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Preface

Current research in chemistry and materials science is now vigorously pushing the
boundaries of the components studied firmly into the multi-nanometer length scale.
In terms of traditional “molecules” a nanometer (10~° m) is relatively large. As a
result, it is only relatively recent advances in analytical instrumentation capable of
delivering a molecular-level understanding of structure and properties in this kind of
size regime that have allowed access to and the study of such large molecules and
assemblies. The key interest in multi-nanometer-scale structures (nanostructures) is
the fact that their size allows them to exhibit a significant degree of functionality and
complexity — complexity that is mirrored in biological systems such as enzymes and
polynucleotides, Nature’s own nanostructures. However, this functionality is com-
pressed into a space that is very small on the human scale, sparking interest in fields
such as molecular computing and molecular devices. Thus one of the great opening
frontiers in molecular sciences is the upward synthesis, understanding of structure
and application of molecules and molecular concepts into the nanoscale.

In compiling this book we have sought to bring together chapters from leading
experts working on the cutting edge of this revolution on the nanoscale. Each chapter
is a self-contained illustration of the way in which the nanoscale view is influencing
current thinking and research across the molecular sciences. The focus is on the
“organic” (loosely applied) since it is generally carbon-based building blocks that are
the most versatile molecular components that can be induced to link into nanoscale
structures. As chapters by Mohammed Eddaoudi and Lee Cronin show, however,
hybrid organic-inorganic materials and well-defined inorganic building blocks as
just as capable of assembling into well-defined and well-characterized discrete and
polymeric nanostructures.

Crucial to the whole field of nanochemistry is the cross-fertilization between
researchers from different disciplines that are approaching related structures
from very different perspectives. It is with this aspect in mind that we have
deliberately mixed together contributions from the solid-state materials community
as in Dario Braga's perspective on the crystal engineering or organic nanostructures
and from experts in discrete molecular assemblies such as Dimitry Rudkevich, Kay
Severin, Thomas Rauchfuss and Bruce Gibb. Of course, nanostructures are not
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Preface

always so well defined and so these aspects are balanced nicely by David Smith’s
chapter on gel-phase materials — in some respects a “halfway house” between
solution-phase and solid-state assemblies. We also felt it of key importance to
illustrate ways to use small-scale molecular concepts in order to “synthesize-up”
nanostructures. Chapters by Paul Beer, Steve Loeb and Len MacGillivray provide
very different perspectives on templation and assembly in the field, while Makoto
Fujita and Mike Ward deal with larger-scale self-assembly. Finally, all-important
functional nanostructured devices are illustrated by Vincenzo Balzani's chapter.

Although a book of this size can only be illustrative of such a burgeoning field, it is
our sincere hope that the juxtaposition of these different perspectives and systems in
one place will stimulate and contribute to the ongoing process of cross-fertilization
that is driving this fascinating and emerging area of molecular science. It has
certainly been a fascinating and pleasurable experience to work on this project
and we thank all of the authors wholeheartedly for their enthusiastic contributions
to this project. We are grateful also to Manfred Kéhl and Steffen Pauly at Wiley-VCH
for their belief in the book and for their help in making it a reality. As this book went
to press we learned of the sad and untimely death of Dimitry Rudkevich. We would
like to dedicate this book to his memory and legacy to science.

December 2007 Jonathan W. Steed, Durham, UK
Jerry L. Atwood, Columbia, MO, USA
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1
Artificial Photochemical Devices and Machines

Vincenzo Balzani, Alberio Credi, and Margherita Venturi

1.1
Introduction

The interaction between light and matter lies at the heart of the most important
processes of life [1]. Photons are exploited by natural systems as both quanta of energy
and elements of information. Light constitutes an energy source and is consumed (or,
more precisely, converted) in large amount in the natural photosynthetic process,
whereas it plays the role of a signal in vision-related processes, where the energy used
to run the operation is biological in nature.

A variety of functions can also be obtained from the interaction between light and
matter in artificial systems [2]. The type and utility of such functions depend on the
degree of complexity and organization of the chemical systems that receive and
process the photons.

About 20 years ago, in the frame of research on supramolecular chemistry, the idea
began to arise [3-5] that the concept of macroscopic device and machine can be
transferred to the molecular level. In short, a molecular device can be defined [6] as an
assembly of a discrete number of molecular components designed to perform a
function under appropriate external stimulation. A molecular machine [6-8] is a
particular type of device where the function is achieved through the mechanical
movements of its molecular components.

In analogy with their macroscopic counterparts, molecular devices and machines
need energy to operate and signal to communicate with the operator. Light provides
an answer to this dual requirement. Indeed, a great number of molecular devices and
machines are powered by light-induced processes and light can also be useful to
“read” the state of the system and thus to control and monitor its operation. Before
illustrating examples of artificial photochemical molecular devices and machines, it
is worthwhile recalling a few basic aspects of the interaction between molecular and
supramolecular systems and light. For a more detailed discussion, books [9-15] can
be consulted.
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1.2
Molecular and Supramolecular Photochemistry

1.2.1
Molecular Photochemistry

Figure 1.1 shows a schematic energy level diagram for a generic molecule that could
also be a component of a supramolecular species. In most cases the ground state of a
molecule is a singlet state (So) and the excited states are either singlets (S;, S,, etc.) or
triplets (T;, T, etc.). In principle, transitions between states having the same spin
value are allowed, whereas those between states of different spin are forbidden.
Therefore, the electronic absorption bands observed in the UV-visible spectrum of
molecules usually correspond to So — S, transitions. The excited states so obtained
are unstable species that decay by rapid first-order kinetic processes, namely
chemical reactions (e.g. dissociation, isomerization) and/or radiative and nonradia-
tive deactivations. In the discussion that follows, excited-state reactions do not need
to be explicitly considered and can formally be incorporated within the radiation-
less decay processes. When a molecule is excited to upper singlet excited states
(Figure 1.1), it usually undergoes a rapid and 100% efficient radiationless deactiva-
tion [internal conversion (ic)] to the lowest excited singlet, S;. Such an excited state
undergoes deactivation via three competing processes: nonradiative decay to the
ground state (internal conversion, rate constant k;); radiative decay to the ground
state (fluorescence, kg); conversion to the lowest triplet state T, (intersystem crossing,
kisc). In its turn, T; can undergo deactivation via nonradiative (intersystem crossing,
') or radiative (phosphorescence, kyp) decay to the ground state So. When the
molecule contains heavy atoms, the formally forbidden intersystem crossing and

100% efficient ic

hv

So

Figure 1.1 Schematic energy level diagram for a generic molecule. For more details, see text.
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phosphorescence processes become faster. The lifetime (1) of an excited state, that s,
the time needed to reduce the excited-state concentration by 2.718 (i.e. the basis for
natural logarithms, e), is given by the reciprocal of the summation of the deactivation
rate constants:

1
") = ot "
1

The orders of magnitude of 1(S;) and t(T;) are approximately 10~° — 107 and
102 —10°s, respectively. The quantum yield of fluorescence (ratio between the
number of photons emitted by S; and the number of absorbed photons) and
phosphorescence (ratio between the number of photons emitted by T; and the
number of absorbed photons) can range between 0 and 1 and are given by

kq

P = ek )

3)

kph X kisc
(k,isc+kph) X (kic+kﬂ+kisc)

Oy = (4)
Excited-state lifetimes and fluorescence and phosphorescence quantum yields of a
great number of molecules are known [16].

When the intramolecular deactivation processes are not too fast, that is, when the
lifetime of the excited state is sufficiently long, an excited molecule *A may have a
chance to encounter a molecule of another solute, B (Figure 1.2). In such a case, some
specific interaction can occur leading to the deactivation of the excited state by
second-order kinetic processes. The two most important types of interactions in an
encounter are those leading to electron or energy transfer. The occurrence of these
processes causes the quenching of the intrinsic properties of *A; energy transfer also

oxidative
— At + B~ electron
transfer

encounter

complex .
k P reductive

A+hy —— *A+B "'__..d [*A-B] —f+— A+ B*  electron
K g transfer

1t

* energy
A A+"B transfer

Figure 1.2 Schematic representation of bimolecular electron-
and energy-transfer processes that may occur following an
encounter between an excited state, *A, and another chemical
species, B.
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leads to sensitization of the excited-state properties of the B species. Simple kinetic
arguments show that only the excited states that live longer than ca. 10~° s may have a
chance to be involved in encounters with other solute molecules.

An electronically excited state is a species with completely different properties to
those of the ground-state molecule. In particular, because of its higher energy content,
an excited state is both a stronger reductant and a stronger oxidant than the corre-
sponding ground state [17]. To a first approximation, the redox potential of an excited-
state couple may be calculated from the potential of the related ground-state couple and
the one-electron potential corresponding to the zero—zero excited-state energy, E*°:

E(AT/*A) ~ E(A*/A)—E°° (5)

E(A/A™) ~ E(AJA™)+E*° (6)

Detailed discussions of the kinetics aspects of electron- and energy-transfer process-
es can be found in the literature [11,18-20).

1.2.2
Supramolecular Photochemistry

A supramolecular system can be preorganized so as to favor the occurrence of
electron- and energy-transfer processes [10]. The molecule that has to be excited, A,
can indeed be placed in the supramolecular structure nearby a suitable molecule, B.

For simplicity, we consider the case of an A-L-B supramolecular system, where A
is the light-absorbing molecular unit [Eq. (7)], B is the other molecular unit involved
with A in the light-induced processes and L is a connecting unit (often called bridge).
In such a system, after light excitation of A there is no need to wait for a diffusion-
controlled encounter between *A and B as in molecular photochemistry, since the two
reaction partners can already be at an interaction distance suitable for electron and
energy transfer:

A—L-B+hv — *A—L—B photoexcitation (7)
*A-1-B — AT—-L-B~ oxidative electron transfer (8)
*A-1-B — A" —-L-B* reductive electron transfer 9)
*A—L-B — A—L—"B electronic energy transfer (10)

In the absence of chemical complications (e.g. fast decomposition of the oxidized
and/or reduced species), photoinduced electron-transfer processes [Egs. (8) and (9)]
are followed by spontaneous back-electron-transfer reactions that regenerate the
starting ground-state system [Eqs. 8 and 9'] and photoinduced energy transfer [Eq.
(10)] is followed by radiative and/or nonradiative deactivation of the excited acceptor
[Eq. 10]:

A"—-L-B~ — A-L-B back oxidative electron transfer (8)
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A —-L-B" - A-1-B back reductive electron transfer (9)

A-1-*B — A-1L-B excited state decay (10"

In supramolecular systems, electron- and energy-transfer processes are no longer
limited by diffusion and occur by first-order kinetics. As a consequence, in suitably
designed supramolecular systems these processes can involve even very short-lived
excited states.

13
Wire-Type Systems

An important function at the molecular level is photoinduced energy and electron
transfer over long distances and/or along predetermined directions. This function
can be performed by rod-like supramolecular systems obtained by linking donor and
acceptor components with a bridging ligand or a spacer.

1.3.1
Molecular Wires for Photoinduced Electron Transfer

Photoinduced electron transfer in wire-type supramolecular species has been
extensively investigated [6,10]. The minimum model is a dyad, consisting of an
electron donor (or acceptor) chromophore, an additional electron acceptor (or donor)
moiety and an organizational principle that controls their distance and electronic
interactions (and therefore the rates and yields of electron transfer). A great number
of such dyads have been constructed and investigated [6,10].

The energy-level diagram for a dyad is schematized in Figure 1.3. All the dyad-
type systems suffer to a greater or lesser extent from rapid charge recombination

'D-A

Yy 2
D*-A"

D-A

Figure 1.3 Schematic energy-level diagram for a dyad.
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[process (4)]. An example of a systematic study on dyads is that performed on
compounds 1°*-5°" (Figure 1.4) [21,22]. When excitation is selectively performed
in the Ru(Il) chromophoric unit, prompt intersystem crossing from the originally
populated singlet metal-to-ligand charge-transfer ('MLCT) excited state leads to
the long-lived *MLCT excited state which lies ~2.1eV above the ground state, can
be oxidized approximately at —0.9V (vs. SCE) and has a lifetime of ~1ps in
deaerated solutions [23]. Before undergoing deactivation, such an excited state
transfers an electron to the Rh(III) unit, a process that is then followed by a back
electron-transfer reaction.

Comparison of compounds and shows that, despite the longer metal-
metal distance, the forward electron transfer is faster across the phenylene spacer
(k=3.0x10%s"") than across the two methylene groups (k=1.7x10%s™"). This
result can be related to the lower energy of the LUMO of the phenylene group, which
facilitates electronic coupling. In the homogeneous family of compounds 2°"—4°",
the rate constant decreases exponentially with increasing metal-metal distance.

For compound 5°", which is identical with 4> except for the presence of two
solubilizing hexyl groups on the central phenylene ring, the photoinduced electron-
transfer process is 10 times slower, presumably because the substituents increase the
twist angle between the phenylene units, thereby reducing electronic coupling.

Photoinduced electron transfer in three—component systems (triads) is illustrated
in Figure 1.5 [24]. The functioning principles are shown in the orbital-type energy
diagrams of the lower part the figure. In both cases, excitation of a chromophoric
component (step 1) is followed by a primary photoinduced electron transfer to a
primary acceptor (step 2). This process is followed by a secondary thermal electron-
transfer process (step 3): electron transfer from a donor component to the oxidized
chromophoric component (case a) or electron transfer from the primary acceptor to a
secondary acceptor component (case b). The primary process competes with excited-
state deactivation (step 4), whereas the secondary process competes with primary
charge recombination (step 5). Finally, charge recombination between remote
molecular components (step 6) leads the triad back to its initial state.

For case a, the sequence of processes indicated above (1-2-3) is not unique.
Actually, the alternative sequence 1-3-2would alsolead to the same charge-separated
state. In general, these two pathways will have different driving forces for the primary
and secondary steps and thus one may be kinetically favored over the other.
Occasionally one of the two pathways is thermodynamically allowed and the
other is not, although in a simple one-electron energy diagram like that shown in
Figure 1.5a this aspect is not apparent.

The performance of a triad for wire-type applications is related to the rate and
quantum yield of formation of the charge separated state (depending on the
competition between forward and back processes, @ =[k,/(k, + k4)][k3/ (k3 + ks)])-
For energy conversion purposes, important parameters are also the lifetime of
charge separation (depending on the rate of the final charge-recombination process,
1=1/ks) and the efficiency of energy conversion (Nen.conv. = ® X F, where F is the
fraction of the excited-state energy conserved in the final charge-separated state). To
put things in a real perspective, it should be recalled that the “triad portion” of the

15+ 25+
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25+ 9 o1
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Figure 1.4 Binuclear metal complexes 1°"-5°"

photoinduced electron-transfer experiments [21,22].

used for
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Figure 1.5 Schematic representation of the two possible
arrangements for charge-separating triads.

reaction center of bacterial photosynthesis converts light energy with 1~ 10ms,
® =1 and Nen.conv. = 0.6.

The introduction of further molecular components (tetrads and pentads) leads to
the occurrence of further electron-transfer steps, which, in suitably designed
systems, produce charge separation over larger and larger distances [6,10]. As the
number of molecular components increases, also the mechanistic complexity
increases and charge separation may involve energy-transfer steps.

Several triads have been designed and investigated. A very interesting system is the
4-nm long triad 6>+ shown in Figure 1.6, which consists of an Ir(III) bis-terpyridine

hv
k=24x10%s"
k=5x10"0g"

H,CO

G:k

HyCO

k=85x10%s"

e

Figure 1.6 Electron-transfer processes in triad 6°* [25].
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complex connected to a triphenylamine electron donor (D) and a naphthalene
bisimide electron acceptor (A) [25]. Upon excitation of the electron donor D (or
even the Ir-based moiety), a charge separated state D"~Ir —A is formed with 100%
yield in less than 20 ps that successively leads to D"~Ir-A~ with 10% efficiency in
400 ps. Remarkably, the fully charge-separated state D"—Ir-A~ has a lifetime of
120 ps at room temperature in deaerated acetonitrile solution.

1.3.2
Molecular Wires for Photoinduced Energy Transfer

Many investigations on electronic energy transfer in supramolecular species have
been performed in the past few years [6,10], a relevant fraction of which have been
obtained for systems containing polypyridine metal complexes as donor and acceptor
units. Usually, the photoexcited chromophoric group is [Ru(bpy)s]*" (bpy = 2,2"-
bipyridine) and the energy acceptor is an [Os(bpy)s]*" unit. The excited state of [Ru
(bpy)s]*" playing the role of energy donor is the lowest, formally triplet, metal-to-
ligand charge-transfer excited state, *MLCT, which, as we have seen above, can be
obtained by visible light excitation (A~ 450nm), lies ~2.1eV above the ground
state and has a lifetime of ~1 ps in deaerated solutions [23]. This relatively long
lifetime is very useful because it permits the study of energy transfer over long
distances. The occurrence of the energy-transfer process promotes the ground-state
[Os(bpy)s]*" acceptor unit to its lowest energy excited state *MLCT, which lies
approximately 0.35 eV below the donor excited state. Both the donor and the acceptor
excited states are luminescent, so that the occurrence of energy transfer can be
monitored by quenching and/or sensitization experiments with both continuous and
pulsed excitation techniques.

