzyme catalysis [6], could catalyze reactions
with protonated transition states in their rate-determining
step.

Orthoformate and acetal hydrolysis, the mechanisms of
which are shown in Figure 15.2 (both in solution and encap-
sulated within GayLg), were both investigated as model sys-
tems for this catalytic effect.

Both are acid-catalyzed systems and both result in a
product with significantly different binding properties (o
the substrate. which decreases the likelihood of product
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measures of catalytic activity is Kea/Kuncats which shows how
many times laster the catalyzed reaction is compared | £
the uncatalyzed reaction under the same conditions. For th
orthoformate reactions, this increase was between 150 and
3900 times, depending on the shape. size, and hydrophe-
bicity of the compounds [7]. For the two acetal hydrolysisﬁ
reactions. the increases were 190 and 980 [8]. While these
results are a confirmation of the initial theory, the rate accels
erations obtained are small compared to enzymaltic catalys
[9]. However, using the same system [0 catalyze a different’
reaction. the Nazarov cyclization of pentadienols (shown
Figure 15.3 with the additional Diels—Alder step required o
overcome the problem of product inhibition), two of the sub-
strates studied showed rate accelerations on the order of 105
(2.1 and 1.7 x 10°) [10]. This led the group to suggest that
this combination of constrictive binding and functional group™
activation could be a general strategy for achieving enhanced

inhibition and improves turnover. One of the more intuitive reactivity.
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FIGURE 15.2. Scheme showing the different mechanisms of orthoformate and acetal hydrolysis
hoth in solution without encapsulation and within the [GasLe]" capsule.
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RE 15.3. Scheme showing the conditions used for the
rov cyclization of Pentadienols, including the Diels—Alder
tion step required to avoid product inhibition.

Crystalline Capsules

ovel application of transition metal capsules has been
neered by the Fujita group, in which they use crystal-
molecular capsules to contain reactions, allowing the
sulated guests to be observed via crystallography. If
1ing more than the slightest of chemical transformations
attempted on the component molecules of crystalline
ctures, the associated reorganization of the molecule will
ipt the regular repeating structure of the crystal, leading
1 amorphous product [11]. However, if a molecular cap-
 forms the crystal, reactions can occur within their cavi-
ithout influencing the external crystal structure. Fujita’s
p, as a proof of concept, used an octahedral capsule with
mate closed and open faces formed from square-planar
adium (the vertices) and tris(4-pyridyl)triazine ligands
aces) [12] as shown in the center of Figure 15.1. This
If-assembled and mixed in solution with acenaphthy-
, forming a capsule—(acenapththylene); complex from
h crystals were formed by slow evaporation of the sol-
3]. While x-ray diffraction showed the acenaphthylene
rdered over three positions within the cage, ultraviolet
iation led to the [2 + 2] photodimerization, with the syn-
t{cl observed via x-ray diffraction [14]. A similar sys-
with encapsulated Cp’Mn(CO); undergoing photodis-
ation of carbonyl ligands, was also investigated, showing
bile and otherwise non-isolable compounds could be
Iy observed [15].

Pdys - Star

oxygen, and heteroatom components.
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15.2 POLYOXOMETALATES

In addition to the numerous examples of organic—inorganic
capsules available, there is also a family of entirely inor-
ganic molecules which are capable of self-assembling into
an astonishingly wide variety of clusters. This family, known
as the polyoxometalates, contains a number of subsets capa-
ble of functioning as entirely inorganic capsule structures.
Polyoxometalates, or POMs as they are commonly known,
are discrete inorganic metal oxide molecules. Though their
architectures and composition vary greatly, they share some
distinguishing common features; they are all composed of
high-oxidation-state, early-row transition metals (normally,
though not exclusively, Mo and W) linked together by oxy-
gen bridges to form polyhedral units in which the metal
defines the center and the oxygen atoms define the vertices.
These polyhedral units then link together, by sharing either
one, two, or three oxygen vertices, referred o as corner-,
edge- and face-sharing, respectively [16]. Depending on the
nature of the metals and the reaction conditions, this link-
ing of polyhedral units will lead to any one of a number of
complex POM architectures based upon these basic building
blocks. The resulting structures may have anywhere between
2 and 368 metal centers, with structures as diverse as wheels,
crowns, spheres, and stars (see Figure 15.4) [17].

15.2.1 Synthesis and Assembly

POMs are normally assembled by acidifying a solution of
the transition metal oxyanion, leading to the self-assembly
of a variety of structures depending on specific pH, temper-
ature, and the presence of other reagents. Somewhat surpris-
ingly, despite the ubiquity of POMs in recent publications
and the number of research groups regularly working with
them, the actual formation mechanism has not been exten-
sively researched. Initial theoretical speculation looking at
tungsten POMs suggested that protonated WO, units would
come together directly, followed by dehydration reactions
to produce larger assemblies, This process was then elabo-
rated to lead to the formation of larger POMs, despite limited
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FIGURE 154. Crystal structures showing the variety of POM architectures. showing the metal,



334 INORGANIC CAPSULES: REDOX-ACTIVE GUESTS IN METAL CAGES

experimental evidence [18]. However, recent work employ-
ing DFT calculations and ESIMS experiments suggests that
this theory does not fit as well as an alternative method,
proposing a more complex mechanism of protonation and
dimerisation, supported by MS identification of intermediate
peaks [19].

In aqueous solution, POMs form at low pH and they
require these conditions to remain stable; raising the pH
will often cause the POM to degrade. However, raising the
pH under strict conditions can cause the selective removal
of metal centers, leading to so-called lacunary POMs. This
lacuna can then be filled by a different transition metal, giv-
ing a mixed-addenda polyoxoanion, allowing new properties
to be imbued and tuned. Lacunary structures can also serve
as building blocks for larger POM structures.