Ru(II) and Os(II) polypyridine units have been connected by a variety of bridging
ligands and spacers. When the metal-to-metal distance is very short, fast energy
transfer occurs by a Forster-type resonance mechanism [26]. In other systems the two
photoactive units are separated by a more or less long spacer. When the spacer is
flexible [e.g. —(CH;),— chains], the geometry of the system is not well defined and it
is difficult to rationalize the results obtained.

These problems are overcome by using rigid and modular spacers to connect the
two chromophoric units; the systems so obtained have a well-characterized geometry
and the energy transfer can occur over long distances. Interesting examples of this
type of systems are the [Ru(bpy)s]*"—(ph),—[Os(bpy)s]*" (ph = 1,4-phenylene; n=2,
3, 4, 5) species [27] shown in Figure 1.7. In such compounds, excitation of the [Ru
(bpy)s]*" moiety is followed by energy transfer to the [Os(bpy)s]*" unit, as shown by
the sensitized emission of the latter (CH3CN, 293 K). The energy-level diagram is
shown schematically in Figure 1.7. The lowest energy level of the bridge decreases
slightly as the number of phenylene units is increased, but always lies above the
donor and acceptor levels involved in energy transfer. A further decrease in the energy
of the triplet excited state of the spacer would be expected to switch the energy-
transfer mechanism from superexchange-mediated to hopping, similar to what
happens for photoinduced electron transfer. In the series of compounds shown in

9
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Figure 1.7 Structure of compounds [Ru(bpy)s]*™—(ph) .—[Os (bpy)s]**
and energy-level diagram for the energy-transfer process [27].

Figure 1.7, the energy-transfer rate decreases with increasing length of the oligo-
phenylene spacer. Such rate constants are much higher than those expected for a
Forster-type mechanism, whereas they can be accounted for by a superexchange
Dexter mechanism [28]. The values obtained for energy transfer in the analogous
series of compounds [Ru(bpy)s]*"—(ph),R,—[Os(bpy)s]*" [29], in which the central
phenylene unit carries two hexyl chains, are much lower than those found for the
unsubstituted compounds, most likely because the bulky substituents R increase the
tilt angle between the phenyl units. A strong decrease in the rate constant is observed
when the Ru-donor and Os-acceptor units are linked via an oligophenylene bridge
connected in the meta position [30].

In an another family of similar compounds, [Ir(ppyF2),(bpy)] *—(ph).~[Ru(bpy)s]**
(ph=1,4-phenylene; n=2, 3, 4, 5) [31], the energy-transfer rate constant is much
higher and substantially independent of the length of the spacer. The energy-level
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Figure 1.8 Structure of compounds [Ir(ppyF2).(bpy)] "~ (ph),—
[Ru(bpy)s]*™ and energy-level diagram for the energy-transfer
process [31].

diagram for this family, displayed in Figure 1.8, shows that the energy level of the
donor is almost isoenergetic with the triplet state of the spacers. The energy of the Ir-
based donor can, therefore, be transferred to the Ru-based acceptor via hopping on
the bridging ligand, at least for n > 2.

1.4
Switching Electron-Transfer Processes in Wire-Type Systems

A clever choice of molecular components and their assembly in suitable sequences
allow the design of very interesting molecular-level photonic switches for photoin-
duced electron-transfer processes.

1
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Figure 1.9 A single pole electron-transfer switch. Light-induced
isomerization and electron transfer processes in triad 7 [32].

Triad 7 (Figure 1.9) is an example of electron transfer switch generated by the light-
induced interconversion between the two forms of a chromophore. This triad, which
performs as a single pole molecular switch, consists of a porphyrin unit (P) linked
covalently to both a fullerene (F) electron acceptor and a dihydropyrene photochrome
[32]. In structure 7a, the photochrome is in the cyclophanediene (CPD) form, which
absorbs light only in the UV region. Excitation of the porphyrin unit leads to
CPD-'P-F excited state which undergoes electron transfer yielding the
CPD-P'-F charge-separated state with unitary efficiency. Such a state then decays
to the ground state with time constant 3.3 ns. Irradiation of 7a with UV light at
254 nm converts the cyclophanediene form of the photochrome into the dihydro-
pyrene form (DHP). The photochemistry of the resulting DHP-P-F species (7b) is
different from that of 7a. The DHP—'P—F excited state leads again to charge
separation, DHP-P"—F~, but before the charge separated state can recombine to the
ground state, an electron migrates from the DHP moiety to the porphyrin, producing
DHP"—P—F~ with quantum yield 0.94. This state lives much longer (2.0 us) than the
CPD-P*-F species because the charges are much farther apart and, therefore, the
electronic coupling is smaller. Reconfiguration of the system to 7a can be obtained by
visible light irradiation.
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1.5
A Plug—Socket Device Based on a Pseudorotaxane

Supramolecular species whose components are connected by means of noncovalent
forces can be disassembled and re-assembled [33] by modulating the interactions that
keep the components together, with the consequent possibility of switching energy-
transfer processes. Two-component systems of this type are reminiscent of plug—
socket electrical devices because, like their macroscopic counterparts, they are
characterized by (i) the possibility of connecting—disconnecting the two components
inareversible way and (ii) the occurrence of an electronic energy flow from the socket
to the plug when the two components are connected (Figure 1.10a). Hydrogen-
bonding interactions between ammonium ions and crown ethers are particularly
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Figure 1.10 (a) Schematic representation of the working
mechanism of a plug—socket system. (b) Switching of
photoinduced energy transfer by the acid-base-controlled plug
in—plug out of binaphthocrown ether 8 and
anthracenylammonium ion 9-H™ [34].

No complexation
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suitable for constructing molecular-level plug-socket devices, since they can be
switched on and off quickly and reversibly by means of acid-base inputs.

A plug-socket system which deals with the transfer of electronic energy is
illustrated in Figure 1.10b [34]. The absorption and fluorescence spectra of a CH,Cl,
solution containing equal amounts of (+)-binaphthocrown ether 8 and amine 9
indicate the absence of any interaction between the two compounds. Addition of a
stoichiometric amount of acid, capable of protonating 9, causes profound changes in
the fluorescence behavior of the solution, namely (i) the fluorescence of 8 is
completely quenched and (ii) the fluorescence of 9-H™ is sensitized upon excitation
with light absorbed exclusively by the crown ether. These observations are consistent
with the formation of an adduct between 8 and 9-H*, wherein very efficient electronic
energy transfer occurs from the photoexcited binaphthyl unit of the crown ether to
the anthracenyl group incorporated within the 9-H" component. Such an adduct
belongs to the class of pseudorotaxanes, that is, supermolecules made (at the
minimum) of a thread-like guest molecule surrounded by a macrocyclic host,
because dialkylammonium ions are known [35] to penetrate the cavity of crown
ethers such as 8. The very fast rate constant (k >4x10?s™") for the energy-transfer
process [34] can be accounted for by a coulombic mechanism, as molecular models
show that the maximum distance between binaphthyl and anthracene units in the
859-H" complex (~15 A) is much shorter than their Forster radius (26 A).

The pseudorotaxane 8 > 9-H™" can be disassembled by the subsequent addition of a
stoichiometric amount of base, capable of deprotonating 9-H™, thereby interrupting
the photoinduced energy flow, as indicated by the restoring of the initial absorption
and fluorescence spectra. Moreover, the stability of this pseudorotaxane can be
influenced by changing the nature of the counteranion of 9-H™ [36]. Interestingly, the
plug-in process does not occur when a plug component incompatible with the size of
the socket, such as the benzyl-substituted amine 10, is employed (Figure 1.10b).

1.6
Mimicking Electrical Extension Cables at the Molecular Level

The plug—socket concept described above can be used to design molecular systems
which mimic the function played by a macroscopic electrical extension cable. The
operation of an extension cable is more complex than that of a plug—socket system,
because it involves three components that must be held together by two connections
that have to be controllable reversibly and independently; in the fully connected system,
an electron or energy flow must take place between the remote donor and acceptor
units (Figure 1.11).

In the attempt to construct a molecular-level extension cable for electron transfer,
the pseudorotaxane shown in Figure 1.12a, made of the three components 11°*,
12-H** and 13, has been obtained and studied [37]. Component 11*" consists of two
moieties: an [Ru(bpy)s]*" unit, which behaves as an electron donor under light
excitation, and a dibenzo[24]crown-8 macrocycle, capable of playing the role of a
hydrogen-bonding first socket. The dialkylammonium-based moiety of 12-H**,
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Figure 1.11 (a) Schematic representation of the working
mechanism of an electrical extension cable.

driven by hydrogen-bonding interactions, threads as a plug into the first socket,
whereas the 7-electron accepting 4,4’-bipyridinium unit threads as a plug into the
third component 13, the m-electron rich 1,5-dinaphtho[38]crown-10 macrocycle,
which plays the role of a second socket. In CH,Cl,~CH3;CN (98:2 v/v) solution,
reversible connection—disconnection of the two plug—socket junctions can be con-
trolled independently by acid—base and redox stimulation, respectively, and moni-
tored by changes in the absorption and emission spectra, owing to the different
nature of the interactions (hydrogen bonding and m-electron donor-acceptor) that
connect the components. In the fully assembled triad, 11*" > 12-H*" C 13, light
excitation of the [Ru(bpy)s;]*" unit of the component 117" is followed by electron
transfer to the bipyridinium unit of the component 12-H>*, which is plugged into
component 13.

It should be noted that in the system described above, the transferred electron does
not reach the final component of the assembly. Moreover, a true extension cable
should contain a plug and a socket at the two ends, instead of two plugs as component
12-H*>". Animproved system of that type has been investigated recently (Figure 1.12b)
[38]. The electron-source component is again 11°*, whereas the new extension cable
14-H™" is made up [39] of a dialkylammonium ion, that can insert itself as a plug into a
dibenzo [24]crown-8 socket, a biphenyl spacer and a benzonaphtho [36] crown-10
unit, which fulfills the role of a m-electron-rich socket. Finally, the 1,1’-dioctyl-4,4'-
bipyridinium dication 15°* can play the role of an electron drain plug. As for the
previously studied system, the two plug-socket connections 11** 5 14-H* and 14-H"*
215" can be controlled by acid-base and redox stimuli, respectively.

In the complete ensemble, 11°* 5 14-H* 5 15", light excitation of the Ru-based
unit of 11" is followed by electron transfer to 15*", with 14-H " playing the role of an
extension cable (Figure 1.12b). The occurrence of this process is confirmed by
nanosecond laser flash photolysis experiments, showing a transient absorption
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of 117" to the bipyridinium unit of 12-H** taking extension cable [38].

place in the fully connected system is
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signal assigned to the 4,4'-bipyridinium radical cation formed by photoinduced
electron transfer within the self-assembled triad. Such a second-generation system
exhibits two conceptual and significant advancements: (i) 14-H™ consists of a plug
and a socket components and thus it really mimics an extension cable; (ii) the
photoinduced electron transfer does occur from the first component — the Ru-based
unit of 11> — to the remote 15> moiety, whereas in the previous system the electron
receiving bipyridinium unit was a component of the cable.

1.7
Light-Harvesting Antennas

An antenna for light harvesting (Figure 1.13) is an organized multicomponent
system in which several chromophoric molecular species absorb the incident light
and channel the excitation energy to a common acceptor component [40]. For
artificial systems, the term “antenna effect” was first used [41] to discuss the case
of strongly emitting but weakly absorbing lanthanide ions surrounded by strongly
absorbing ligands, where the luminescence of the lanthanide ion was sensitized by
excitation in the ligand-centered excited states. Research in this area is still very active
[42]. Antenna systems are widely used by Nature to solve the problem of light-
harvesting efficiency in the photosynthetic process where light is converted into
chemical energy [43]. Collecting light by an antenna system, however, may also be
useful for other purposes, such as signal amplification in luminescence sensors [44],
photodynamic cancer therapy [45] and up-conversion processes [46]. A large system,
where an array of chromophoric units absorb light and transfer energy to a
luminescent center, can also be considered a spatial and spectral energy concentrator
(“molecular lens”) [47].

The antenna effect can only be obtained in supramolecular arrays suitably
organized in the dimensions of time, energy and space. Each molecular component
has to absorb the incident light and the excited state so obtained (donor) has to
transfer electronic energy to a nearby component (acceptor), before undergoing
radiative or nonradiative deactivation (organization in the time dimension). In order
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Figure 1.13 Schematic representation of a light-harvesting
antenna system. Squares represent light-absorbing molecules.
P is the molecule to which excitation energy is channeled. Excited
state energy decreases with increasing shade.
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for energy transfer to occur, the energy of the acceptor excited state has to be lower or,
at most, equal to the energy of the excited state of the donor (organization in the
energy dimension). Finally, the successive donor-to-acceptor energy-transfer steps
must result in an overall energy-transfer process leading the excitation energy
towards a selected component of the array (organization in the space dimension).

In the course of evolution, Nature has succeeded to build up antenna systems that
fully satisfy the above requirements. In green plants, such natural antennae collectan
enormous amount of solar energy and redirect it as electronic excitation energy to
reaction centers where subsequent conversion into redox chemical energy takes
place. In recent years, the development of supramolecular chemistry (particularly of
dendrimer chemistry) and the high level of experimental and theoretical efficacy
reached by photochemistry have enabled scientists to design and construct a number
of interesting artificial antenna systems.

Dendrimer 16*" (Figure 1.14) is a classical example of antenna system [48]. The
2,2'-bipyridine ligands of the [Ru(bpy)s]*"-type [49] core carry branches containing

Figure 1.14 Antenna effect in dendrimer 16>* with [Ru( bpy * core [48].
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1,2-dimethoxybenzene- and 2-naphthyl-type chromophoric units. Because such units
(as well as the core) are separated by aliphatic connections, the interchromophoric
interactions are weak and the absorption spectrum of the dendrimer is substantially
equal to the summation of the spectra of the chromophoric groups that are presentin
its structures. The three types of chromophoric groups, namely, [Ru(bpy)s]*",
dimethoxybenzene and naphthalene, are potentially luminescent species. In the
dendrimer, however, the fluorescence of the dimethoxybenzene- and naphthyl-type
units is almost completely quenched in acetonitrile solution, with concomitant
sensitization of the luminescence of the [Ru(bpy)s]*" core (Amax=610nm). These
results show that a very efficient energy-transfer process takes place converting
the very short-lived (nanosecond time-scale) UV fluorescence of the aromatic units of
the wedges to the long-lived (microsecond time-scale) orange emission of the metal-
based dendritic core. It should also be noted that in aerated solution the luminescence
intensity of the dendrimer core is more than twice as intense as that of the
[Ru(bpy)s]*" parent compound because the dendrimer branches protect the Ru-bpy
based core from dioxygen quenching [50]. In conclusion, because of the very high
absorbance of the naphthyl groups in the UV spectral region, the high energy-transfer
efficiency and the strong emission of the [Ru(bpy)s]*"-type core, dendrimer 16°*
(Figure 1.14) exhibits a strong visible emission upon UV excitation even in very dilute
(107 mol L") solutions [48].

1.8
Artificial Molecular Machines

1.8.1
Introduction

Natural molecular-level machines and motors are extremely complex systems. Any
attempt to construct systems of such complexity by using an artificial bottom-up
molecular approach would be hopeless. In the field of artificial systems, we can only
construct simple prototypes consisting of a few molecular components, but we can
use a chemical toolbox much larger than that used by Nature, exploit innovative ideas
and operate in a much wider range of conditions (particularly as far as energy supply
is concerned).

It designing artificial molecular devices, it should be recalled that they cannot be
“shrunk” versions of macroscopic counterparts, because the operational mechanisms
of motion at the molecular level have to deal with phenomena different from those that
govern the macroscopic world [51,52]. Gravity and inertia motions that we are familiar
with in our everyday experience are negligible at the molecular scale, where the viscous
forces resulting from intermolecular interactions (including those with solvent
molecules) largely prevail. This means that although we can describe the bottom-up
construction of a nanoscale device as an assembly of suitable (molecular) components
by analogy with what happens in the macroscopic world, we should not forget that the
design principles and the operating mechanisms at the molecular level are different.
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Mechanical movements at the molecular level result from nuclear motions caused
by chemical reactions. Any kind of chemical reaction involves, of course, some
nuclear displacement, but only large-amplitude, nontrivial motions leading to real
translocation of some component parts of the system are considered. Particularly
interesting nuclear motions from the viewpoint of artificial molecular systems are
those related to (i) isomerization reactions involving —N=N—, —C=N- and
—C=C- double bonds in covalent supramolecular structures, (ii) acid-base or redox
reactions causing making or breaking of intermolecular bonds (including hydrogen
bonds) and (iii) metal-ligand reactions causing the formation or disruption of
coordination bonds.

Like macroscopic systems, mechanical molecular-level systems are characterized
by: (a) the kind of energy supplied to make them work; (b) the kind of movement
performed by their components; (c) the way in which their operation can be
controlled and monitored; (d) the possibility of repeating the operation at will;
(e) the time-scale needed to complete a cycle of operation; and (f) the function
performed. Particularly interesting is the way in which energy can be supplied.

1.8.2
Energy Supply

To make a molecular machine move, energy must be supplied. The most obvious
way of supplying energy to a chemical system is by adding a reactant (fuel) capable
of causing a desired reaction. In his famous address “There is Plenty of Room at
the Bottom” to the American Physical Society, R.P. Feynman discussed the
possibility of constructing molecular-level machines and observed [53]: “An inter-
nal combustion engine of molecular size is impossible. Other chemical reactions,
liberating energy when cold, can be used instead”. This is exactly what happens in
our body, in which the chemical energy, ultimately derived from food and oxygen,
is used in a long series of slightly exoergonic reactions to power the biological
machines that sustain life.

If an artificial molecular-level machine must work by inputs of chemical energy,
it will need addition of fresh reactants (“fuel”) at any step of its working cycle [54].
It should be noticed that even cycling between two forms of a molecular-level
system under the action of chemical inputs implies formation of waste products.
For example, if the forward reaction is caused by an acid input, successive addition
of a base will return the system to its original form, but the acid-base reaction
generates waste products. Accumulation of waste products will inevitably compro-
mise the operation of the machine, unless they are removed from the system, as
happens both in natural machines and in macroscopic internal combustion
engines.

The need to remove waste products introduces noticeable limitations in the design
and construction of artificial molecular machines and motors based on “chemical
fuel” inputs [55]. All the proposed systems operating by use of chemical energy
become increasingly less efficient on increasing the number of cycles and finally stop
working.
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There are, however, alternative, more convenient, ways of powering artificial
molecular machines.

183
Light Energy

In green plants the energy needed to sustain the machinery of life is provided by
sunlight [43]; in general, light energy is not used as such to produce mechanical
movements, but it is used to produce a chemical fuel, namely ATP, suitable for
feeding natural molecular machines. Light energy, however, can directly cause
photochemical reactions involving large nuclear movements. A simple example is
a photoinduced isomerization from the lower energy trans to the higher energy cis
form of a molecule containing —C=C— or —N=N-— double bonds; this is followed by
a spontaneous or light-induced back reaction [9,10]. Such photoisomerization
reactions have indeed been used to make molecular machines driven by light energy
inputs [56]. In supramolecular species, photoinduced electron-transfer reactions can
often cause large displacement of molecular components [6,7,10,57]. Indeed, work-
ing with suitable systems, an endless sequence of cyclic molecular-level movements
can in principle be performed making use of light-energy inputs without generating
waste products [55,58].

Compared with chemical energy inputs, photonic energy has other advantages,
besides the fundamental one of not generating waste products: (i) light can be
switched on/off easily and rapidly; (ii) lasers provide the opportunity of working
in very small space and very short time domains; (iii) photons, besides supplying
the energy needed to make a machine work, can also be useful to “read” the state
of the system and thus to control and monitor the operation of the machine. For all
these reasons, photonic energy is extensively used to power artificial molecular
machines.

Here we will briefly describe two examples: the first is based on a photoisome-
rization reaction, whereas the second relies on photoinduced electron-transfer
processes.

1.8.4
Threading—Dethreading of an Azobenzene-Based Pseudorotaxane

Pseudorotaxanes are interesting in the context of molecular machinery, because
the assembly—disassembly of the thread-like and macrocyclic components reminds
one of the threading—dethreading of a needle. They can hardly be used to make
unimolecular machines because of the chemical equilibrium between the compo-
nents, but they represent good models for the development of rotaxane- and
catenane-based systems.

An example of a pseudorotaxane exhibiting threading—dethreading motions
based on a photoisomerization process is shown in Figure 1.15 [59]. The thread-
like species trans-17, which contains a m-electron rich azobiphenoxy unit, and
the m-electron-deficient macrocycle 18*" self-assemble very efficiently to give a
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Figure 1.15 Threading—dethreading of 17 and 18** as a
consequence of the cis—trans photoisomerization of the

azobenzene-type unit contained in the thread-like component
17 [48].

pseudorotaxane, stabilized by electron donor—acceptor interactions. The association
constant, obtained by fluorescence titration in acetonitrile solution at room tempera-
ture, is K, = (1.5 +0.2) x 10° Lmol . In the pseudorotaxane structure, the intense
fluorescence characteristic of free 18*" (Aya= 434 nm, Figure 1.16) is completely
quenched by the donor-acceptor interaction.

Irradiation of an acetonitrile solution containing 1.0 x 10~ *mol L™ 'trans-17 and
18** (ca. 80% complexed species) with 365-nm light — almost exclusively absorbed by
the trans-azobiphenoxy unit — causes strong absorption spectral changes, as expected
for the well-known trans — cis photoisomerization of the azobenzene-type moiety.
Such spectral changes are accompanied by a parallel increase in the intensity of the
fluorescence band with Ay,. = 434 nm (Figure 1.16), characteristic of free 18*" (see
above). This behavior shows that photoisomerization is accompanied by dethreading
(Figure 1.15), a result which is confirmed by the finding that the association constant
of 18*" with cis-17, K, = (1.0+0.1)x 10* Lmol ', is much smaller than that with
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Figure 1.16 Fluorescence spectrum of an changes in intensity of the fluorescence
equimolar mixture (1.0x 10" *mol L") of associated with the free macrocyclic ring 18**
trans-17 and 18*" in acetonitrile at room upon consecutive trans — cis (irradiation at
temperature (full line) and fluorescence 365 nm, dark areas) and cis trans — cis trans
spectrum of the same mixture after irradiation (irradiation at 436 nm, light areas)
at 365 nm until a photostationary state is photoisomerization cycles. Excitation is
reached (dashed line). The inset shows the performed in an isosbestic point at 411 nm [59].

trans-17. On irradiation at 436 nm or by warming the solution in the dark, the trans
isomer of 17 can be reformed. This process is accompanied by a parallel decrease in
the fluorescence intensity at Ay, =434nm, indicating that the trans-17 species
rethreads through the macrocycle 18**.

Although this system is a rudimentary attempt towards the making of light-driven
molecular machines, it should be noted that it exhibits a number of valuable features.
First, threading-dethreading is controlled exclusively by light energy, without gener-
ation of waste products. Furthermore, owing to the reversibility of the photoisome-
rization process, the light-driven dethreading-rethreading cycle can be repeated at
will (Figure 1.16, inset). Another relevant feature of this system is that it exhibits
profound changes of a strong fluorescence signal.

1.8.5
Photoinduced Shuttling in Multicomponent Rotaxanes: a Light-Powered Nanomachine

Rotaxanes are appealing systems for the construction of molecular machines because
the mechanical binding of the macrocyclic host with its dumbbell-shaped substrate
leaves the former free to displace itself along and/or around the latter without losing
the system’s integrity. Two interesting molecular motions can be envisaged in
rotaxanes, namely (i) rotation of the macrocyclic ring around the thread-like portion
of the dumbbell-shaped component and (ii) translation of the ring along the same
portion. The molecular components of a rotaxane usually exhibit some kind of
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interaction originating from complementary chemical properties, which is also
exploited in the template-directed synthesis of such systems. In rotaxanes containing
two different recognition sites in their thread-like portion, it is possible to switch the
position of the ring between these two “stations” by an external stimulus. Systems of
this type, termed molecular shuttles [60], probably constitute the most common
examples of artificial molecular machines. Interestingly, the dumbbell component of
amolecular shuttle exerts a restriction on the ring motion in the three dimensions of
space, similar to that imposed by the protein track for linear biomolecular motors
kinesin and dynein [61].

On the basis of the experience gained with pseudorotaxane model systems [62], the
rotaxane 19°" (Figure 1.17) was specifically designed [63] to achieve photoinduced
ring shuttling in solution. This compound has a modular structure; its ring compo-
nent R is a m-electron-donating bis-p-phenylene [34|crown-10, whereas its dumbbell
component is made of several covalently linked units. They are a Ru(II)-polypyridine
complex (P*"), a p-terphenyl-type rigid spacer (S), a 4,4'-bipyridinium (A,>*) and
a 3,3'-dimethyl-4,4"-bipyridinium (A,*") n-electron-accepting stations and a

J

Photosensitizer Rigid Electron Electron
and stopper spacer acceptor 2 acceptor 1 Electron

donor ring

\

Stopper

Figure 1.17 Structural formulas of multicomponent rotaxanes
19%" [63] and 20°" [66], designed to work as photochemically
driven molecular shuttles. A cartoon representation of 19°" is
also shown.
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tetraarylmethane group as the terminal stopper (T). The Ru-based unit plays the dual
role of a light-fueled power station and a stopper, whereas the mechanical switch
consists of the two electron-accepting stations and the electron-donating macrocycle.
The stable translational isomer of rotaxane 19°" is the one in which the R component
encircles the A,*" unit, in keeping with the fact that this station is a better electron
acceptor than the other.

The strategy devised in order to obtain the photoinduced shuttling movement
of the macrocycle between the two stations A%t and A,2" is based on the fol-
lowing “four-stroke” synchronized sequence of electronic and nuclear processes
(Figure 1.18):

2+
A1

A22+
Figure 1.18 Schematic representation of the working mechanism
of rotaxane 19°" as an autonomous “four-stroke” molecular
shuttle powered by visible light [64]. See Figure 1.17 for the legend
for the cartoons.
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(a) Destabilization of the stable translational isomer: light excitation of the photoactive
unit P** (process 1) is followed by the transfer of an electron from the excited state
to the A,>" station, which is encircled by the ring R (process 2), with the
consequent “deactivation” of this station; such a photoinduced electron-transfer
process competes with the intrinsic decay of the P** excited state (process 3).

(b) Ring displacement: the ring moves (process 4) for 1.3 nm from the reduced station
A, to Ay*T, a step that is in competition with the back electron-transfer process
from A; " (still encircled by R) to the oxidized unit P** (process 5).

(c) Electronic reset: a back electron-transfer process from the “free” reduced station
A;" to the oxidized unit P*>" (process 6) restores the electron acceptor power to
such a station. At this point the machine is reset and the ring has been “pumped”
into an energetically higher state.

(d) Nuclear reset: as a consequence of the electronic reset, thermally activated back
movement of the ring from A,”" to A;*" takes place (process 7).

Steady-state and time-resolved spectroscopic experiments together with electro-
chemical measurements in acetonitrile solution showed [64] that the absorption of a
visible photon by 19°" can cause the occurrence of a forward and back ring
movement, that is, a full mechanical cycle according to the mechanism illustrated
in Figure 1.18 [65]. It was estimated that the fraction of the excited-state energy used
for the motion of the ring amounts to ~10% and the system can generate a
mechanical power of about 3 x 107 W per molecule. The somewhat disappointing
quantum efficiency for ring shuttling (2% at 30 °C) is compensated for by the fact that
the investigated system gathers together the following features: (i) it is powered by
visible light (in other words, sunlight); (ii) it exhibits autonomous behavior, like
motor proteins; (iii) it does not generate waste products; (iv) its operation can rely only
on intramolecular processes, allowing in principle operation at the single-molecule
level; (v) it can be driven at a frequency of about 1kHz; (vi) it works in mild
environmental conditions (i.e. fluid solution at ambient temperature); and (vii) it
is stable for at least 10° cycles.

The molecular shuttle 19°* can also be operated, with a higher quantum yield, by a
sacrificial mechanism [63] based on the participation of external reducing (trietha-
nolamine) and oxidizing (dioxygen) species and by an intermolecular mechanism
[64] involving the kinetic assistance of an external electron relay (phenothiazine),
which is not consumed. However, operation by the sacrificial mechanism does not
afford an autonomous behavior and leads to consumption of chemical fuels and
formation of waste products. On the other hand, the assistance by an electron relay
affords autonomous operation in which only photons are consumed, but the
mechanism is no longer based solely on intra-rotaxane processes.

Owing to its modular design, the rotaxane 19°" is amenable to structural
modification in an attempt to improve its performance as a light-driven molecular
shuttle. For instance, the rotaxane 20°* (Figure 1.17), which differs from 19°" only in
the exchange of the position of the two electron-accepting stations along the
dumbbell-shaped component, has been recently synthesized and its photochemical
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properties investigated [66]. It has been found that the shorter distance of the
electron-transfer photosensitizer P** to the better (A;*") of the two electron acceptors
in 20°" results in an increase in the rate — and hence the efficiency — of the
photoinduced electron-transfer step compared with 19°". The rate of the back
electron transfer, however, also increases. As a consequence, such a second-genera-
tion molecular shuttle performs better than 19°* in a sacrificial mechanism, but
much worse when it is powered by visible light (e.g. sunlight) alone. Another
interesting difference between these two parent rotaxanes lies in the fact that the
macrocyclic ring R, which initially surrounds the A;*" station, moves in opposite
directions upon light excitation, i.e. towards the photosensitizer P>* in 19°" and
towards the stopper T in 20°".

This study shows that the structural and functional integration of different
molecular subunits in a multicomponent structure is a powerful strategy for
constructing nanoscale machines [67]. Nevertheless, the molecular shuttle 19°" in
its present form could not perform a net mechanical work in a full cycle of operation
[68] (as for any reversible molecular shuttle, the work done in the “forward” stroke
would be cancelled by the “backward” stroke) [69]. To reach this goal, a more advanced
design of the molecular machine and/or a better engineering of its operating
environment (e.g. a surface or a membrane) are required [6].

1.9
Conclusion

One of the most interesting aspects of supramolecular (multicomponent) systems is
their interaction with light. The systems described here show that, in the frame of
research on supramolecular photochemistry, the design and construction of nano-
scale devices capable of performing useful light-induced functions can indeed be
attempted.

The potential applications of photochemical molecular devices and machines are
various — from energy conversion to sensoring and catalysis — and, to a large extent,
still unpredictable. As research in the area is progressing, two interesting kinds of
unconventional applications of these systems begin to emerge: (i) their behavior can
be exploited for processing information at the molecular level [70] and, in the long
run, for the construction of chemical computers [71]; and (ii) their mechanical
features can be utilized for transportation of nano-objects, mechanical gating of
molecular-level channels and nanorobotics [72].

However, it should be noted that the species described here, as most multicom-
ponent systems developed so far, operate in solution, that is, in an incoherent fashion
and without control of spatial positioning. Although the solution studies are of
fundamental importance to understand their operation mechanisms and for some
use (e.g. drug delivery), it seems reasonable that before such systems can find
applications in many fields of technology, they will have to be interfaced with the
macroscopic world by ordering them in some way. The next generation of multi-
component molecular species will need to be organized so that they can behave
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coherently and can be addressed in space. Viable possibilities include deposition on
surfaces, incorporation into polymers, organization at interfaces or immobilization
into membranes or porous materials. Recent achievements in this direction [73-76]
suggest that useful devices based on functional (supra)molecular systems could be
obtained in the not too distant future.

Apart from foreseeable applications related to the development of nanotechnology,
investigations on photochemical molecular devices and machines are important to
increase the basic understanding of photoinduced reactions and other important
processes such as self-assembly, and also to develop reliable theoretical models. This
research also has the important merit of stimulating the ingenuity of chemists,
thereby instilling new life into chemistry as a scientific discipline.
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Rotaxanes as Ligands for Molecular Machines and
Metal-Organic Frameworks

Stephen J. Loeb

2.1
Interpenetrated and Interlocked Molecules

2.1.1
Introduction

Interlocked molecules such as rotaxanes and catenanes (Figure 2.1) contain a
fundamentally unique feature in chemical bonding: the mechanical link. As such,
these threaded molecular species are not constrained by the normal conformational
limits of standard organic molecules. The separate components of these mechani-
cally linked organic nanostructures have an inherent freedom of motion that allows
them to participate in large amplitude changes in overall structure. This concept has
lead to the design of a vast array of molecular machines and nanoscale devices [1].

A variety of strategies exist for the synthesis of mechanically linked molecules.
Probably the most common is the utilization of supramolecular assistance, which
involves noncovalent interactions between a linear “axle” and a cyclic “wheel” to form
an interpenetrated adduct known as a [2]pseudorotaxane (Figure 2.2) [2]. This initial
assembly can be converted to a permanently interlocked [2]rotaxane by capping
with bulky end groups or to a [2]catenane by linking the two ends of the linear axle.
A wide variety of complementary components are capable of [2]pseudorotaxane
formation in this manner, but there are only a handful of systems that are efficient at
threading and can withstand significant structural modification. One of these, the
[1,2-bis(pyridinium)ethane] C (24-crown-8) template is the subject of this chapter [3].

2.1.2
Templating of [2]Pseudorotaxanes

Examination of CPK and computer models suggested that the interaction of a 1,2-bis
(pyridinium)ethane dication as the axle and a 24-membered crown ether as the wheel
would give rise to an interpenetrated [2]pseudorotaxane structure. Indeed, detailed
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[2] rotaxane [2] catenane

Figure 2.1 Cartoon depictions of simple examples of interlocked
molecules: a [2]|rotaxane (left) and a [2]catenane (right).

experiments showed that the combination of this new type of linear axle and a crown
ether wheel such as 24-crown-8 (24C8), dibenzo-24-crown-8 (DB24C8) or dinaphtho-
24-crown-8 (DN24C8) was an efficient and versatile templating method for the
formation of [2]pseudorotaxanes. Nuclear magnetic resonance ("H NMR) solution
studiesand solid-state X-ray structures showed clearly how the interpenetrated adducts
areheld togetherbyN"- - -Oion-dipole interactions, a series of eight CH- - -O hydrogen
bonds and, when available, significant nt-stacking interactions between electron-poor
pyridinium rings and electron-rich catechol rings (Figure 2.3) [4].