15.2.2 Isopolyanions and Heteropolyanions

The many structures of polyoxometalates can be divided
easily into two principal subgroups: isopolyanions, which
are composed purely of metal and oxygen atoms, and het-
eropolyanions, which are composed of metal and oxygen
atoms plus at least one heteroatom. Their formulas may be
expressed as follows:

Isopolyanions (IPAs):
Heteropolyanions (HPAs):

(M, 0,1~
[X,M,0,]9", where a < n

The metal atoms, M, are considered to be peripheral to the
heteroatoms and are referred to as addenda using Pope’s
terminology [16]. These addenda atoms are restricted to
metals which can form strong d-m p—mt bonds with oxy-
gen, but the heteroatoms have no such restriction, with at
Jeast 65 elements represented. In the context of polyoxomet-
alates, isopolyoxometalates (iso-POMs) and heteropolyox-
ometalates (hetero-POMs) are often used interchangeably
with IPAs and HPAs.

The heteroatoms can be further divided into primary
(“central™) and secondary (“peripheral”) heteroatoms. The
primary heteroatoms are those which are crucial to the struc-
ture, normally (though not always) positioned in the cen-
ter of the cluster, while the secondary heteroatoms may be
removed from the structure to leave an independently stable
HPA, an example of which would be the Cr(I1l) in [SiW,; Cr
(H>0)030]°~ which can be removed to give [Cr(H.0)]**
and [SiW;030]*~. The primary heteroatoms can direct both
the chemistry and architecture of the clusters they form part
of, with a general formula of [XOy]"~ but normally form-
ing tetrahedral [MO,]"" structures with M most commonly
being Si, Ge, P, As or S. Metallic heteroatoms also occur,
such as tetrahedral Co(I11) or the [XOg] found at the center
of the Anderson structure [XMgOa.4]"~, where X = Mn(III),
Te(VI), or Ni(Il). The most common HPAs, however, are the

FIGURE 15.5. Schematic representation of the structures of
Keggin (Left) and Dawson (right) clusters. The triangles represe
[M;0,] units with the gray bonds representing their shared bridgj
oxygens. The tetrahedrons represent the heteroanions. '

Keggin and Wells-Dawson structures, which are of part
ular interest because the primary heteroatoms are entirels
encapsulated within the metal cage.

15.2.3 Keggin and Wells-Dawson Structures

The Keggin ([XM204]"" is one of the simplest het
eropolyanionic structures, with a central heteroatom su
rounded by 12 metal centers and 40 oxygen atoms (4 oxyg
linking to the heteroatom, 24 bridging between metal ce
ters, and 12 terminal oxo ligands on the metal centers). A
simple means of understanding the structure is to considej
the 12 metal centers making 4 triangles made of edge-sharin,
[M305] units. The heteroatom and its four oxygens form
tetrahedron with a corner in the center of each of the four
angles. These triangles are then linked together at the corner
to form a cage, as is shown on the left of Figure 15.5. The
Keggin formula can be altered to better represent this struc
ture as [(XO4)(M309)4]" (all future Keggin—Dawson-base
structures will provide this alternative structural formula
The five isomers of this structure are achieved by rofatin
cach of these triangles by 457, This increases edge-sharin
in preference to corner sharing, bringing the metal center
closer together and increasing repulsion, making the isomes
progressively less energetically favorable.

Slightly altering the reaction conditions for the Keggin
anion can lead to the formation of the Wells—Dawson het:
eropolyanion ([X;M;g062]"7). Its 62 oxygen atoms can
divided into 8 bonding to the heteroatoms, 36 bridgi
between metal centers, and 18 terminal oxo ligands. lis
structure is equivalent to two Keggin clusters, each with oné.
[M30s] triangle unit removed, bound together by six equ
torial oxo ligands at the position of the missing triangula
units (see Figure 15.5). Similarly to the Keggin structurey
its formula can be altered to [{(X04)(M309)3}2]"". It h
six isomers and, for both the Keggin and Dawson structur
the combination of isomerization and lacunary structures c22
result in exposed oxo ligands attached to the heteroatom, able




.pordinate directly to transition metals, which is of impor-
in catalysis. Both the Keggin and Dawson structures
pe revisited in more detail.

4 Redox-Active Guests

¢ heteropolyanions possessing exposed heteroatoms, such
in the Anderson structure, these may play a direct role in
olecule’s reactivity. However, for the Keggin—Dawson
ure the heteroatoms are entirely surrounded by the
atoms they bond to and they are often referred to as
ing “encapsulated” within the “cage” of the polyoxometa-
s framework. Though this prevents them from reacting
tly with their chemical environment, there are other
s by which the heteroatoms can be active in the chemical
rties of the molecule.

One of the distinguishing characteristics of POMs is their
y to accept and donate electrons without significant
ange to their overall structure. Although POMs usually
m with the addenda metal atoms in their highest oxidation
e (' or d), they are easily reduced, forming mixed-
ce addenda species. Considering that these clusters are
up of many metal centers and that each metal cen-
n potentially accept or donate multiple electrons, it is
0 imaginc why POMs have been referred to as “electron
oirs.” If it were proven possible to link the redox poten-
| of the cage with an encapsulated heteroatom functioning
opant, it could lead to molecules exhibiting proper-
ot observed in their bulk analogues, which could form
f single-molecule electronic devices. This idea shall be
ed to in the discussion of Wells—Dawson clusters.