The strength of the noncovalent interactions could be controlled by varying
the substituents on the axle pyridinium rings. It was demonstrated that an

[2]pseudorotaxane

Figure 2.2 Cartoon outlining the equilibrium between an axle and
wheel pair and an interpenetrated [2]pseudorotaxane.
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Figure 2.3 A schematic example of a [2]pseudorotaxane showing
the noncovalent interactions that hold the axle and crown ether
wheeltogether in an interpenetrated arrangement. The strength of
these interactions can be fine tuned by the addition of EWG or

EDG (X) and the presence of aromatic groups (benzo, naphtho)
on the crown ether.

electron-withdrawing group provides increased hydrogen bonding and electrostat-
ic interactions and therefore an increase in the stability of the adduct. Unlike the
alkylammonium axles studied by Stoddart’s group, which show their highest as
sociation constants with 24C8, the 1,2-bis(pyridinium)ethane axles exhibit signifi-
cant contributions from n-stacking and thus higher association constants with
DB24C8. Association constants for a series of [2]pseudorotaxanes ranged from 10
to 4700 M~ in MeCN-d; at 298 K [4]. Figure 2.4 shows the variation in association
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Figure 2.4 A plot showing the association constant for [2]
pseudorotaxane formation (2x 107> M, MeCN solution, 298 K)
with variation in substituent at the 4-position on the pyridinium
ring and crown ether.
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Figure 2.5 Two views of the interpenetration of axle and wheel in
the X-ray structure of the simplest [2]pseudorotaxane,
[(1a) C (24C8))*™.

constant as a function of crown ether and substituent at the 4-position of the
pyridinium ring. Figure 2.5 shows two views of the X-ray structure of the simplest
[2]pseudorotaxane [(1a) C (24C8)]*" containing the parent axle 1a®*(R = H) and
24CS8.

2.13
[2]Rotaxanes

The formation of [2]rotaxanes from [2]pseudorotaxanes involves the incorporation of
bulky capping groups to prevent unthreading of the axle component from the wheel
unit (Figure 2.6). This “threading-followed-by-capping” method has given rise to a
number of synthetic capping strategies such as alkylation of amines and phosphines,
ester, carbonate and acetal formation, oxidative coupling, cycloaddition and Wittig
reactions [5].
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[2]rotaxane

Figure2.6 Cartoon outlining the conversion of an interpenetrated
[2]pseudorotaxane into a permanently interlocked [2]rotaxane by
capping with bulky groups.

We prepared the axle 1,2-bis(4,4'-bipyridinium)ethane, 1g**, which contains
terminal pyridine groups. This allowed for the straightforward incorporation of a
capping group by direct alkylation of the terminal pyridines to give axle 2** and form
the permanently interlocked [2]rotaxane [(2) C (DB24C8)]*". The tert-butylbenzyl
group was employed as the cap as it was shown previously [4] that a pyridinium ring
with a t-Bu substituent could not pass through DB24C8[6]. The X-ray structures of the
precursor [2]pseudorotaxane, [(1g) C (DB24C8)]*", and the resulting [2]rotaxane,
[(2) C (DB24C8)]*", are shown in Figure 2.7.

The same methodology of threading-followed-by-capping can also be utilized to
stopper the single terminal end of an axle that already contains a built-in bulky group.
For example, [2]rotaxanes could also be prepared with a large triethylphosphonium
group at one end; axle 3*". Figure 2.8 shows the X-ray structure of such a species [7].

2.1.4
Higher Order [n]Rotaxanes

Polyrotaxanes and polycatenanes are supramolecular polymers which contain mac-
romolecular architectures built with mechanical linkages. Interest in these systems
can be attributed to the fundamental role that interlocked components might play in
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Figure 2.7 X-ray structures of the related [2]pseudorotaxane
[(1g) C (24C8)]"" and [2]rotaxane [(2) C (DB24C8)]*".

Figure 2.8 X-ray structure of the [2]rotaxane [(3) C (24C8)]*"
containing a large —(PEt;)* phosphonium group.
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the mechanical properties of polymers. Dendrimers and hyperbranched macromo-
lecules based on interlocked components have also attracted recent attention as
models for supramolecular polymers [8].

We were particularly interested in dendrimers in which all the branching points of
the macromolecule are mechanical linkages. These can be constructed by either
threading multiple ring components on to branches attached to a single core (Type A)
or threading multiple axles on to rings appended to a central core (Type B) [9].

Initially we prepared extended axles containing two 1,2-bis(pyridinium)ethane-
type binding sites. Threading multiple units of DB24C8 on to the axle followed by
capping with tert-butylbenzyl groups gave Type A [3]rotaxanes [10].

Type B dendrimeric polyrotaxanes were prepared using multi-site crown ethers
and multiple versions of axle 2*". Figure 2.9 shows an example of a [4]rotaxane
prepared in this manner [10]. The product distribution of branched [n]rotaxanes

Figure 2.9 The tris(crown) ether with a 1,3,5-tris(4-
hydroxyphenyl)benzene spacer allows the formation of a [4]
rotaxane using axle 2** containing tert-butylbenzyl capping
groups.
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observed gave a measure of the efficiency of the threading process. The size of the
core could be a single benzene ring but this was only practical for the formation of two
branches as the two crowns needed to be positioned away from each other in the 1,4-
orientation to minimize inhibitory interactions [11]. The efficiency of the threading
steps decreased sequentially and was attributed to three factors: (1) steric interactions
between an already complexed crown ether site (pseudorotaxane or rotaxane) and the
new incoming axle, (2) electrostatic repulsions between an existing rotaxane axle and
the new incoming axle and (3) partial occupation of the unoccupied crown ether
recognition elements by a neighboring rotaxane unit [11].

2.15
[3]Catenanes

The synthesis of complex interlocked assemblies such as [n > 2]catenanes, [n > 2]
molecular necklaces and [n > 2]rotacatenanes remains a considerable challenge for
supramolecular chemists [1]. One of the major problems is that, regardless of design,
there is always the requirement of forming at least one large ring during the self-
assembly process. A potential strategy to aid ring closure involves the use of an
external template, for example, a guest for a host catenane. During our studies on the
(1,2-bis(pyridinium)ethane) C (24-crown-8) templating motif, we discovered a un-
ique one-step, self-assembly procedure for the preparation of [3]catenanes utilizing a
terphenyl spacer unit that used DB24CS8 as a very efficient template for the assembly
of the [3]catenane containing this crown [12]. The X-ray structure in Figure 2.10

Figure 2.10 X-ray structure of the [3]catenane (ball-and-stick) that
acts as host to an equivalent of DB24C8 (space-filling) as the
guest.
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shows how DB24C8 can act as a guest for the [3]catenane host, an interaction that can
act to template the cyclization reaction and produce [3]catenane in good yield. The
yield of the [3]catenane with DB24C8 (66%) was approximately twice that with any
other crown ether studied, 24C8 (33%), B24C8 (35%), N24C8 (22%), BN24C8 (17%)
and DN24C8 (23%), as only DB24C8 was a suitable guest [12].

2.2
Molecular Machines

2.2.1
Introduction

Control over the relative position and motion of components in interpenetrated
or interlocked molecules can impart machine-like properties at the molecular
level. Examples include threading and unthreading of a [2]pseudorotaxane, transla-
tion of the macrocycle in a [2]rotaxane molecular shuttle, rotation of the rings in a
[2]catenane and reorientation (flipping, pirouetting) of the cyclic wheel in [2]
rotaxanes [13].

222
Controlling Threading and Unthreading

During our study of [2]pseudorotaxane formation between 1,2-bis(pyridinium)
ethane-type axles and 24-membered crown ether wheels, we noted that the
presence of a strong EDG, such as NH,, dramatically reduced the association
constant [4]. This was attributed to a reduction in the acidity of the hydrogen
bonding groups and a reduction in the charge at the pyridinium nitrogen due to
contributions from an unfavorable resonance form. We then prepared an axle
which could be represented by two resonance forms having dramatically different
structures and charge distributions. This new axle had the structure of an organic
D-n-A-n-D chromophore with two terminal donor groups (N,N-dimethylamino)
and an inner acceptor group (bispyridinium), giving rise to an intramolecular
charge transfer (ICT). It was possible to turn OFF the ICT by addition of a Lewis
acid. X-ray crystal structures of the neutral and protonated forms as well as DFT
(B3LYP) calculations verified the predicted resonance structures and electronic
differences [14].

A substantial increase in association constant was observed for the protonated form
compared to the unprotonated form. An ICT band with A, at 447 nm was observed
in the absorption spectrum, but this intense orange color was completely eliminated
upon addition of acid. The colorless, protonated axle then formed a [2]pseudorotaxane
with DB24C8, which gave rise to a pale yellow coloration due to the weak charge-
transfer interaction typical of [(1) C (DB24C8)]*" pseudorotaxanes (Figure 2.11).

The linking of this mechanical action of [2]pseudorotaxane formation to a
significant color change can be described as a NOT logic gate since the threading
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Figure 2.11 Schematic representation of the threading and
unthreading process driven by alternating acid and base using an
ICT axle.

of the two components to form the interpenetrated molecule is signaled by the loss of
the orange color [14].

223
Molecular Shuttles

The transformation of mechanically linked molecules such as [2]rotaxanes and [2]
catenanes into molecular machines requires the synthesis of systems with two or
more distinct molecular arrangements (co-conformations) [13]. One of the most
widely studied of these is the molecular shuttle pioneered by Stoddart’s group [13]. In
a molecular shuttle, two different recognition sites are present on the axle for the
binding of a single macrocyclic wheel. The two states are translational isomers related
by the relative positioning of the two interlocked components (Figure 2.12).

We utilized the axles from our [3]rotaxane study [15] to create molecular shuttles
containing two binding sites of the 1,2-bis(pyridinium)ethane type for a single
molecule of DB24C8 [16]. Since only one set of 'H NMR resonances was observed
for the axles at room temperature, it was concluded that the DB24C8 molecules were
undergoing fast exchange between the two binding sites. From VI-NMR spectral
data, it was determined that the rate of exchange between the two sites was on the
order of 200-300 Hz. For the unsymmetrical species, the ratio of site occupancy was
determined as 2:1.
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Figure 2.12 Cartoon depicting the two translational isomers of a
[2]rotaxane molecular shuttle.

In order actually to control the motions of the components in these molecular
shuttles, the 1,2-bis(pyridinium)ethane site was combined with an alkylammonium
site which can be turned ON and OFF by protonation and deprotonation [17].
Figure 2.13 shows a molecular shuttle that operates as a bistable switch in dichlor-
omethane solution by the sequential addition of acid and base. When the amine site is
unprotonated there is no recognition element to interact with the crown ether and the
[2]rotaxane is orange due to the same ICT absorption as found in our ON/OFF [2]

\\ +
N — H CF3
_ _\_N/ﬁo»_@,N'
N/
a0
CF;
* H+ iT ) H+

—\_
+\/

Pale Yellow

Figure 2.13 A molecular shuttle containing both 1,2-bis
(pyridinium)ethane and benzylanilinium recognition sites that
can be sensed optically and controlled by the addition of acid and
base.
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pseudorotaxane system described in Section 2.2.2. Upon protonation, a competition
is established between the two sites which is dominated totally by the benzylani-
linium recognition site [18] in a nonpolar solvent such as dichloromethane and
there is complete elimination of the orange colored form due to quenching of the
ICT absorption. This [2]rotaxane molecular shuttle is thus a bistable molecular
switch that can be easily controlled by acid-base chemistry and observed by a
simple optical read-out.

224
Flip Switches

We have demonstrated the existence of a new set of positional isomers based on [2]
rotaxanes which contain a single recognition site but have different end groups on
both the axle and crown ether wheel. The relative positioning of the two interlocked
components produces two co-conformations and their reorientation is reminiscent
of a mechanical “flip switch” (Figure 2.14) [19].

'H NMR spectroscopy was used to determine that the populations of the two co-
conformations were dependent upon the relative degrees of m-stacking between axle
and wheel. Since solvent polarity is known to have a profound influence on
intramolecular face-to-face m-stacking between aromatic rings [20], we studied a
system with two different planar pyridinium groups of different surface area and
demonstrated that the ratio of co-conformational isomers could be tuned by solvent
polarity (Figure 2.15). The ratio of isomers showed an increase in n-stacking of the
naphtho group with the 4,4'-bipyridinium group in more polar solvents. The X-ray
structure of one of these [2]rotaxanes containing an unsymmetrical crown ether
with both benzo and naphtho aromatic units, BN24C8, is shown in Figure 2.16.

Figure 2.14 Cartoon illustrating the two co-conformations of a [2]rotaxane molecular flip-switch.
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solvent solvent

non-polar LT polar

e

Figure 2.15 [2]Rotaxanes containing a 1,2-bis(pyridinium)ethane
recognition site in which both the axle and wheel have different
end groups can exist in two co-conformations that depend on the
orientation of the components. The preference for a particular co-
conformation is dependent upon m-stacking interactions and can
be controlled by solvent polarity.

Figure 2.16 X-ray structure of a flip-switch molecule in the solid
state. The co-conformation is that identified as the major one in
solution with the larger naphtho ring -stacked over the 4,4'-
bipyridninium unit.
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This new type of molecular switch with a single recognition site is just in its infancy
but shows good potential. In particular, it is a very compact system and might be a
good candidate for inclusion in solid-state devices in which large-amplitude
changes in structure are more difficult to envision. Preliminary work in our
laboratory has shown that the switching can be observed optically and the barrier
to “flipping” controlled by inclusion of appropriate substituents on the axle and
wheel [17].

23
Interlocked Molecules and Ligands

231
[2]Pseudorotaxanes as Ligands

Almost any metal complex with a single open coordination site is bulky enough to be
used as an effective cap and form a metal-based [2]rotaxane. Our initial study involved
using the axle 1g*" and DB24CS8 to pre-form the [2]pseudorotaxane ligand followed
by capping with the palladated pincer fragment {Pd[C¢H3(CH,SPh),]} " [10]. The 'H
NMR spectrum of the reaction mixture showed quantitative formation of the metal-
capped [2]rotaxane which could be isolated from solution by crystallization; an X-ray
structure verified the interlocked nature of the product. Subsequently, it was shown
that the metal-containing caps could be larger, more sophisticated units such as the
porphyrin complex [Ru(CO)(TTP)] [21] or simple anionic metal fragments such as
[MBr3], (M=Mn, Co) [6]. The X-ray structures of the PdS,- and CoBr;-capped
complexes are show in Figure 2.17.

23.2
[2]Rotaxanes as Ligands

One of the shortcomings of a self-assembly strategy for metal ion incorporation is that
conditions for formation of the metal-ligand bonds must be compatible with
maintaining the weaker noncovalent interactions between axle and wheel. A simple
modification that circumvented this problem was replacement of one of the mono-
dentate pyridine donors of 1g>* with a multidentate terpyridine group to give a new
axle 3°*. This gave rise to a series of permanently interlocked [2]rotaxanes containing
24C8, DB24C8 and DN24C8. Figure 2.18 shows the X-ray structure of the
new interlocked ligand [(3) C (DN24C8)]*" ready for coordination via the tridentate
terpy site [22].

We then studied the coordination chemistry of [(3)C (24C8)*", [(3)C
(DB24C8)]** and [(3) C (DN24C8)]** with Fe(Il) [22] and Ru(Il) [23]. Since the
ligands are already [2]rotaxanes. the conditions under which coordination to a metal
center is conducted do not effect the integrity of the mechanical linkage. For example,
the Ru(II) complexes were prepared at reflux in polar solvents with no decomposition
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Figure 2.17 X-ray crystal structures of the two metal-based [2]
rotaxanes derived from a combination of 1g*" and DB24C8
capped by (top) the palladated pincer fragments [Pd
(C¢H3(CH,SPh),)]™ and (bottom) the anionic fragments CoBrs.

Figure 2.18 X-ray crystal structure of the [2]rotaxane ligand 3**
featuring a terpyridine chelating axle, capped with a tert-
butylbenzyl group and containing DB24C8.
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Figure 2.19 X-ray crystal structure of the Ru(ll) complex of ligand
33" formed with an equivalent of [Ruterpy)]*".

of the [2]rotaxane ligands. Figure 2.19 shows an X-ray structure of the Ru(II) complex
cation {(terpy) Ru[(3) C (DB24C8)]}>" containing a chelating [2]rotaxane ligand.

A detailed investigation of the Ru(II) complexes showed some unique absorption
and fluorescence properties that were dependent on the nature of the crown ether
[23]. This synthetic approach has the potential to expand greatly the conditions under
which metal complexes with mechanical linkages can be prepared and could produce
a wide variety of [2]rotaxane metal complexes with unique electronic, magnetic or
photo-physical properties [24].

2.4
Materials from Interlocked Molecules

24.1
Metal-Organic Rotaxane Frameworks (MORFs)

Althougha greatdeal of information aboutthe fundamental properties of mechanically
interlocked molecules has been derived from solution studies[25,28], therestillneed to
be methods forimposing order in these systems. Someideas thathave been studied are
(i) attachment to surfaces (ii) tethering between electrodes (iii) incorporation into
organicpolymers[31]ordendrimers[9]and (iv) assemblyinto the repeating framework
ofacrystallinelattice The ultimate goal of this work s to produce materials that contain
functional components that are addressable and controllable. We are interested in the
solid state and in particular the formation of crystalline materials we have termed
metal-organic rotaxane frameworks (MORFs) [33].
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The use of simple [2]rotaxanes as linkers in MORF materials should provide a
blueprint for the eventual inclusion of molecular machines into three-dimen-
sional frameworks. For example, one defining attribute of a conventional me-
tal-organic framework (MOF) material is the ability to modify the linker unit by
organic synthesis [33]. With MORFs, an additional degree of flexibility is available
as the rotaxane linker can be modified by retaining the axle unit but exchanging
the wheel component. This supramolecular modification can potentially be used to
tune the internal properties of the material [34].