Cation Exchange and
n-Directed Synthesis

POMs are anionic, this charge must be balanced
cations. Normal synthetic conditions typically lead to
all alkali metal cations or protons, but these can often be
nged for bulkier organic equivalents. Cation exchange
s several properties of the POM to be altered or tuned,
as solubility or rate of crystallisation. Recently, how-
it has been explored as a means of constructing new
structures.
e popular “building-block™ concept advocates the use
all POM units (building blocks), carefully chosen for
rshape and charge, as a means of constructing large, com-
X clusters through controlled aggregation, as was demon-
d by Miiller, who showed that, by varying reaction
tions and using building blocks such as the pentago-
Mo(Mo)s} unit with suitable linkers, it was possible
Lonstruct huge mixed-valence clusters with varied struc-
5, such as the spherical icosohedral {Mo;3,}, big wheel
54/Mo)76 }, capped cyclic {Moass}, and basket-shaped
10116} architectures [20]. In order to extend this concept,
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FIGURE 15.6. Some of the bulky organic cations used in the
“shrink-wrapping™ strategy.

a range of suitable low-symmetry clusters (i.e., with high
negative charge and high nucleophilicity), such as Miiller’s
pentagonal {Mo(Mo)s} unit, must be made available. How-
ever, the basic POM structures tend to be spherical or near-
spherical (with high symmetry) in form due to the tendency
of these highly charged, potent nucleophiles to aggregate into
uniform, stable structures.

The Cronin group at Glasgow University, UK, has inves-
tigated a means of preventing this aggregation by a form of

“reverse-templating” with bulky organic counterions [21]. It
was found that bulky organic amine cations used in synthesis
helped to isolate POM species in one-pot reactions, trapping
and stabilizing them, thereby preventing their aggregation
into more stable clusters and leading not only to novel com-
pounds, but to entirely novel structures. In addition, they
can also serve to direct the self-assembly of these building
blocks into extended structures [22]. The amines used, shown
in Figure 15.6, were primarily hexamethylene tetramine
(HMTA/HMTAH™), triethanol amine (TEA/TEAHT),
N,N-bis-(2-hydroxyethyl)-pipirazine (BHEP/BHEPH™), and
morpholine, capable of acting as encapsulating cations in the
synthesis, but also functioning as buffers and even redox
reagents in some cases. The technique is frequently referred
to as “shrink-wrapping,” due to the remarkably small dis-
tances between the POM surface and the cations, or “inverse
templating,” comparing it to the role of classical central tem-
plates, for example, in the formation of aluminosilicates or
aluminophosphates [23].

This technique has led 10 a wealth of new discov-
eries. The first cluster to be isolated in this way using
(HMTAH™) was an isopolyoxomolybdate, with the formula
(CeH 4Ny 1o[HaMo,052]-34H,0. In contrast to other poly-
oxomolybdates of similar nuclearity, this structure is flat;
four of the 12 Mo centers are one-electron reduced and the
overall structure of the molecule has a central Moy, cluster,
with two Mo, “wings™ extending on either side, as shown in
Figure 15.7. The role of “*shrink-wrapping” can be seen in the
very close interactions between the cluster and the cations:
The presence of 18 short hydrogen-bonded, cluster-surface,
oxygen-to-cation interactions in the range of 2.581(7)
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FIGURE 15.7. Crystal structures for each of the first three structures Lo come from the “shrink-
“pat-wing” cluster. (Center) The [H1aWi0i201'
¢ “tungsten-centered Dawson” cluster.

wrap” technique. (Left) The [HaMo5052]""
“Celtic ring” cluster. (Right) The [HsW190621°

< d[E(H)... OMO)] < 3.140(5) A shows that the clus-
ter and cations are extensively linked via hydrogen bonds
[24].

Applying this technique (o tungsien systems using
(TEAH™) led to the discovery of a new isopolyoxotungstate
[H;2W360120]'> . {W36 }, composed of three [HyW1; 035]°~
units linked together by three [WOs] bridges to form a ring
structure which maps well onto the structure ol an 18-crown-
6 crown ether, as shown in Figure 15.7. Based on this, the
possibility of the central cavity taking part in host—guest
chemistry was investigated, resulting in the successful syn-
thesis of several {W3e-M} (M =K, Rb*, Cst, NH,™, Sy ™
and Ba®*) complexes. Further extension 1o a range of pro-
tonated aliphatic and aromatic gucsts showed not only that
they were successfully bound in the cavity, but that the pro-
truding components of these structures. the organic “tail”,
could direct the formation of the crystalline structures [25].

The next structure to be isolated is more relevant o the
topic of inorganic capsules. While still being an isopolyox-
ometalate. the (TEAHT )o[HsW 100621, { W1y L cluster has the
external structure of a Dawson polyanion with a triangular-
prismatic or octahedral (depending on the isomer) WO~
anion acting as the central template, replacing the normal
wo tetrahedral heteroanions (see Figure 15.7). The [WO4]°"
anion is positioned in the middle of the cluster, between two
jL3-0xo ligands: and between these oxo ligands and the cen-
(ral anion are two tetrahedral “voids™ in the positions usually
occupied by the two heteroanions [26].

15.3 THE WELLS-DAWSON
CLUSTER [X:M50621"~

The general structure of the Wells—Dawson cluster has
already been mentioned. However, there are several signif-
icant variations upon this structure, stemming principally
from the encapsulated heteroatoms. In order to fully under-
stand the novelty of these systems, the structure of the classic
Dawson must first be revisited in more depth.

As has been mentioned, the Wells—Dawson cluster has
formula [XaM30g21" " or 1{(X()4}(M3()9)3}1]“’. equiv.
to two trilacunary Keggin structures joined symmetric
The cage formed is generally oval in shape with terminal oxg
ligands on the exterior of the cluster extending out from each
of the metal centers. The internal structure relies upon. :
(X0,) heteroanion template: one jL4-0X0 ligand coordinal
10 the three metal centers in the “cap” at the narrow end of the
oval. while the remaining three p3-0xo ligands coordinate (¢
two metal centers in the “belt” portion, at the middle o
oval. There are six possible isomers for the Dawson cage—"
the first three represent different rotations of the two caps:

Dy, symmetry
C;, symmetry
D, symmetry

o Neither cap rotated
f  One cap rotated
y  Both caps rotated

For each of these, it is then possible to rotate the mole
around its equator, leading to:

*

a*  Neither cap rotated
(¥ One cap rotated

*

y*  Both caps rotated

Dy, symmetry
C, symmetry
Dy, symmetry

The a-isomer is the most common structure followed by
the y*. while f and y have not yet been observed crystal
graphically (although their presence has been inferred using
other spectroscopic methods [27]) and the o -isomer has not
yet been experimentally observed. In structures with mis
ing or shifted heteroanions (which will be cncnumercd
the following sections), additional oxygen atoms are found ==
on the (W1QOg) units, forming (W3010) triangles, where
extra oxygen is located above the center of the wriangle 2
coordinates to the three metal centers. replacing those Us -
ally provided by the heteroanion. These extra oxygens
often protonated.




_RE 15.8. Crystal structure  of the [HaAsW 150407
ol

.1 Single-Pyramidal Dawson [H,(XO03;)M;30s6]"

gnificant difference from the oval-cage and tetrahedral-
eanion form of the classic Dawson is found for struc-
3 ncorporating pyramidal heteroanions. These include
sW3060]"~ (reformulated as [{(AsO3)(W304)3} {(H,)
0)3177) [28] (1) and [H3BiW,504]"~ (reformulated

h contain only one heteroanion, leaving the remaining
0 be stabilized by protonated oxygens, in a fashion
“to that of the the Keggin-based metatungstate struc-
[HoW 120401 ([(H2)(W30,0)41°7). The As structure,
is representative of the monopyramidal structures, is
d in Figure 15.8. Since the lone pairs of the pyrami-
eteroatoms point into the center of the cluster, it has
suggested that the clectronic repulsion this would gen-
iven the ionic radii of the heteroatoms, would make it
ible to fit two AsOj; or BiO5 units into the same cluster,
ng a reason why they form these single-heteroatom

Pyrophosphate Dawson [(P,05)Mo,50s,]%~

iext elaboration of the Dawson structure was synthesized
%90 by Himeno et al. [30] and had its x-ray structure
n 1994 by Kortz and Pope [31]; the [P,Mo,50¢; 1%~
ormulated as [(P207){(M0309)3}21*7) (3) structure
nted a new kind of Dawson structure, in which the two
nion positions are filled by a linked pyrophosphate
as shown in Figure 15.9,

was significant for a number of reasons: The internal
€ of the Dawson is different, with each ps-oxo lig-
e pyrophosphate bridging one metal center from the
two from the belt; the bond lengths between the Mo
of the “caps™ and the oxygens of the pyrophosphate
are unusually long (2.64-2.72 A), although this is

i03)(W300)3 H{(H3)(W30,0)3}1°7) [29] (2), both of
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FIGURE 15.9. Crystal structure of the
[PaMo304,]*~ cluster, 2.

also true (1o a lesser extent) of the Keggin and Dawson struc-
tures with phosphate heteroanions (~2.4 A), lending these
compounds a more clathrate character; the corner-sharing in
preference to edge-sharing which occurs in the “caps” of
the pyrophosphate Dawson increases the distance between
the Mo centers, which, given that the belt region has a sim-
ilar size 1o the regular Dawson structure, gives the over-
all compound an hourglass or peanut-shaped structure; the
pyrophosphate contained within the capsule was the first to be
unambiguously assigned as having a linear, eclipsed P-O-P
structure, all previous P-O-P structures being either nonlin-
ear or having data which could be otherwise interpreted. Two
reduced forms of the cluster were also investigated: the dark
green one-electron-reduced compound and the dark blue two-
electron-reduced compound, which showed mixed-valence
clectron mobility (a measure of the temperature at which an
electron in a mixed-valent compound becomes “trapped” at
a metal center) somewhere between the equivalently reduced
phosphate Dawson cluster and phosphate Keggin cluster.

15.3.3 Double-Pyramidal Dawson [(X03);M;50s4]%

A further alteration of the classic Dawson was achieved by
the Cronin group in 2004, when, using the aforementioned
“shrink-wrapping” technique, the two-electron-reduced
[(SO3)2M0150s4]°"  (reformulated as [{(SO3)(Mo3Oo)3}
»1%7) (4a) was isolated using (TEAH™) as the counterion
[32]. This was the first example of the pyramidal SO5 anion
acting as a heteroanion in a Dawson structure and, while
pyramidal structures have been incorporated into Dawson
clusters before, this was also the first example of two non-
linked pyramidal heteroanions contained within a Dawson
cluster, as can be seen in Figure 15.10.