The initial challenges that we have taken up and describe here are (1) the design of
appropriate ligands, (2) the development of suitable synthetic routes and protocols
for self-assembly and crystallization and (3) specific methods for materials
characterization.

242
One-dimensional MORFs

The evolution from a [2]rotaxane capped with metal fragments to a 1D MORF was
straightforward. Mixing 1g*" with an excess of DB24C8 in MeCN resulted in a
solution which contained an equivalent of the [2]pseudorotaxane ligand. Diffusion of
a solution of [(1g) C (DB24C8)]*" (as the BF, salt) into an MeCN solution of [M
(H20)6][BE4], (M = Co, Zn) resulted in isolation of crystalline material with formula
{Co(H,0),(MeCN),(1g) C (DB24C8))|[BF4]s.(MeCN),(H,0),}, (vields: 71% Co,
92% Zn).

The top structure in Figure 2.20 shows that the use of Co(II) ions in the
presence of a coordinating solvent such as MeCN results in an octahedral
coordination sphere comprised of two equivalents of [(1g) C (DB24C8)]*", two
MeCN molecules and two water molecules with each set of ligands having a trans
orientation. The result is a coordination polymer in which every linker is a [2]
rotaxane.

The linearity of the framework is due to the fact that 1g** must adopt an anti
conformation at the central ethylene unit when threaded through DB24C8. This
structural feature combined with a trans geometry at the metal ion produces a
linear 1D MORF with a Co---Co distance of 22.1A [35]. This polymer can be
viewed as a metal-ligand “wire” in which the crown ethers act as a protective
coating somewhat analogous to the use of long-chain hydrocarbons attached to
phosphine ligands to surround metal-polyacetylene linkages [36]. This MORF
also contains infinite channels parallel to the polymer chains which are filled with
anions and solvent. The bottom structure in Figure 2.20 shows several strands of
the framework. It is likely that the girth of this rotaxane ligand contributes both to
the parallel organization of the chains and the channels between them. As
evidence for this, we have crystallized two 1D polymers utilizing only 1g*" as
the linker. In both cases, we observed a classic herringbone pattern; there was no
parallel alignment of chains and neither compound contained void channels for
solvent occlusion [35].
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243
Two-dimensional MORFs

Since the linear 1D MORFs contained an octahedral metal ion in which the ancillary
ligands were solvent molecules, we reasoned that it should be possible to induce
higher orders of dimensionality by employing a greater amount of [(1g)

C (DB24C8)]*" in a noncoordinating solvent. The reaction of two equivalents of
1g*" (as the BF, salt) with four equivalents of DB24C8 and one equivalent of [M
(H20)6][BF4]z (M = Cu, Cd, Ni) in MeNO, produced X-ray quality crystalline material
(average yields ~80%) [35]. The top structure in Figure 2.21 shows how the use of
these metal ions in a non-coordinating solvent allows for a an octahedral coordination
geometry comprising four [(1g) C (DB24C8))*" linkers in a square-planar arrange-
ment, along with one water molecule and one coordinated BF, anion. The bottom
structure shows how propagation of these units results in a 2D MORF with square
nets and a formula {{Cd(H,0)(BF.)(1g) C (DB24C8)),][BF4]s(MeNO,);s}.. The sides
of the square are defined by Cd- - -Cd distances of 22.2 A. The interlayer spacings are
12.0 and 10.0A with the layers stacked in a pattern that gives rise to an open
framework material with large infinite channels lined with DB24C8 crown ethers.
The channels are filled with anions and solvents; there are 15 molecules of MeNO,
per Cd(I) ion. Calculations estimate that the accessible void space occupied by anions
and solvent is 50%; 38% for solvent only [35].

24.4
Three-dimensional MORFs

Regardless of the metal to ligand ratio employed, a two-dimensional square net was
the highest order MORF that could be attained using [(1g) C (DB24C8)]*" as a
bridging ligand. We ascribed the failure to obtain 3D frameworks to the hindrance
involved in trying to place six sterically demanding ligands around a single transition
metalion. In order to avoid crowding at the metal center, we made two changes: (1) we
synthesised the bis-N-oxide analogue of 1g2+, a new axle 4%, which allowed the
formation of a new linker [(4) C (DB24C8)]*", and (2) we employed larger lanthanide
metal ions.

Three equivalents of 4°" (as the OTf salt) were reacted with nine equivalents of
DB24C8 and one equivalent of [M(OTf)3] (M =Sm, Eu, Gd, Tb) in MeCN. X-ray
quality crystalline material was produced in moderate yield (average yields ~50%).
The top structure in Figure 2.22 shows that the use of Ln(III) ions as nodes results in
an eight-coordinate metal center with a square anti-prismatic geometry comprised of
six[(4) C (DB24C8)]*" linkers, one water molecule and one coordinated triflate anion
[37]. The bottom structure shows how propagation of these units results in 3D
MORFs with formula {{M(H,0)(OTf)(4) C (DB24C8))3][Cl] [OTf],.(2MeCN)}, (M =
Sm, Eu, Gd, Tb) in which every linker is a [2]rotaxane. The edges of the “cube” are
defined by Sm- - -Sm distances of ~23.5A. Although the internal cavity of this 3D
framework has a volume of ~10 000 A [3], this apparently void space is filled by the
single interpenetration of a parallel net. This is an obvious side-effect of employing
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Figure 2.21 X-ray crystal structure a 2D MORF with Cd(ll) ion
nodes and [(1g) C (DB24C8)]*" linkers showing (top) the
coordination sphere around a single metal ion and (bottom) a
portion of the 2D square net.
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Figure 2.22 X-ray crystal structure a 3D MORF with Sm(lll) ion
nodes and [(4) C (DB24C8)]*" linkers showing (top) the
coordination sphere around a single metal ion and (bottom) a
portion of the a-Po-type framework.
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the longer axles and increasing the metal-metal distance. This creates an expanded
cavity with larger “windows” which can now accommodate the girth of the [2]rotaxane
ligand and allow interpenetration to occur.

An isomorphous series of 3D MORFs (Sm, Eu, Gd, Tb) based on eight-coordinate
metal centers was possible, but changing to a smaller lanthanide ion, Yb(III) (2.40 vs.
2.51 A, for Tb), yielded a completely different MORF. A material with formula {[Yb
(OT1)(4) C (DB24C8))5][Cl][OTf],}, was isolated in moderate yield using the same
diffusion procedure as used to produce the other 3D MORFs. In this case, a unique
seven-coordinate pentagonal bipyramidal geometry was adopted by the smaller Yb
(III) center. Five N-oxide-based rotaxanes occupy the five equatorial sites of the
pentagonal plane with a sixth rotaxane and a single triflate ion positioned in the two
axial sites, as shown in the top structure in Figure 2.23. Upon reducing the size of the
Ln(I1I) node, a single water molecule is removed and the coordination number
decreased from eight to seven. This subtle change has a dramatic effect on the nature
of the resulting MOREF structure [37]. Since the novel seven-coordinate geometry at
YDb(III) contains a pentagonal equatorial plane and close-packed tiling in two
dimensions with pentagons is impossible, it was interesting to see how this dilemma
was circumvented. What occurs is that each N-oxide ligand “bends” at the Yb—O—N
linkage, so a (3/4,5) net is formed, which solves the tiling problem by utilizing a
combination of alternating triangles and squares rather than pentagons. Until very
recently, this two-dimensional pattern was unknown in chemical systems [38]. The
bottom structure in Figure 2.23 shows the tiling in the pentagonal plane. This
network propagates one step further into a full 3D MOREF by pillaring to alternating
layers utilizing the sixth [(4) C (DB24C8)]*" ligand in the apical position. This results
in a previously unknown chemical topology which takes the form of a (3/4/6,6) six-
connected net comprised of triangles, squares and hexagons. The square openings
are used for interpenetration as this is not possible through the more crowded
triangular cavities.

2.4.5
Controlling the Dimensionality of a MORF

Attempts to construct a 3D MORF with [(4) C (DB24C8)]*" using smaller transition
metal ions such as Cd(II) did yield a polyrotaxane but not the desired 3D framework.
Instead, a 2D network was created with only one of the directions utilizing
[(4) C (DB24C8))*" and the other simply employing a “naked” 4** as a linker with
no crown ether wheel [39]. The bottom structure in Figure 2.24 shows the basic
coordination sphere around the Cd(II) center.

The X-ray crystal structure of the MORF material shows that the solid has the
formula {[Cd(4) C (DB24C8))(4)(OTf),][OT{]4(MeNO,)4},. The Cd(II) metal
centers adopt an octahedral geometry with three different pairs of ligands in
an all-trans arrangement. Two rotaxane ligands and two “naked” axles define a
square plane while two triflate anions are in the axial positions. This is similar
to the Cd(II) MORF prepared using the pyridine-based rotaxane ligand
[(1g) C (DB24C8)]*". In that structure, the cavities of the grid were aligned to
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Figure 2.23 X-ray crystal structure a 3D MORF with Yb(lll) ion
nodes and [(4) C (DB24C8)]*" linkers showing (top) the unique
2D network comprised of square and triangular units.
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Figure 2.24 X-ray crystal structure of the pillared 1D MORF with
Cd(ll) ion nodes with [(4) C (DB24C8)]*" rotaxane linkers and

naked 4%™ pillars showing (top) the coordination sphere around a
single Cd(l1) ion and (bottom) a portion of the polar 2D network.

produce large channels filled with solvent [35]. However, in this new structure,
each cavity is filled by crown ethers from the layers above and below. The
network is actually reminiscent of the 1D MORF structure based on Co(II) or Zn
(1) and [(1g) C (DB24C8))*" as it can be thought of as a pillared 1D MORF. That
is, the two trans-oriented [(4) C (DB24C8)]*" linkers coordinate to the Cd(IT)
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center in one dimension while the two 4*" molecules pillar the polyrotaxane
strands in the second dimension (see the bottom structure in Figure 2.24).

Finally, a property of this new MOREF that is intriguing is its crystallization in the
noncentrosymmetric space group P1. All the crown ether wheels are oriented in the
same fashion along each strand of the grid. This is significant as it may be possible to
replace DB24C8 with substituted crown ethers and thus orient all the wheel dipoles in
the same direction by virtue of their entrapment on the metal-ligand grid. This may
have potential as a novel method for creating NLO or similar materials that require
ordering of functional groups by taking advantage of this supramolecular
modification.

2.4.6
Frameworks Using Hydrogen Bonding

Since we had success in using metal ions as nodes to build MORFs, we looked at
the possibility of using hydrogen bonding for the systematic preparation of solid-state
materials which contain mechanical linkages. In this vein, we have shown that
H™" can be used in place of a metal ion to form polymeric systems with formula
{[(H,1g) C (DB24C8)(DB24C8)|[OTf]4}, via hydrogen bonding [40]. In a single-
stranded 1D MORF structure, the diprotonated [2]pseudorotaxane [(H,1g)
C (DB24C8)]*" acts as the H-bond donor while a second equivalent of DB24C8
acts as the H-bond acceptor. The bottom structure in Figure 2.25 shows this H-
bonded pair, and the bottom structure shows how this motif extends into a
polymeric structure with parallel strands.

2.5
Properties of MORFs: Potential as Functional Materials

2.5.1
Robust Frameworks

All of the MORF materials prepared to date show the same basic stability. They are
highly crystalline materials that occlude solvent to some degree and each loses
some portion of the trapped solvent rapidly upon removal from the mother liquor
at room temperature. Thermogravimetric analysis showed that all residual solvent
was removed after heating to ~100°C. Each MORF studied then showed a stable
phase until ~225-250°C, at which point decomposition of the metal-ligand
framework was indicated by loss of DB24C8. It should be noted that the
interlocked crown ether, although originally held in place by weak noncovalent
bonds, can only be removed by breaking a covalent bond in the metal-ligand
backbone. Thus, the loss of DB24C8 is actually a sensitive and unambiguous
detection of framework breakdown.

In the case of the 3D MORFs, powder XRD patterns of the stable desolvated
phase were consistent with retention of the 3D framework observed in the
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Figure 2.25 X-ray crystal structure of the 1D MORF with
alternating [(1g) C (DB24C8)]** units and DB24C8 held together
by hydrogen bonding showing (top) the repeating unit and
(bottom) three parallel strands.

single-crystal structures. Although the 1D and 2D materials do not retain their
original lattices, the polyrotaxane frameworks remain intact, as evidenced by the
observation of a stable phase over a ~150°C range prior to loss of crown ether.
We can confidently conclude that these new materials are at least as stable as
basic coordination polymers and there is nothing inherently unstable about a
MOREF structure.

For this chemistry to evolve, we must be able to prepare truly robust MORFs.
This is an issue that can be addressed by utilizing stronger metal-ligand
interactions and metal clusters as nodes following the well-documented evolu-
tion of conventional MOF materials. We have already shown that rotaxane
ligands such as [(3) C (DB24C8)]*", with a terpy chelator, will allow metal
complexation under extreme synthetic conditions. This type of approach should
therefore greatly extend the synthetic conditions under which MORF assemb-
ly can be conducted and allow the preparation of materials with increased
stability.
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25.2
Porosity and Internal Properties

The challenge of creating porous MOF materials for a variety of applications such
as gas storage and catalysis is ongoing and some tremendous progress has been
made [41]. One of the contributions that MORF materials can make to this area is
fine tuning the internal properties of porous materials. For a conventional MOF,
the properties of the internal cavities or channels are dictated by the chemical
structure of the organic linkers which define the great majority of the internal
surface area. In a MORF, this internal surface is primarily related to the nature of
the cyclic component and not the linking backbone. So, when a robust and
porous MORF can be created, the axle and metal nodes will dictate the shape of
the framework but the cyclic wheel will define the internal surface chemistry. It
should then be a facile supramolecular event to replace, for example, hydropho-
bic groups on the exterior of one wheel with hydrophilic groups of another and
thereby change the internal property of the material in a predictable fashion
without altering the framework of the MORF.

253
Dynamics and Controllable Motion in the Solid State

One of the ultimate goals of MORF chemistry is to create solid-state materials
that contain arrays of ordered molecular machines based on mechanically
interlocked species. We have already created the molecules and observed their
properties in solution and learned how to create basic MORF structures. The next
step in the development of these materials will be to prepare robust, crystalline
materials with mechanically switchable components [42]. The ultimate result
could be bulk materials with individual components that can be individually
addressed by simple external signals (chemical, electrochemical, photochemical,
etc.), thus combining the chemistry of molecular machines and the properties of
solid-state materials.
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Strategic Anion Templation for the Assembly of Interlocked
Structures

Michat J. Chmielewski and Paul D. Beer

3.1
Introduction

Anions are usually perceived as elusive species, difficult to trap and thus presenting a
particular challenge to supramolecular chemists aiming at the design of efficient
anion receptors [1]. Low charge densities (in comparison with isoelectronic cations)
and high solvation energies are traditionally blamed for their sometimes disappoint-
ingly weak interactions with synthetic receptors. This, together with their weakly
pronounced coordination preferences, is why anions may have been overlooked as
potential templates.

However, an increasing body of evidence now seems to indicate [2] that although
these limitations certainly exist, they are of a less fundamental nature then previously
thought and may be overcome by improved receptor design. Continuing progress in
the construction of anion receptors has resulted in the development of simple,
organic, hydrogen bond donating units that exhibit strong affinities towards anions.
Furthermore, these affinities are solvent dependent and sometimes it is enough to
use a less competitive solvent to achieve the desired strength of binding. Strong
binding in turn is a prerequisite for the use of anions as templates in the supramo-
lecular assembly processes.

Over the past few years, numerous, often serendipitous, discoveries of anion
templating phenomena have demonstrated that the potential of using anions as
templates was underestimated [2]. In this chapter, we wish to illustrate that by
systematic and rational research this potential can be developed into a highly effective
strategy, which compares favorably with previous approaches based on cationic and
neutral templating agents. More specifically, the use of anion recognition for the
formation of pseudorotaxanes, rotaxanes and catenanes will be described, with
emphasis placed on recent work of our group on the use of halide anions as templates
in the formation of new architectures with sensory properties [3].
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3 Strategic Anion Templation for the Assembly of Interlocked Structures

Our motivations for carrying out this work were twofold. First, we wanted to
explore the scope and limitations of anion templation as a novel method for the
construction of interpenetrated structures. Second, such interlocked structures, after
template removal, may act as hosts for anionic guests by virtue of their unique,
topologically constrained three-dimensional cavities with orthogonal alignment of
binding units. We hoped that a high degree of preorganization in the receptors’ three-
dimensional cleft and complete encapsulation of anions would lead to strong
association and high selectivity in anion binding. Indeed, the only literature prece-
dent, a pyrrole amide-based catenane by Sessler, Vogtle and coworkers [4], exhibits
binding characteristics that compares favorably with a macrocyclic control. Unfor-
tunately, this catenane was obtained in just 4% yield and attempts to improve the yield
by anion templation were unsuccessful.

Three-dimensional cavities of rotaxanes and catenanes appear even more
appealing in the context of difficulties afflicting two-dimensional receptors [5].
Acyclic clefts and macrocycles, which dominate the current landscape of anion
receptors, often suffer from poor selectivities. It is becoming more and more
apparent that, despite synthetic difficulties, they need to be elaborated into three-
dimensional receptors able to embrace anions fully, in order to overcome this issue.
Traditional approaches towards this goal may be exemplified by the construction of
cryptands [6] or lariat-type compounds [7]. Alternatively, one may thread a one-
dimensional, acyclic receptor through the annulus of a two-dimensional, macrocyclic
receptor, thus creating a three-dimensional cavity for anion recognition. Such a
design has a number of potential advantages, such as the aforementioned orthogonal
disposition of the two binding units, which is difficult to achieve by other means,
lower risk of slow exchange kinetics owing to less rigid, mechanically bound
structure than that of covalently linked polycyclic cage compounds and a number
of potential mechanisms of signal transduction, based on anion-induced change in
co-conformation or in mutual interactions between thread and macrocycle. Thus
we believe that rotaxanes and catenanes have huge potential in anion recognition
and sensing.

3.2
Precedents of Anion-directed Formation of Interwoven Architectures

Two key types of self-assembly have been employed in the construction of interwoven
molecules (Figure 3.1). In the first, a discrete interweaving template [8] is used to
direct complex formation. In this case, the template is not a part of any component
and may be removed from the interlocked system following synthesis. The arche-
typical example of such an approach is provided by the seminal work of Sauvage and
coworkers, who used Cu(I) metal cations to control the formation of a wide range of
interlocked species, including the [2]catenane illustrated [9]. Alternatively, the
assembly may be driven by direct interaction between the components leading to
the reversible formation of a precursor complex, which is then “trapped” by covalent
bond formation to give a permanently interlocked system. This strategy, dubbed by
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Stoddart “structure-driven self-assembly” [10], is exemplified by his catenane syn-
thesis [11], guided by attractive n—n interactions.

All previous applications of anion recognition in the synthesis of interlocked
molecules fall into the second category. In 1999, Vigtle and coworkers introduced a
new threading method in which anion binding of a bulky phenolate (a stopper
precursor) by a tetraamide macrocycle is used to assemble a complex termed a
“wheeled nucleophile” or “semi-rotaxane” [12,13]. This complexed phenoxide anion
reacts with a stoppered electrophile through the annulus of the macrocycle (making
an axle inside the wheel) and thus a rotaxane is produced (Scheme 3.1) . Yields of up to
a spectacular 95% have been obtained by this method, although more commonly
yields are below 50%. The lack of any anion binding sites in the axle means that these
rotaxanes were not designed as potential anion receptors.

One year later, this elegant anion recognition-directed threading methodology was
employed by Smith and coworkers in the synthesis of ion-pair binding rotaxanes [14].
They used macrobicyclic wheels comprising a cation binding macrocycle bridged by
ananion binding cleft (Scheme 3.2). The anion binding isophthalamide site played its
major role during the synthesis of these systems using Vogtle’s methodology, but was
also shown to bind anions after the rotaxane assembly [15]. The cation binding crown
ether macrocycle allowed for cation binding-induced modulation of the rotaxane’s
dynamics [16].

Further investigation of this template motif by Schalley and coworkers revealed
certain limitations of this methodology, namely that application of less bulky
phenolates gave disappointingly low yields of rotaxanes [17]. This was traced back
to the double role of phenolate oxygen, which acts both as a nucleophile and the
assembly-directing anionic agent at the same time. To circumvent this problem, they
designed a modified thread in which the only role of the phenolate anion was to direct
the assembly of the pseudorotaxane precursors (Scheme 3.3) [18]. This assembly is
subsequently locked by covalent attachment of two stoppers, which occurs at amino
groups remote from the recognition site. Interestingly, the phenolate anion encap-
sulated inside the rotaxane does not react even with very powerful alkylating agents
such as methyl iodide.

Such protection of a thread by a macrocycle was also used by Smith and co-workers
to stabilize near-infrared dyes, squaraines, in the form of rotaxanes (Scheme 3.4) [19].
These examples are also notable because of the role of anion recognition in
their synthesis. More precisely, the macrocyclic wheel associates around the squar-
aine thread, which acts as a template by virtue of its negatively charged oxygen atoms.

The above examples leave no doubt that anion recognition may be used advanta-
geously to direct the assembly of intertwined structures. However, in all of the
above methods, negatively charged groups are covalently attached parts of the
assembling structures and furthermore none of these methods have been extended
to the synthesis of catenanes thus far. To uncover the full potential of anion
templation in supramolecular synthesis, the use of discrete anions as interpenetrat-
ing templates needs to be developed in analogy with what has been achieved with
cationic templates by Sauvage and others [20]. We set ourselves the challenge to
achieve this goal.
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33
Design of a General Anion Templation Motif

The basic motif in the cation templated syntheses of intertwined structures is an
orthogonal assembly of two U-shaped ligands held together by a spherical metal
cation. With the aim of producing an analogous motif but with reversed polarity, we
focused on simple spherical halide anions.

A key requirement for an interwoven template is that it brings together two
components and directs them in a more or less perpendicular manner. Of course,
it is topology, not geometry, that matters here, so in principle any nonplanar arrange-
ment should be equally good. However, from the practical point of view it is far more
desirable that a perpendicular arrangement is formed, as it minimizes the probability
of unwanted reactions such as macrocyclization. Sauvage achieved perpendicular
arrangements of phenanthroline ligands using the copper(I) cation, which has a strong
preference for tetrahedral coordination and this feature of the metal cation template
was often mentioned as indispensable for the success of catenane synthesis. This calls
into question the idea of using halide anions for the same purpose, as they have no
marked geometric preferences and are therefore certainly unable to compel geometric
relationships between organic building blocks in a manner close to that achieved by
transition metal cations. However, the same effect can be achieved by steric repulsion
between ligands, thus leaving only one requirement for the potential template — its
ability to interact simultaneously with two or more ligands strongly enough to
overcome the unfavorable entropy of association and mutual repulsions of ligands.

The simple isophthalamide cleft receptors introduced by Crabtree were deemed to
be good analogs of phenanthroline ligands because they are planar, U-shaped and
bind halide anions strongly in nonpolar organic solvents (Figure 3.2) [21]. Unfortu-
nately, however, their halide complexes exhibit exclusive 1:1 stoichiometry. To
overcome this problem, a new pyridinium-based ligand 2 was designed, in which
a positive charge was introduced to the aromatic ring, while the anion binding site
was left unaltered [22]. This new ligand exists as a tightly associated ion pair with
halide counterions, with an association constant K,e > 10° M1 estimated for the
equilibrium:

27PF; + TBA'Cl = 2*Cl™ + TBA*PF;

by 'H NMR titration in acetone-de. The chloride anion is strongly held within the
binding cleft of this receptor by a combination of electrostatic and hydrogen bonding
interactions and importantly its coordination sphere is still unsaturated: the anion
presents an empty meridian orthogonal to the pyridinium cation, which is available
for further complexation to a second hydrogen bond donating ligand. This desired
association indeed occurred and the isopthalamide compound 1 and pyridinium
chloride ion pair 2*Cl™ produced a 1:1 association constant of 100 M~ in acetone-
de, whereas no association was observed for weakly coordinating anions such as
hexafluorophosphate (Figure 3.2).

It is worth noting, that under the conditions used, the above process is exclusively
observed as heterodimerization. This is due to each pyridinium receptor associating
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strongly with its own chloride, so that the anions are not shared, whereas, as already
discussed, the isophthalamide itself has no propensity for the formation of 2:1
complexes.

Encouraged by this result, we elaborated the second component of the self-
assembly, isophthalamide cleft receptor in such a way so as to strengthen the
heterodimeric complex by additional interactions (Figure 3.3) [23]. Thus the sequen-
tial introduction of an electron-rich hydroquinone moiety (3) and ether oxygens (4)
led to incremental enhancements in the anion-templated orthogonal complex
association constants, as measured by 'H NMR titrations in dichloromethane-d,.
The hydroquinone functionality allows n-donor—n-acceptor interactions to occur with
the pyridinium cation unit, with such interactions being detectable by UV/visible
spectroscopy. The extra ether oxygens then form weak, charge-assisted C—H---O
hydrogen bonds with the N-methyl group. However, these interactions are secondary
to the anion templation event, as no orthogonal complex formation could be detected
in the presence of noncoordinating anions, such as hexafluorophosphate.

3.4
Anion-templated Interpenetration

All the above structural elements were combined in the structure of the macrocyclic
receptor 5, designed to demonstrate anion-templated threading [22]. As was hoped,
the chloride salt of pyridinium receptor 2*Cl™ threaded through the annulus of the
macrocycle driven by the affinity of the halide anion for the isophthalamide cleft. This
is evidenced by characteristic changes in 'H NMR spectra of both components
observed upon their mixing. First, large downfield shifts in the macrocycle iso-
phthalyl and amide protons (C) are seen, indicative of anion binding within macro-
cycle's cleft. At the same time, upfield shifts in the pyridinium aromatic and amide
protons (A) suggest loosened interactions between pyridinium cleft and anion. These
two observations are consistent with both threading and competition between
receptors for chloride binding, with the second explanation being disfavored by
much stronger affinity of charged pyridinium receptor to the anion. The definite
proof of threading comes from an upfield shift of the macrocycle hydroquinone
proton signals (D) and aromatic C—H protons of the thread caused by n-stacking
interactions. Additionally, weak hydrogen bonding interactions between the pyridi-
nium N-methyl protons and the ether oxygen atoms are manifested by a small
downfield shift of the methyl group signal (B) (Figure 3.4). Thus, !H NMR
spectroscopy confirms the presence of all primary and secondary stabilizing inter-
actions incorporated into our design.

Quantitative 'H NMR titration experiments carried out in acetone-dg revealed that
the strength of the pseudorotaxane assembly is critically dependent upon the nature
of the templating anion. Thus, when chloride is the thread counterion, the pseudor-
otaxane has an association constant of 2400M ™", but for bromide, iodide and
hexafluorophosphate the constants are lower, being 700, 65 and 35 M ', respectively.
This reflects the relative complexation abilities of these anions.
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Figure 3.4 Formation of anion-templated [2]pseudorotaxane.
General scheme (top), macrocycle 5 and pseudorotaxane 5-2*Cl~
(middle) and ' H NMR spectroscopic evidence for
pseudorotaxane formation (bottom). For spectrum labeling, see
text.

Single-crystal X-ray analysis further confirmed the interlocked nature of the
assembly and the presence of all the secondary stabilizing interactions inferred from
the 'H NMR spectra (Figure 3.6). Furthermore, it gives a detailed picture of the anion
binding cavity. The amide hydrogen bond donors are shown to form an approximately
tetrahedral coordination sphere around the spherical chloride anion, resulting from
an orthogonal arrangement of the organic components. Additionally, the anion forms
two short C—H- - -Cl hydrogen bonds, one with each aromatic ring.

3.5
Probing the Scope of the New Methodology

The large amount of detail required in the design of the first anion-templated
pseudorotaxane provoked a question about the versatility of this templation strategy.
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Figure 3.5 Variation of [2]pseudorotaxane stability with macrocycle ring size.

To address this question, we independently varied (i) the structure of the macrocycle,
(ii) the thread and (iii) the nature of the anion [24].

The length of the macrocyclic polyether chain was found to affect significantly the
stability of the [2]pseudorotaxane assemblies with the pyridinium chloride thread,
which decreased with increasing ring size: 6 >7 > 8 (Figures 3.5 and 3.6). As the
anion binding ability of the macrocycles remains unaltered in this series, this trend
was explained in terms of increasing entropic cost of association resulting from the
increasing flexibility of the polyether chains and decreasing second-sphere stabiliza-
tion between complexes.

ITC investigations on 6-2*Cl~ and 7-2"Cl™ in 1,2-dichloroethane revealed that
although in both cases the association was enthalpy driven and opposed by entropy,
the entropic cost of association was much higher for 7-27Cl™ than for 6-2"Cl".

Subtle differences in second sphere stabilization were found in the X-ray struc-
tures of pseudorotaxanes 6-2"Cl~, 5-2"Cl™ (which differs from 7-27Cl~ with +-Bu
group only) and 8-2"Cl~ (Figure 3.6). The smallest macrocycle 6-2" Cl ™~ is apparently

6:2CI- 52*Cr §27CI”
Figure 3.6 Single-crystal X-ray structures of [2]pseudorotaxanes
627Cl~, 5-2"Cl~ and 8-27CI™. All hydrogens except those in the
primary anion coordination sphere have been omitted for clarity.
Chloride is represented as a space-filling sphere.
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Figure 3.7 Alternative threads for pseudorotaxane assembly.

too small to encircle the thread and, as a result, the pyridinium ring of the thread lies
out of the plane of the polyether ring. This allows for a short bifurcated hydrogen
bond between the aromatic CH proton from the position 2 of the pyridinium ring and
two ether oxygen atoms, which is not present in the crystal structures of the other two
pseudorotaxanes. Another interesting feature was found in the crystal structure of the
largest macrocycle 8-27Cl™. The n-stacking interaction between the pyridinium
cation and one of the hydroquinones is greatly diminished in this complex, with
the distance between ring centroids being 4.266 A, versus 3.540-3.728 Ain other two
cases. This observation suggests that 8 is too large to accommodate the pyridinium
chloride ion pair comfortably.

The above structure—affinity investigations were subsequently extended to other
types of cationic threads based on the nicotinamide, imidazolium, benzimidazolium
and guanidinium moieties (Figure 3.7) [25]. All these threads, as chloride salts, form
interpenetrated complexes with macrocyclic receptors 6-8, illustrating the versatility
of this anion templating methodology. However, the stability of these complexes was
lower and decreased across the above series, as a result of the decreasing role of
second-sphere coordination effects. This is not surprising given that these macro-
cycles were deliberately optimized for N-methylpyridinium-based threads. As a
corollary, a much less pronounced effect of macrocycle size on pseudorotaxane
stability was observed in these cases (Figure 3.8).

The key role of anion binding in all the above assembly processes is evidenced by
the observation that the stability of pseudorotaxanes increases with the hydrogen
bond accepting ability of anions in the series PFs~ <I” <Br~ <Cl™ [7].

Thus the stability of the resulting pseudorotaxane systems is heavily dependent on
the nature of the components, in particular the nature of the templating anion, but
also on the size of macrocycle, propensities for secondary stabilizing interactions and

Figure 3.8 Single-crystal X-ray structure of 7.97CI".
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13-27CI
14-2+CI
Figure 3.9 Calix[4]arene macrocycles for [2]pseudorotaxane formation.

the strength of thread-anion pairing. Importantly, however, in the presence of
chloride anion all the above cationic threads do form pseudorotaxanes, demonstrat-
ing structural versatility of the methodology. This encouraged us to divert even
further from the original design of macrocycle.

First, the crown ether portion of 6-8 was replaced with a calix[4]arene unit, asin 13
(Figure 3.9) [26]. This macrobicycle also undergoes [2]pseudorotaxane formation on
treatment with thread 2"Cl, although the association constant is much reduced
(170 M~ " in acetone-dg) compared with the simpler systems, possibly due to steric
constraints. Itis possible to enhance pseudorotaxane stability by improving the anion
binding properties of the macrocycle. Thus the introduction of a 5-nitro group into
isophthalamide moiety (as in 14), which increases the hydrogen bond acidity of the
amide donors, also increases the observed pseudorotaxane association constant
(240 M~ in acetone-dy).

Second, the anion binding isophthalamide fragment of the macrocycle was
exchanged for rhenium(I) bipyridylbisamide unit, which may be thought of as an
expanded version of isophthalamide moiety with two aromatic CH hydrogen bond
donors instead of just one (Figure 3.10) [27].

Its major advantage is the potential to provide an optical signal for anion binding
[28] and, when the anion is paired to a suitable thread, for pseudorotaxane formation.
Macrocycle 15 was shown by 'H NMR titrations in acetone-dg to bind anions much
more strongly than isophthalamide macrocycles and, accordingly, formed strong,
interpenetrated complexes with the halide salts of pyridiniumdiamide, pyridinium-
nicotinamide, benzimidazolium and guanidinium cations in the same solvent. The
single-crystal X-ray structure determination of the macrocycle-pyridinium chloride
complex (Figure 3.11) shows the interpenetrated nature of the assembly and binding
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Figure 3.10 Luminescence sensing of [2]pseudorotaxane
assembly using a rhenium-containing macrocycle. General

schematic (top) and formation of pseudorotaxane 15-2*CI~
(bottom).

of the chloride anion by seven hydrogen bonds: four with amide NH protons, two
with 3,3'-bipyridyl CH protons and one with 4-pyridinium CH proton. Interestingly,
it is the only crystal structure available thus far in which hydroquinone rings and
pyridinium ring are not offset but lie directly one above the other. This is probably
simple geometric consequence of larger bite size of bipyridyl moiety in comparison
to isophthalamide.

As was hoped, the addition of 2*Cl™ to the macrocycle was signaled through an
enhancement in the rhenium-bipyridine *MLCT emissive response. This was
exploited for anion sensing in a permanently locked system described later.

The successful formation of such a variety of pseudorotaxanes using anion
templation demonstrated structural robustness of this methodology and encouraged
its application in the synthesis of permanently interlocked derivatives.

Figure 3.11 Single-crystal X-ray structure of 15-2"CI™. All
hydrogens except those in the primary anion coordination sphere
have been omitted for clarity. Chloride is represented as a space-
filling sphere.