Both the internal and external structure of the cage is sim-
ilar to the pyrophosphate Dawson, although the lack of an
oxygen bridge between the heteroatoms leads to a slightly
tighter Og “belt” region. Two fully oxidized equivalents
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FIGURE 15.10. Crystal structure of the sulfite Dawson with the
reduced [¢-(S01)2Mo5054 1o~ cluster 4a (left) and the fully oxi-
dized [iJ)-(S()_})EM(}w()s_‘P cluster 4e (right).

were also synthesized, [(S();,)3M0,g()54][Mn(,()w](Bu,;N)(,
(4b) and [(S()_\)gMUlgOg;](CgH}N)(BU.;N).; (de), in order o
better understand the consequences of sulfite encapsulation.
Compound 4b crystallized with the [M()(,()ll}]zf Lindqvist
anion, while compound 4e was the p-isomer with a stag-
gered arrangement of the two SO; groups (hoth compounds
4a and 4b were a-isomers, with an eclipsed arrangement).
Both of the fully oxidized clusters were found to exhibit ther-
mochromic behavior unprecedented for discrete POM clus-
ters, changing from pale yellow at 77 K to deep red at 500 K
in a fully reversible process (Figure 15.11). This observation,
the ~8-nm shift in the HOMO-LUMO centered absorption
band, was explained as a consequence of two factors: (a)
a slight expansion of the POM framework with increasing
temperature, which decreases the LUMO energy, and (b) a
broadening of the HOMO energies duc to the varying S... S
distances at higher temperatures [33].

One of the reasons why the fully oxidized disulfite
Dawson cluster was thought to be an interesting synthetic
target was that the two sulfite clusters could potentially form
a bond, leading to the formation of the dithionate S,062

500K

FIGURE 15.11. Images showing the changing temperature exhib-
ited by compound 4b. Sce color insert.

anion, giving a structure similar to the pyrophosphate
son. but without the bridging oxygen atom between
eroatoms (sulfur is the only main group element w i
form an X»0g"~ ion with an X=X single bond). The
tion of the S04~ is an oxidative process, and it wag
that stimulating this process could lead to the redue
the surrounding Dawson cage (a system that was di
in Section 15.2.4), giving a mixed-valent cage as is
in 4a. Dcspile the S... S distances in 4a (3.301(2) A
(3.229(2) A), and 4¢ (3.271(5) A) all being shorter th
sum of the van der Walls radii for two sulfur atoms (~3,
it appeared that the structural changes required to ac
the ~2.15-A S-S single bond were oo great, and this{
formation was not observed in either solid-state or so
phase.
However, when molecules ol 4e, the staggered B-is
were isolated on a gold surface, the formation of the dith
ate was observed [ 34]. By radically changing its environ ;
it became possible to convert the molecule between two
tinct electronic states by raising and lowering the temp
wre. In order to prove the theory that the clectrons redu
the metal cage were emanating from the sulfite/dithia
conversion (as opposed to some external source, sue
the metal surface), a control cluster 1S2Mo5O0g2 "
[{(SO4)(M309)3}21"7) (5) was used. This sulfate Day
has the same charge as 4e, its sulfite equivalent, and
actually easier to electrochemically reduce, but the sulf
groups are chemically inert and so cannot provide electrc
to the metal cage. Hence, any reduction seen in the sul
group which is not mirrored in the sulfate group would im
that the reducing electrons must come from the interior
the cluster. This was exactly what was observed when
clusters on a gold surface were analyzed with valence-le
photoemission spectroscopy (for the valence-level electron
structure of the cluster layer) and core-level x-ray photoels
tron spectroscopy (for the oxidation state of the Mo cente
at both 77 K and 298 K. Compound 5 did not show significa
changes with the change in temperature, but the sulfite clus
4c¢ showed changes consistent with the proposed reversib
intramolecular redox process. The core-level spectrum for
dc is shown in Figure 15.12, both at 77 K and 298 K, shov
ing the evolution of a shoulder peak at 298 K indicatin
the presence of Mo . This shoulder was not observed for
compound 5.
In addition, Figure 15.13 shows the valence-level spee
trum showing a band that can be attributed to the Mo 4d"
electron, consistent with the core-level spectrum, as well @
bands associated with tetrahedral sulfur compounds whicl
appear in the control at both temperatures, but only in th
298 K spectrum for compound 4e, supporting the hypothe=
sis that the formation of a tetrahedral dithionate-like ani
causes the observed reduction of the cage.
In order to understand the effect that the gold surface play
in activating this reaction, density function theory (DFT}
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FIGURE 15.12. The Mo 3d Core-Level Spectra for sulfite Dawson compound 4¢ at 77 K and 298 K.,
AL 77 K the observed curve corresponds to the predicted peaks for MoY', but at 298 K the presence
of a shoulder peak at ~230 eV indicates the formation of MoV, The equivalent spectra for the sulfate
Dawson do not show the development of this shoulder peak.

culations were carried out to model the potential elec-
ic effects underpinning the observed electronic changes.
ding a single reaction coordinate by shifting the two S
ters of the sulfite Dawson by a displacement Ax (to sim-
thermal activation) while shifting their oxo ligands by
toward each other (along the main symmetry axis of the
ster), it was found that, in the gas phase, no intramolecu-
it electron transfer nor formation of the S-S bond occurred.
wever, when the fluctuations in charge density (the image
e) induced in the polarizable Au surface by the cluster
If were modeled by four single positive charges form-
arectangle on one arbitrary side of the cluster, the same
rease in S-S distance did lead to the formation of a bond
e transfer of clectrons to the cage.
Based on this reasoning, the same set of experiments,
both compound 5 and 4¢, were attempted using alter-
surfaces: (a) an Au surface coated with a monolayer of

Wi
Lo
ol ANV
Mo 44’ ‘j bR
3 Bridging !