3.6 Anion-templated Synthesis of Rotaxanes

3.6
Anion-templated Synthesis of Rotaxanes

Having demonstrated the feasibility of using anions to direct the assembly of
orthogonal complexes and pseudorotaxanes, it was hoped that the same methodology
would be readily applicable to the synthesis of permanently interlocked rotaxane and
catenane species. However, as mentioned above, discrete anionic templates have
never been used for this purpose before and some practical problems were encoun-
tered on the way to this goal. One of them was the limited availability of suitably large
stoppering groups. An inherent feature of our methodology is that a macrocycle has
to be large enough to accommodate both thread and anion. As a corollary, we needed
particularly bulky stoppers to prevent the macrocycle from slipping off. No such
suitable building blocks are commercially available and an assortment of easy to
make synthons in the literature is very restricted. Initially, the well-known amino-
functionalized tetraphenylmethane-type stoppers appended with tert-butyl groups
for added bulkiness were used.

Second, our choice of synthetic reactions was limited by the requirement of their
compatibility with anion recognition. For example, reactions involving anions as
substrates (nucleophiles) or products (nucleofuges) should be avoided in view of
possible competition with the template. Furthermore, reactions taking place in
nonpolar solvents are preferred, because such conditions maximize the strength
of anion binding.

The above considerations made the “stoppering” route to rotaxanes problematic
and prompted us to switch to a “clipping” methodology (Figure 3.12). This was
achieved using a ring-closing olefin metathesis reaction, which is well known to give
high yields in macrocyclizations, works very well in nonpolar solvents and has
excellent functional group tolerability (depending on the catalyst) [20,29].

In a first system, two tetraphenyl stoppers were covalently attached to a pyridinium
chloride threading unit making up a thread component 16*Cl~ (Figure 3.12). The
second component was the above-described charge neutral macrocycle precursor 4,
terminating with allyl groups capable of undergoing ring-closing metathesis reac-
tion. By virtue of the chloride anion template the two components associate strongly
in non-competitive solvents and RCM reaction with Grubbs’ catalyst in dichloro-
methane led to the expected [2]rotaxane product 177Cl™ in 47% yield [23]. No
rotaxane formation was detected with analogous bromide, iodide and hexafluoropho-
sphate pyridinium salts, indicating the critical templating role of the chloride anion.
It is noteworthy that in this case the second-sphere coordination interactions which
support the primary chloride recognition process also facilitate the ring closure
process around the ion pair thread by directing the allyl-terminated arms into close
proximity.

Single-crystal X-ray structural analysis confirmed the interpenetrated nature of the
product and gave valuable insight into the binding mode of the anion inside the
rotaxane cavity (Figure 3.13). It turned out that the two stoppers are not just innocent
spectators of the anion binding, but actually donate two C—H- - -Cl hydrogen bonds
from phenyl rings adjacent to amide groups. Thus, the anion binding cleft of the
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Figure3.13 Single-crystal X-ray structure of 17°CI™. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling
sphere.

thread is defined by five, not three, almost exactly coplanar hydrogen atoms. The
anion's meridian is occupied by the macrocycle's isophthalamide cleft, which
donates two strong hydrogen bonds from the amide groups. The third potential
hydrogen bond donor, the internal aromatic proton of the isophthalamide unit, forms
only a very weak bond with the anion, so that the coordination number of chloride in
this complex may be thought of as seven. The structure also provides evidence for the
existence of the second sphere 7-stacking and N*—CHj- - -O hydrogen bonding
interactions “designed into” this system.

Anion exchange of the chloride template for the noncoordinating hexafluoropho-
sphate anion allowed us, for the first time, to compare the anion binding properties
of the free and interlocked components. Satisfyingly, the [2]rotaxane 17*PFg~
binds anions strongly in very competitive protic solvent mixture such as CH;OH:
CDCl3 =1:1 with remarkable reversal of selectivity with respect to the pyridinium
thread (the macrocycle itself does not bind anions in this solvent system). Thus,
whereas the thread binds anions according to their hydrogen bond accepting ability
[Kiar) = 125M 7", Ky,po;) = 260, Kij(aco-) = 22000 M, Kipaco-) = 140M 1),
the rotaxane has a notable preference for chloride (K= 1130 M ') over dihydrogen-
phosphate (K=300M ') and acetate (K;; =100M ', K3, =40 M '). This is postu-
lated to be the result of a unique hydrogen bonding pocket of the rotaxane, formed
by orthogonal clefts of the thread and macrocycle and its high degree of comple-
mentarity to the guest chloride anion. The complexation of larger anions would
result in the significant, unfavorable distortion of the binding cavity thus reducing
complex stability.
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Figure 3.14 Anion-templated [2]rotaxanes. The percentages in
parentheses correspond to the yields of the [2]rotaxane formation
step from the acyclic precursors.

This synthetic route to [2]rotaxanes has been used to generate a number of species
similar to 17 (Figure 3.14) [30]. Again, the process is highly dependent on the nature
of the templating anion and, interestingly, on the anion binding properties of
macrocycle. The rotaxane yield was increased to 60% for the nitro-substituted
rotaxane 19, as a result of the precursor orthogonal complex assembly being more
stable owing to increased amide hydrogen bond acidity. The structural tolerance of
the method towards changes in the macrocycle structure was demonstrated by the
synthesis of naphthyl-containing [2]rotaxane 20. The yield was lower in this case
(15%), perhaps due to the increase in macrocycle size and flexibility. Importantly, the
interlocked nature of these systems could withstand the removal of the chloride anion
template, which allowed the study of their anion binding properties. The introduction
of the electron withdrawing nitro or iodo functionalities (19" PFs~ and 18"PF;)
leads to an enhancement in anion binding, which was mirrored in the corresponding
macrocycles. These results indicate that it is possible to fine tune the binding
properties of the interlocked species by small structural changes of their components.

3.7
Anion-templated Synthesis of Catenanes

In a major development of this methodology, the first example of the use of anion
templation in the synthesis of catenanes was demonstrated [31]. The strategy
employed is shown in Figure 3.15. A chloride anion, as a part of tight ion pair,
promotes the initial formation of a [2]pseudorotaxane and a subsequent clipping
reaction afforded the [2]catenane structure.
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Mixing macrocycle 5 and pyridinium chloride allyl functionalized derivative
217Cl™ in dichloromethane followed by addition of Grubbs’ catalyst afforded the
[2]catanene 227Cl™ in 45% vyield and a [3]catenane, 23*"2Cl", in <5% yield
(Figure 3.15). It is noteworthy that analogous RCM reactions of macrocycle 5 with
the corresponding bromide pyridinium component gave the desired [2]catenane
22*Br~ in only 6% yield and no catenanes were isolated from RCM reactions of
the macrocycle with iodide or hexafluorophosphate pyridinium derivatives. As
with the [2]rotaxane synthesis discussed previously, this again highlights the crucial
role the chloride ion template plays whereby threading of the pyridinium cation 217
is driven by recognition of its chloride counterion by the macrocycle.

The interlocked nature of the product was established both from NMR spectro-
scopic experiments and single-crystal X-ray analysis (Figure 3.16). It was clear from
this structure that chloride is essential in controlling the orientation of the two
interpenetrated components and that the secondary n-stacking and hydrogen bond-
ing interactions involving the pyridinium function are present. The anion is held
within the catenane cavity by six hydrogen bonds, four with amide groups and two
with aromatic protons located between amide arms. The pyridinium cation is
sandwiched between two hydroquinone rings, whereas the isophthalamide moiety
forms a less perfect stacking with just one hydroquinone moiety.

The removal of the chloride anion template was achieved by addition of silver
hexafluorophosphate to produce the [2]catenane"PF~ salt. Quantitative 'H NMR
binding studies in methanol-dy:chloroform-d; 1:1 mixture revealed that the pyr-
idinium macrocyclic precursor 21" PF4~ displays a strong affinity for acetate and
dihydrogen phosphate and only binds chloride weakly, whereas the catenane
227PF¢~ exhibits a reverse binding trend: CI~ > H,PO,” >AcO™. Table 3.1 shows
that chloride anion binding is significantly enhanced upon catenane formation,
whereas the binding of the oxoanions is weakened. In a similar fashion to the [2]
rotaxane binding studies discussed previously, the removal of the templating anion
creates a unique topologically defined hydrogen bond donating pocket which is
highly selective for chloride anions.

Furthermore, the assembly process is tolerant of major changes in the neutral
macrocyclic components, with for example the [2]catenane 24"Cl~ being formed in
29% yield from reaction of calix{4]arene macrocycle 13 and 21" Cl~ (Figure 3.17) [17].

Figure3.16 Single-crystal X-ray structure of 22*CI™. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling
sphere.
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Table 3.1 Comparison of anion binding properties of macrocycle
precursor 21"PFs~ and catenane 22"PF¢~. Units M, solvent
1:1 CD3;0D—CDCls, errors <10%.

cl- H,PO,~ AcO™
217PFg~ Ky =230 Ky = 1360 Kyp = 1500
K12 = 370 K12 = 345
22VPEg Ky; =730 Ky; =480 Ky =230
Ky, =520

As before, this process was reliant on the presence of a suitable anion template and
exchange of this template to give the hexafluorophosphate salt 24" PF4 ™~ also proved
possible.

As mentioned in the Introduction, the development of our anion templation
methodology was inspired by Sauvage’s elegant synthesis of a [2]catenane by two
simultaneous macrocyclizations performed on an orthogonal precursor complex
assembled around a copper(I) cation. Thus, the ultimate challenge for our newly
developed methodology was to emulate this “double clipping” synthesis. This has
recently been achieved with the assembly of two identical acyclic pyridinium
precursors around a single chloride anion template followed by a double ring closing
metathesis reaction, which yielded the doubly charged catenane 26 in excellent yield
(Figure 3.18) [32].

In this experiment, a pyridinium-based macrocyclic precursor 257X, featuring
extended polyether chains, was used. Addition of TBA*Cl™ to 25*PF,~ in CDCl; led
to the observation by 'H NMR spectroscopy of the coexistence of 1:1 and 1:2
host—guest complexes, indicating the presence of an interwoven assembled species.
Further evidence of the orthogonal assembly was provided by the upfield shifts of the
hydroquinone protons, due to the familiar effect of favorable n—r stacking interac-
tions. Mixing an equimolar solution of 257Cl~ and 25" PF, ™ in dichloromethane,
followed by double macrocyclization using Grubbs' catalyst, afforded the dicationic
[2]catenane 26 in the exceptionally high yield of 78% (Figure 3.18). When the
hexafluorophosphate salt 25YPF;~ was so treated, the [2]catenane product
26°"2PF, " also formed, but in much lower yield (16%). This demonstrates the role
of secondary interactions which, in the absence of chloride template and with

24*CT7, (29%)

Figure 3.17 Calix[4]arene catenane 24.
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3.7 Anion-templated Synthesis of Catenanes

possible aid from weak hexafluorophosphate binding, direct the assembly of the
orthogonal complex. Of course, the presence of a templating chloride anion sub-
stantially enhances the efficacy of the reaction. The 2:1 receptor: template ratio is
essential; when the chloride precursor 25" Cl~ was treated with Grubbs' catalyst, the
yield of catenane product was lower (34%) due to competition from 1:1 binding
mode, which favors simple macrocyclization.

Single-crystal X-ray structural analysis of 26°*Cl PF,~ confirms the interlocked
nature of the product and reveals its self-complementary structure — the two
macrocycles bind each other more efficiently than in the previous unsymmetrical
catenane due to the presence of a second, positively charged, pyridinium ring instead
of neutral isophthalamide moiety. This permits stronger m-stacking interactions,
additional hydrogen bonding with ether oxygens and also strengthens anion binding.
These effects explain the extraordinarily high yield obtained in this synthesis (even
without optimization).

There is an excellent match between the guest chloride anion and the host cavity.
The anion is coordinated by six hydrogen bonds in a distorted octahedral manner
and, as shown by space-filling model, almost completely surrounded by the catenane
molecule (Figure 3.19).

Anion exchange with AgPF¢ gave 26" 2PF;~ whose anion binding properties were
investigated by 'H NMR spectroscopic titration in CDCls—acetone-dg (1 : 1). Analysis
of the titration data obtained upon the addition of chloride, bromide and acetate
produced association constants with a major 1: 1 host:guest binding stoichiometry
and a minor 1: 2 binding component. The association constants reveal a remarkable
selectivity for chloride (K;; =9240 M1, K;, =160 Mfl) over bromide (K;; =790
M !, Ky, =40M ') and acetate (Ky; =420M ', Kj, =40M 1),

It is noteworthy that this “double clipping” catenane synthesis is much shorter
than the previous one, owing to the symmetrical structure of the product; the two
wheels in previous catenane, although very similar, required independent synthesis.
More generally, it is a great advantage of catenanes over rotaxanes that the sometimes
laborious synthesis of stoppers and threads is no longer required. This advantage
grows in importance with the increasing size of wheels, which requires larger and
larger stoppers.

Figure 3.19 Single-crystal X-ray structure of 26*Cl"PF¢ . All
hydrogens except those in the primary anion coordination sphere
have been omitted for clarity. Chloride is represented as a space-
filling sphere.
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3.8
Functional Properties of Anion-templated Interlocked Systems

Thus far it has been shown that the unique interlocked binding domain topology
lends anion-templated rotaxanes and catenanes interesting anion binding character-
istics distinct from their “parent” species. The observed increase in binding strength
coupled with reversal of selectivity makes these interlocked structures of great
interest in the molecular sensing arena. In order to apply these receptors to anion
sensing, it is necessary to provide some means of signal transduction and amplifica-
tion. The above-described advances in templation methodology have made the
synthesis of such sophisticated structures, equipped with reporter groups able to
signal the recognition event by electrochemical or spectroscopic means, possible.
Another challenge on the way to practical applications is the attachment of molecular
sensors to a solid surface, which is a prerequisite for robust device fabrication. Recent
progress towards these goals is outlined below.

The first photo-active anion-sensing rotaxane was based on a luminescent rheni-
um(I) bipyridyl motif being incorporated into macrocyclic wheel (Figure 3.20), as in
the previously described pseudorotaxane 15-2*Cl~ [33]. The chloride derivative
27*Cl™ was prepared in 21% yield via the now established ring clipping of the
neutral rhenium(I) bipyridyl-containing precursor 29 around the pyridinium chlo-
ride thread 28" C1~; the bulky calix[4]arene stopper groups were necessary to prevent
dethreading of the larger macrocycle. As before, replacement of the chloride template
with hexafluorophosphate gave a [2]rotaxane 27" PF~ which contained not only a
three-dimensional anion binding domain but also a luminescent transition metal
bipyridyl center able to sense optically the anion binding event. Thus the addition of
TBA anion salts to a solution of 277PF,~ in acetone induced an enhancement in
the *MLCT emission band intensity of the rotaxane receptor. Titration experiments
in acetone demonstrated that the rotaxane selectively bound hydrogensulfate
(K,>10°M ") over nitrate and chloride, which contrasts with the properties of the
macrocycle 30, which was selective for chloride (K,=8.7 x 10*M™"). Receptors
selective for hydrogensulfate are rare, because hydrogensulfate anion is a poor
hydrogen bond acceptor. Importantly, an anion templation approach may therefore
be used to synthesize molecular sensors for anions different from template.

The above rotaxane sensor utilizes a common sensing mechanism based on
electronic communication between anion and reporter group. However, rotaxane-
and catenane-based receptors offer some potential means of signal transduction
that are unique to interlocked structures, based on the mutual relationships
between the mechanically bound subunits. For example, anion binding may
amplify/reduce the interactions between thread and macrocycle and, as a conse-
quence, alter spectroscopic or electrochemical properties of the rotaxane. Alterna-
tively, anions may induce co-conformational change, such as shuttling of the
macrocycle along the thread, which could also translate into an observable signal.
Although basic mechanisms underlying the signal generation in the above exam-
ples are well developed and routinely used to study, for example, molecular switches
or machine-like behavior of interlocked molecules, their application to molecular
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sensing is underexplored, due to the lack of guest binding cavities in previously
described catenanes and rotaxanes.

As a prototype sensing system illustrating this paradigm, we set about constructing
a pseudorotaxane system with a through-space communication between thread and
macrocycle components, which may be influenced by anion binding. The mechanism
used to accomplish this was photoinduced energy transfer between a rhenium (1)
bipyridyl sensitizer incorporated within the macrocycle 31 and a luminescent
lanthanide complex appended to one terminus of the benzimidazolium threads
32 (Figure 3.21) [34]. Addition of threads containing no lanthanide center, or a
lanthanide center not suitable for energy transfer such as gadolinium (32a), to the
rhenium macrocycle 31 resulted in an enhancement of *MLCT luminescent
emission, as observed in 15 and 27 PF,~ above. For threads containing a suitable
lanthanide metal such as neodymium or ytterbium, however, no such enhancement
was observed on pseudorotaxane formation; indeed, for the neodymium thread 32c a
significant quenching of the rhenium-centered luminescence was observed. Fur-
thermore, the evolution of new near-infrared (NIR) emission bands consistent with
lanthanide metal emission could be detected. This observation is consistent with the
proposed energy transfer between the *MLCT excited state of the rhenium(l)
bipyridyl center and the lanthanide complex. As such an energy transfer process
is highly dependent on the distance between the two metal centers, the appearance
of NIR luminescence indicates the proximity between the stopper and macrocycle
and hence pseudorotaxane formation, which is in turn anion dependent. Thus the
same principle may be used for anion sensing or, for example, to monitor anion-
induced shuttling of the macrocycle along the thread in a prototype molecular
machine-like device based on an anion recognition process.