- Terminal  oxygen - % | |Tetrahedral §
R — N
Dithionate bands i » t\: ""
Vi il PRV 1YY

NG | ape
' ’ AT 1805 (sample)
=0 ! S0Z-(control)
eV TN i) e

30eV

15.13. The valence level spectrum for compound de,
g the presence of the Mo 4d' band (left) and the change

imidal sulfur o tetrahedral sulfur observed for the SO,
at 298 K (right).

cystein and (b) a surface of highly oriented pyrolytic graphite
(HOPG). The experiments showed no reaction for either
molecule on the cystein-coated Au surface and no reaction for
the control on the HOPG. However, compound 4¢ on HOPG
was found to be in its activated state even at room temper-
ature, and the redox process was irreversible. These results
show unambiguously that the surface effect is real: For the
untreated gold, the image charges are located within the metal
mirror images of their corresponding cluster charges (where
the gold surface is the mirror plane), leading to an interme-
diate stabilization resulting in a reversible formation of the
S-S bond with changing temperature; for the cystein-gold
surface the image charges are weaker and further away due
to the obstruction caused by the cystein molecules, leading to
asurface-stabilization too weak to allow S—S bond formation:
in contrast to the gold surfaces, however, HOPG localizes the
image charges on the surface graphene sheet, bringing them
closer to the cluster and increasing the local field felt by the
internal S atoms. The effect is sufficiently strong that both
Mo" and metallic Mo® species were observed by XPS studies
at room temperature, a similar effect having been noted for
the untreated gold surface when heated to decomposition at
~500 K. The control molecule did not experience any redox
activity for any of the surface experiment, which leads to the
remarkable conclusion that the HOPG surface was capable of
inducing an internal rearrangement in a POM cluster without
directly transferring charge to it (since, if this were the case,
the more redox-active sulfate Dawson would also have been
reduced).

After the synthesis of the molybdenum sulfite Dawson,
attempts were made to create a tungsten analogue, leading
to the formation of two cluster structures [35]: the isostruc-
tural equivalent to the molybdenum sulfite cluster, [WY! 305,
(SO2):1* (or [{(SO3) (W300)3}21%) (6), and a new
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FIGURE 15.14. Crystal structures of the W sulfate clusters, with
the [WV[]NOH(SO_\): ]47 cluster 6 (lel'l) and the [WV]|HO5(,(S();)]
(H,0),]* cluster 7 (right), with the metal centers not bound to the
heteroanion indicated by a *.

structure, [WY'15054(SO3)2(H20):1% (or [{(SO3)(W309):
(W30,0(H,0))}21%7) (7), shown in Figure 15.14.

Structure 7, in addition to being the first closed herero-
POM found to include water ligands, showed some unique
electronic properties. In a process similar to the Mo sulfite
Dawsons on surfaces, the cluster undergoes an intramolec-
ular redox reaction with the sulfite centers becoming oxi-
dized and the surrounding cluster becoming reduced when
the compound is heated to 400°C. However, in contrast to the
dithionate formation experienced by the Mo sulfite Dawsons,
this reaction involves the oxidation of the sulfite centers to
sulfates, involving a rearrangement of the internal oxygens
in the POM cage and the loss of the two water ligands,
forming a [WY!1;WY4054(S04): 1%~ (8) mixed-valence clus-
ter. Although electron-transfer reactions and structural rear-
rangements are well known for hetero-POMs, this was the
first example of a reaction combining the two and is also the
first example of a fully characterized unimolecular reaction
involving a hetero-POM.

Structure 7 is capable of this rearrangement duc 1o
its unique internal arrangement. Compared to structure 6,
isostructural to the Mo sulfite Dawson, in which the SO;
groups are centrally aligned and each oxygen binds to three
of the nine metal centers, in structure 7 the SO3 groups are
tilted so that, while one oxygen binds to three metal centers,
the remaining two only bind two metal centers. This means
that two of the nine metal centers in each half are not bound
to the heteroanion, giving a total of four metal centers (4W™)
not bound to heteroanions in the cluster which neighbor each
other in an equatorial position. These four W* centers, com-
bined with the tilted sulfite groups, reduce the overall sym-
metry of the cluster from Dy, (as is the case for structure
6) to Cs,. The different orientation of the sulfite groups is
also represented in the S. .. S distance of 3.61(2) A, which
is significantly longer than the 3.19(1) A distance in struc-
ture 6. The four W* metal centers in structure 7 each possess
an additional terminal ligand (all metal centers having one
terminal oxo ligand to begin with): two of these ligands are
terminal oxo ligands (W* = O) while the other two are water

ligands. This arrangement results in the bridging 0th) ‘
between the W* atoms of each Wy half pointing
toward the vacant site of the sulfite groups. F-

All these factors result in the structure of 7 being
tially prearranged for internal reorganization with g o
rent redox reaction. When heated to 400°C the sulfite ¢
are oxidized to sulfate, acting as embedded reducing -
and contributing up to four electrons to the W g cage, ¢
to the formation of the intense blue mixed-valent c]ysg
with the loss of the two coordinated water ligands .._-3.
W* centers. Since the reduction of the shell is balanced
the oxidation of the heteroanions, the overall charge of
cluster remains constant at 8-. '

15.3.4 Octahedral Dawson [(XO(,)M;gOs‘;]ﬁ_

15.3.4.1 Octahedral Heteroatoms (M 150541 .
M ;3054(TeQg)). The discovery of the {Wyo} iso-PON
(the Dawson-like structure with an octahedral or trigonal
prismatic WOg template discussed in Section 15
suggested that it may be possible to form such a structus
with an octahedral or trigonal prismatic heteroaniop
This led to the synthesis of the [H3(106)W150561°~ (o
[(106)(W300)s(W3010)2(H3)1°7) (9) cluster, shown in Fi

ure 15.15, as a potassium (9a), tetrapropylammonium (TP; )
(9b), and tetrabutylammonium (TBA) (9¢) salt. This rep
sents the first example of a Dawson-type cluster templat
by an XOy heteroanion and the first crystallographica
characterized tunstatoperiodate [36].

FIGURE 15.15. Crystal structure of the [H3(106)W 30561~
cluster 9.



s - Similar in structure o the {W o} cluster, the periodate
g cluster has two vacant positions where the two conventional
heteroanions are usually found and the cap units, normally
1W309], both possess additional oxygen atoms usually pro-
ed by the heteroanion, giving [W304]. These extra oxy-
L oens are either singly or doubly protonated. The main dif-
ference between the {W g} structure and the periodate is the
ative orientation of the cage and the heteroanion: The Dy,
£ symmetry of the IOg anion does not match the Dy, symme-
try of the cage, resulting in the overall cluster having a C;,
wmmetry, representing the B* isomer (the first B* Dawson
e B isomer to be identified crystallographically).

E Since the only difference between the two clusters is the
jiffering symmetry and the identity of the central heteroatom,
ould be exceptionally difficult to confirm by crystallogra-
y alone that the supposed periodate cluster was not simply
he {Wio} cluster. In order to confirm the identity of the
iodate cluster, high-resolution electrospray and cryospray
s spectrometry (MS) was performed on the 9b salt and
9a salt after cation exchange to give the TPA/K salt, both
etone, giving a series of peaks that could be attributed
e periodate cluster. This, combined with elemental anal-
s, confirms the presence of pure cluster 9 without {W o}
nurities.

Syntheses were attempted for the tellurium analogue of
e [H3(106)W30561°~ cluster, but conventional synthetic
gthods did not yield the desired product. Based on the use
ass spectrometry to identify the cluster in the perio-
synthesis, a similar procedure was performed on a vari-
f reaction mixtures, utilizing different cation systems,
¢ tellurium cluster, revealing peaks corresponding to a
um analogue of the periodate Dawson in the dimethy-
nmonium (DMAH™) and tetrabutylammonium (TBA) sys-
Crystals were eventually obtained from both these reac-
mixtures giving the [Hy(TeV!0g)W 1505617 (10) cluster
its DMAH™* (10a) and TBA (10b) salts. This was the first
mple of tellurium being incorporated into a Dawson-type
e [37].

e structure of cluster 10 is similar to the periodate clus-
xcept for the symmetry of the two molecules. Cluster
pts the more common y* conformation in contrast
uster 9’s far rarer B* conformation. However, cluster
sesses the same voids found in cluster 9 at the sites
€ the two heteroanions are normally found in the classic
Dawson structure and also shares the additional oxy-
und on the caps. Cluster 10 shows some very unusual
nic activity. On exposure in acidified solution to the
g agent Na; S, 0y, the usual intense blue colour (stem-
fom the reduction of W atoms in the cluster shell) was
replaced by a pale yellow one. Crystals obtained
1is solution showed that a complete internal arrange-
ad occurred, with a marked shift in the Te position
oward the cap) and the conversion of the octahedral
It the pyramidal Te'Y 05 heteroanion, accompanied
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FIGURE 15.16. Crystal structures for the [Hs(TeY'Og)W 150567~
cluster 10 (left) and the product of its reaction with Na;$,0y, the
[H3(TeY O3)W 505, ]*~ cluster 11 (right).

by the loss of both additional oxygens on the capping triads.
This resulted in a final structure of [H3(Te™ 03)W 30577~
(11), with a fully oxidized cage, very similar in structure 1o
its Sb analogue [H(Sb™03)W ,50s7]7~. Both structures can
be seen in Figure 15.16.

Further investigations into this rearrangement/redox pro-
cess showed that by adjusting the pH in solution of the
compound to pH 2, nanosized crown-like tetrameric clus-
ters could be formed, consisting of two 11 clusters linked
by two {Wy, } units via adjacent distorted W centers on the
11 clusters. This shows that the presence of the pyramidal
Te'VOs heteroanion activates the cage surface to a sufficient
extent that it forms nanoscale structures without the addition
of other transition metal electrophiles.

15.4 THE KEGGIN CLUSTER

While the majority of this chapter is devoted (o the
Wells-Dawson cluster, since the presence of two internal
heteroatoms presents more opportunities for engineering
intramolecular reactions, the Keggin clusters have also been
incorporated into systems in which its single encapsulated
heteroatom plays an important part in the chemical proper-
ties of the materials.

15.4.1 The Keggin-Net

A great deal of interest has recently been generated in
extended modular frameworks incorporating inorganic build-
ing blocks [38], such as metal-organic frameworks (MOFs)
and coordination polymers [39], which allow for carefully
directed assembly of porous structures, and zeolites [40],
which offer robust structures with chemical functionality.
An ideal system, which combined the controlled assembly
of MOFs with the stability and functionality of zeolites and
similar systems, would allow for the inclusion of specific
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FIGURE 15.17. Two representations of the cavities found within the Keggin-net structure. The
image on the left emphasizes how the alternating nodes connect around the cavity, while the image
on the right emphasizes rings that make up the 3D structure.

guests at “active sites,” thereby triggering chemical reactions
(e.g., redox reactions) that could switch the nature of the
framework. We have already seen that POM structures are
highly redox active and that the incorporated heteroatoms
in the Keggin and Dawson structures can contribute to this
redox activity, so, if a redox active extended modular frame-
work is the goal, one using hetero-POM clusters as building
blocks would seem like a good synthetic target.

The Keggin-based framework [(C4H 1oNO)4o(W7a M5
O6sSi7)n] (1244 ). or Keggin-Net, formed from lacunary Keg-
gin clusters [y-SiW O3] and Mn" in the presence ol mor-
pholinium cations and potassium permanganate, is an exam-
ple of such a POM-based framework [41]. It is a material
that can undergo reversible redox processes; the inclusion of
a redox reagent couples with a controlled redox reaction in
the framework itself, giving the reduced cluster 12pq. This
reduction oceurs at the Mn"! heteroatoms, switching these Lo
Mn'!! and thereby retaining long-range order by cooperative
structural changes within the W-O-Mn linkages that con-
nect the Keggin units. Both 12, and 124 can be dissolved
in water and recrystallized to perfectly reform 1244 (with
12,4 being oxidized upon dissolution). The structure was
the first to be formed purely of POM units, without the need
for external linkers such as transition metal clectrophiles.
The lacunary Keggin clusters are linked directly by oxy-
gen bridges between W and Mn atoms (W-0O-Mn), and the
overall structure is made up of alternating units of trigonal-
planar three-linked (connected to three other Keggin units)
and tetrahedral four-linked (connected to four other Keggin
units) clusters cross-linked into an infinite 3D framework.
These can be thought of as an equal distribution ol triva-
cant {SiWy 037} units and tetravacant (SiWgOs) units linked
together by W-0O-Mn bridges, which fix these units together.

The topology of the framework is identical to that of cubic
germanium nitride, Ge3Ny. in which the germanium is equiv-
alent to the tetrahedral nodes and the nitrogen is equivalent to
the trigonal nodes [42]. Both structures have puckered eight-
membered ellipsoidal rings that are composed of four trigonal
and four tetrahedral nodes. For GesNy the dimensions of the
ring are 2.97 A x 4.61 A: for the 12,4 structure, the equiv-

alent rings have dimensions of 9.45 A x 12.93 A, showin
the effect of replacing atomic nodes in classic materials withy
nanosized clusters. Extrapolating the 12, structure, it m
be seen that four of these puckered rings form a larger 3
cavity, as can be seen in Figure 15.17. These cavities ha
nanoscale dimensions of 2.7 % 2.4 x 1.3 nm and accomm
date both the charge balancing cations and a large number
solvent molecules.
Based on the assumption that it should be possibl
(o alter the heteroatom of the [y-SiW O3] Keggin un
a germanium-centered equivalent to the silicon-cente
Keggin-net was produced [(C4H oNO)so( WM ;0
Ger)n) (13,x) [43]. This compound had reactivity very si
ilar to that of compound 12, with a slightly faster reducti
time 1o 13, and a slower reoxidation time back o 135
The structural features are also almost identical, with €
heteroatom-oxygen distance (1.6 A for Si—O and 1.75 A fo
Ge-0) being the only real distinction, leading to the differ
ence in reactivity of the two frameworks. Adding anoth
level of variability, further work resulted in the synthesi
of Keggin-net structures using both Si and Ge heteroatoms
but with cobalt in place of manganese linking the lacun
units together, leading to [W7:Co' 130565871y (14red) @
[W72Co" 120268Ger ], (15.ea). In contrast to the Mn strue
tures that crystallized in their 3+ oxidation state and coult
be reduced 1o 2+, the Co structures crystallize as 2+ and ca
be oxidized to 3+. Unlike their Mn counterparts, compound
14 and 15 are not stable in their modified state and will
left in solution, reduce back to their native 2+ state.
The availability of these four native structures and the!
four reduced/oxidized states led somewhat nawrally to't
idea of forming a framework alloy [44]: a structure based 0
two different frameworks, A and B. which share the s
structure and could be combined to form a framework of Al
units, also sharing the same structure. Since the dilferenc
in redox activity between the different heteroatoms:
slight, the heterometals, Mn and Co, were selected 0
use, since their redox behavior is completely opposite. on
undergoing oxidation while the other undergoes reductior
This was attempted by preparing reaction mixtures a
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Cocontent 1
Mn content |

e i

M0 ,0563Ger ], 13, and [W2Co'1,0065Ges], 14,
ng Ge since it gave a far greater yield, and then combining
ese in varying ratios (9:1, 8:2, etc), resulting in a total of
ygn different framework alloy compounds. These could be
jisually identified since they showed a color variant going
m the pure Mn™ cluster (purple) to the pure Col' cluster
wn). A full spectrum of analysis was performed in order
confirm that the compounds were true alloys and not
imply discrete mixtures of single crystals of pure com-
pounds; in particular, flame atomic absorption spectroscopy
AAS) was used, which confirmed the heterometal content
vary linearly for the 10% Mn/Co mixing steps, as shown
igure 15.18. Investigations of the 5:5 alloy via cyclic
ltammetry showed that the compound possessed some
pected properties; while the second reduction wave
at —0.97 V, the intermediate value of the two pure
mpounds, the first is at —0.893 V, far removed from the
tlermediate value of —0.76 V.

CONCLUSION

r readers who are unfamiliar with inorganic synthesis but
tho work extensively with organic capsules, hopefully this
il have provided an insight into the possibilities presented
¥ transition metals, both as structural components and as
A0x active materials. Much current work in POM synthe-
Ocuses on the interface between polyoxometalates and
ic structures, developing methods of arafting the two
YEether 10 form hybrid organic-inorganic structures. The

FIGURE 15.18. Graph showing the FAAS results for the Co/Mn Keggin-net alloy. It shows that the
metal content of the molecular alloys varies linearly with the ratio of the reaction mixtures of 13and 15.

potential that we have seen of these electronically fascinat-
ing clusters can be both explored and channeled by extending
them with the subtlety and finesse of organic synthesis.
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