The confinement of interlocked anion receptors at electrode surfaces should allow
the harnessing of their specific binding behavior in electrochemical sensing materials.
This possibility was probed by the formation of self-assembled monolayers (SAMs) of
redox-active bis-ferrocene functionalized pseudorotaxane 33-34"Cl™ ata gold surface;
the transformation results in a rotaxane with the gold electrode effectively acting as a
stopper (Figure 3.22) [35]. The presence of two different redox-active centers on the
thread and on the macrocycle allowed for independent monitoring of their presence
on the electrode surface. The replacement of the chloride template with hexafluor-
ophosphate proved possible without disrupting the interlocked nature of the surface
assembled rotaxanes. The anion binding properties of this redox-active rotaxane-SAM
could be probed using electrochemical methods, examining the perturbations in the
two redox waves of the system on the addition of various analytes; proximal anion
binding should be accompanied by a cathodic shift due to electrostatic stabilization
of the oxidized ferrocene unit. In acetonitrile solutions the ferrocene unit of the
rotaxane macrocycle was shown to demonstrate a selective voltammetric response to
chloride (AE~ 40 mV), even in the presence of a 100-fold excess of competing anion
such as dihydrogenphosphate. This contrasts sharply with the solution responses
of the free thread 34" PFs~ and macrocycle 33, which demonstrate small cathodic
shifts in the presence of halides and basic oxyanions, except for 33 with
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dihydrogenphosphate (AE~ 45mV) and hydrogensulfate (AE~ 15mV). This there-
fore provides another example of the change in selectivity induced by the mutual
interpenetration of two components and further demonstrates the ability of this
templation methodology to give sophisticated surface-confined species with prom-
ising selective electrochemical recognition properties.

To date, the general anion templation synthetic strategy described in this chapter
has been exploited in two main areas. The first concerns the removal of the anion
template from permanently interlocked molecules, which gives anion receptors
demonstrating binding properties dependent upon the presence of a unique three-
dimensional hydrogen bond-donating pocket. By including optical and electro-
chemical readout functionalities and by attaching these derivatives to surfaces,
such anion-templated structures have begun to be used for sensory purposes.
Second, anion-templated molecular motion in the form of threading has been
signaled by luminescence spectroscopic means. This opens the door for molecular
machine like devices based on anion recognition processes.

3.9
Summary and Outlook

A comprehensive anionic alternative to existing cation interweaving templation
approaches has been developed and exploited in the synthesis of numerous inter-
penetrated systems. These range from reversible assemblies such as orthogonal
complexes and pseudorotaxanes to permanently interlocked compounds such as
rotaxanes and catenanes. Removal of the anion template from these permanently
interlocked systems leads to novel receptor and sensory behaviors defined by the
mutual interpenetration of the two components. These observations underline the
general applicability and scope of this novel templation strategy.

This anion templation methodology is, however, currently very much in its infancy;
still only a handful of interlocked structures have been obtained and even some
threads that have been shown to form pseudorotaxanes are awaiting to be exploited
in the construction of permanently interlocked systems. The spectacular progress
described in this chapter has been made possible with the exclusive use of halide
anions as templates, therefore the application of the whole spectrum of other, more
strongly coordinating and structurally complex anions may be expected to open up
even more exciting avenues in the field and address current limitations of the
methodology. For example, the extension of the currently available threading
motifs to uncharged systems would significantly increase its scope.

As shown recently, the application of reversible palladium ligation as the ring-
closing reaction in Sauvage’s copper-templated catenane synthesis increased the
yield from below 30% to quantitative [36]. Certainly, anion-templated synthesis would
also benefit from such thermodynamic control. The introduction of reversible
reactions compatible with anion supramolecular chemistry may bring a step change

in the field.
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Further progress in anion-templated rotaxane synthesis is expected with the devel-
opment of stoppering methods compatible with anion recognition and with broaden-
ing of the selection of readily available stoppers of sufficiently large size and various
functional groups. Most desirable in this context are functional stoppers such as the
electroactive pentaphenylferrocene group from 34, or photoactive lanthanide com-
plexes from 32, granting additional degrees of functionality to the resulting rotaxane.

The goal is ultimately to create increasingly sophisticated device-like structures to
complement the impressive array of molecular machines already furnished [37]
through other templation and self-assembly strategies. We also continue to be
fascinated by the potential for these anion-templated architectures to be used for
highly selective sensory devices for ionic substrates and we aim to continue the
development of such systems. As with the emergence of cationic interweaving
templation over two decades ago, however, a huge catalogue of anion-templated
structures has yet to be exploited.
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4
Synthetic Nanotubes from Calixarenes
Dmitry M. Rudkevich" and Voltaire G. Organo

4.1
Introduction

Synthetic nanotubes represent a novel type of molecular containers. In supramolec-
ular chemistry, they are still overshadowed by more popular cavitands, carcerands
and self-assembling capsules [1,2]. They also have not received much attention
compared with the similarly shaped carbon nanotubes [3] and biologically relevant
ion channels [4]. At the same time, synthetic nanotubes possess unique dimensions
and topology and, as a consequence, different and interesting complexation proper-
ties. They also offer a variety of applications in chemistry, nanotechnology and
medicine. One important feature of nanotubes is the ability to align multiple guest
species in one dimension (1D), which is useful for ion and molecular transport,
nanowires and information flow. Other potential applications include using nano-
tubes as reaction vessels and molecular cylinders for separation and storage.

In recent years, a number of general reviews have appeared describing approaches
towards the preparation and characterization of organic nanotubes [5]. This chapter
will focus on nanotubes that are based on calixarenes. Calixarenes, cyclic oligomers of
phenols and aldehydes, play a special role in molecular recognition [6]. They have
yielded a great number of excellent receptors for ions and neutral molecules. In
particular, calixarenes appear to be useful in the design of molecular containers [1,2].
We will discuss the synthesis of calixarene-based nanotubes and their emerging
host-guest properties, including encapsulation, the guest dynamics and exchange
and potential applications.

Research on synthetic nanotubes has been inspired, in many ways, by recent
successes with ion channels on the one hand and single-walled carbon nanotubes
(SWNTs) on the other. As valuable supplements, organic synthesis offers robust and
well-defined tubular structures, with a wide variety of sizes. It also helps to control the
nanotube length. Through smart molecular design, it is also possible to prepare
stable host-guest complexes. All these features are not easy to achieve for ion
channels and SWNTs.

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Another issue is characterization. The functions of synthetic ion channels are
commonly assessed by electrophysiological planar-bilayer voltage-clamp techniques,
fluorimetric assays on liposomes and heteronuclear and solid-state NMR spectros-
copy. Transmission electron microscopy is used to study the location of molecules
inside SWNTs in the solid state. Solution studies with SWNTs are a great challenge
because of their poor solubility. As well-defined organic structures, synthetic
nanotubes overcome these difficulties. Their complexes can be prepared and handled
by standard organic chemistry protocols and studied by conventional organic
spectroscopies.

4.2
Early Calixarene Nanotubes

Early calix[4]arene-based nanotubes were reported by Shinkai and coworkers [7].
Taking advantage of the dynamic behavior of metal cation complexes with
1,3-alternate calix[4]arenes, they connected several such calixarenes to form
nanotubes 1-4 (Figure 4.1). Conceptually, nanotubes 1-4 would allow small metal
cations to tunnel through its n-basic interior.

Complexation experiments with Ag"CF3SO;~ revealed the presenceofal:1Ag*ion
complex with calix[4]tube 2. Analysis of the variable-temperature 'H NMR spectrum of
the complex suggested that the Ag* ion is delocalized between two calixarenes.

The authors proposed that the metal cation oscillates between metal-binding sites
in calix[4]tubes in two possible modes: intracalixarene metal tunneling and inter-
calixarene metal hopping (Figure 4.2). This dynamic behavior, however, was not
observed in the complexation with calix[4]tube 1. Instead, a mixture of free tube 1 and
the 1:21 Ag" complex was found in the 'H NMR spectra. It was suggested that the
para substituents used to connect the two calixarenes interfered with the cation-n
interactions, thus suppressing the metal tunneling. In this case, the Ag™ ions were
said to be localized at the edges of the tube, interacting with the calixarene rings and
the propyloxy-oxygen groups through cation-7 and electrostatic O- - -Ag™" interac-
tions, respectively.

Similarly, there was no evidence of metal tunneling in complexation studies with
calix[4]tube 3 and no data were reported for longer tube 4. A 1:1 mixture of 3 and
Ag"CF;S0; yielded three different species: free 3, 3 Ag" and 3 (Ag"), in a 1:2:1
ratio. This result implies that Ag* is bound to 3 according to simple probability. The
lack of metal tunneling was suspected to be the result of several structural
features of 3. These include the para substitution of phenyl groups in the calixarene
units, the increased distance between two calixarene units relative to other structures
and the nonionophoric bridges connecting the calixarene units.

While Shinkai’s nanotubes were only 2—4 nm long and of molecular weight up to
1500 Da, it should be possible to prepare much longer structures utilizing the same
calixarene precursors. These pioneering studies, initiated in the early 1990s, trig-
gered intense research on calixarene-based tubular (nano)structures for metal ion
complexation, tunneling and transport [8-12].
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Figure 4.1 Early calix[4]arene nanotubes [7].

4.3
Metal lon Complexes with Calixarene Nanotubes

Kim and coworkers reported multiply connected 1,3-alternate calix[4]arene tubes 5
(Figure 4.3), in which the terminal calixarene units were capped with crown ethers
[11]. In this design, however, K" or Cs" cations were bound in tubes 5 (m =1, 2) at the
end-calixcrown “stoppers” and metal shuttling was not observed. The X-ray crystal
structure of the biscalix[4]crown 5 (n =1, m= 1) with K" ions revealed that electro-
static interactions between the oxygen donor atoms of the crown ether ring and the
metal cation play a major role in entrapping the metal ion whereas the cation-n
interaction plays a minor role.
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Figure 4.2 Proposed intracalixarene metal tunneling (route A)
and intercalixarene metal hopping (route B) [7].

Figure 4.3 Calixcrown nanotubes for metal ions complexation and tunneling [11,12].
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The apparent problem with the calixarene nanotubes was the lack of strong
cation—n interactions within the interior. Monitoring trapped cationic guests by
conventional NMR spectroscopy in these nanotubes was also difficult.

A structural analog of nanotubes 5 was recently prepared which possesses a
calixarene unit with higher affinity to metal cations [12]. Nanotubes 6 (n=1, 2)
contained thiacalix[4]arene in the middle and the Ag" cation was found to be
entraped in this central unit in a 1:1 fashion (Figure 4.3). In addition to the
calixarene aromatic rings, the sulfur atoms provided supplementary coordination
sites for transition metal ions. Variable-temperature 'H NMR spectroscopy revealed
that the Ag™ oscillates through the thiacalixarene and cation-7 interactions were
important in this case. With some further modifications, it should be possible to
synthesize polymeric analogs of tube 6, inside which Ag™ ions can freely shuttle [12].

4.4
Nanotubes for NO, Gases

Synthetic nanotubes have recently been introduced that possess much more pro-
nounced cation—n features. These are based on reversible chemistry between calix[4]
arenes and NO,/N,O, gases [13,14]. NO, is paramagnetic and exists in equilibrium
with its dimer N,0,. N,0O, disproportionates to ionic NO*NO;~ while interacting
with aromatic compounds. It was found that tetrakis-O-alkylated calix[4]arenes,
e.g. 7, react with NO,/N,0, to form very stable (Kyssoc >> 10° M_l), charge-transfer
calix-nitrosonium (NO™) complexes 8. In these, NO™ cations are strongly encapsu-
lated within the n-electron-rich calix[4]arene tunnel (Figure 4.4). This phenomenon
was used in the design of calixarene nanotubes.

In nanotubes 9-12, 1,3-alternate calix[4]arenes were rigidly connected from both
sides of their rims with pairs of diethylene glycol linkers (Figures 4.5 and 4.6) [15-17].
In this conformation, two pairs of phenolic oxygens are oriented in opposite
directions, providing diverse means to enhance modularly the tube length. The
nanotubes possess defined inner tunnels 6 A in diameter and approximately 15, 25,
35and 45 Ainlength for 9,10, 11 and 12, respectively. Tubes 11 and 12 have molecular

NO,/N,O

DO Moo
i

Alk  Alk Lewis acid, CHCl3

7

Figure 4.4 Simple calix[4]arenes and their supramolecular
interactions with NO,/N,0, gases; generation of nitrosonium
complexes [13].
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Figure 4.5 Synthetic nanotubes for entrapment of NO, gases [15-17].

weights of ~2.3 and 2.8kDa, respectively. These features place them among the
largest nonpolymeric, synthetic molecular containers known to date [1].

The synthesis was based on a straightforward strategy, which incorporated
reliable Williamson-type alkylations and provided yields as high as 70-80%
(Scheme 4.1). For example, the synthesis of trimeric tube 10 was accomplished
in 70% yield by the coupling of tetratosylate 13 with two equivalents of diol 14 in
boiling THF with NaH as a base. Tube 11, which contains four linked calixarenes,
was prepared by reaction of biscalixarene diol 15 with ditosylate 16 in 64% yield
using NaH and K,COj3 in THF. Finally, reaction of two equivalents of diol 16 with
tetratosyate 13 under the same conditions afforded pentameric nanotube 12 in a
remarkable 82% yield [17].

Addition of excess NO,/N,0, to nanotubes 9-12 in (CHCl,), in the presence of
stabilizing Lewis acids (SnCl, or BF;-Et,0) resulted in quantitative formation of
nitrosonium complexes 9-(NO™"),~12-(NO )5 (Figure 4.7). Similar complexes formed
when nanotubes 9-12 were mixed with a commercially available nitrosonium salt,
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Figure 4.6 Molecular models of nanotubes 9-12.

NO"SbF¢, in (CHCl,),. Complexes 9-(NO*),~12-(NO*)5 were identified by absorp-
tion, TR and 'H NMR spectroscopy. Of particular importance is the characteristic
deep purple color. The broad charge-transfer bands responsible for this were observed
at Apay ~ 550 nm in the absorption spectra of all these nanotubes. The charge transfer
occurs only when NO™ guests are tightly entrapped inside the calixarene cavities.
Accordingly, the filling process can be monitored visually.

Upon stepwise addition of NO,/N,0, or NOTSbF¢~ in (CDCl,),, the 'H NMR
signals of empty tubes 9-12 and complexes 9:(NO*),~12-(NO*)s can be seen
separately and in slow exchange. The guests presence and location inside nanotubes
9.(NO"),-12-(NO )5 was deduced from conventional 'H NMR, COSY and NOESY
experiments. Chemical shifts of the Ar—O—CH, and CH,—O—CH, protons and, to
lesser extent, the aromatic protons are very sensitive to the encapsulation. In addition
to the charge transfer, strong cation—dipole interactions between the calixarene
oxygen atoms and the entrapped NO" take place. Through 'H NMR titration
experiments and molecular modeling, the stoichiometry of the nanotube complexes
was unumbigously established: they possess one NO* guest per calixarene unit.

FTIR spectra allowed unique information to be obtained on the bonding of
multiple NO* species inside tubes 9-(NO™),~12-(NO™)s in solution [17]. From the
literature, nitrosonium salts NO*Y™ (Y~ =BF,”, PFs~, AsFs ) showed a single
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stretching band at v(NO') =2270cm ™" in CH3NO, solutions and the stretching
frequency of the neutral diatomic NO gas was V(NO)=1876cm '. In
calixarene-NO™" complexes 8, the NO" band significantly shifted (Av=312cm )
to the lower energies, compared to free NO™" cation and appeared at v(NO™) = 1958
cm™! in (CHCl,),. This is due to strong electron donor—acceptor interactions
between the encapsulated NO™ and n-electron-rich aromatic walls of the calixarene.
Dimeric complex 9 (NO¥), also exhibited similar shifts for the NO™ guests at
V(NO")=1958 cm ™. At the same time, longer tubes 10-(NO")3-12-(NO )5 clearly
showed two absorption bands at v(NO™)=1958 and 1940cm ™" in (CHCL,),. For
trimeric tube 10-(NO");, these two bands have a comparable intensity, whereas in
longer tubes 11-(NO ™), and 12-(NO™)s the band at v(NO*) = 1940 cm ™' dominates.
This band was assigned to the NO™ guest(s), which are situated in the middle of the
tubes. Apparently, they are somewhat more strongly bound to the nanotubes walls.

One possible explanation may be a participation of the glycol CH,OCH, oxygens in
the complexation process. The FTIR data strongly suggest the anti-gauche confor-
mational transition of these CH,OCH, chains upon complexation, so their oxygens
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appear in close proximity to the complexed NO* and thus contribute to dipole—cation
interactions [17]. Cooperativity through allosteric effects is also possible. It may be the
result of multiple guests aligning in one dimension, which brings an order that
cannot be achieved for shorter complexes.

Filled nanotubes 9-(NO*),~12-(NO™)5 were stable in dry solution at room tem-
perature for hours, but could readily dissociate upon addition of H,O or alcohol,
quantitatively reproducing free 9-12. The process, however, is not reversible: the
released NO™ species are now converted to nitrous acid and complexes 9-(NO),~12-
(NO™)5 cannot be regenerated.

However, it was further found that 18-crown-6 could reversibly remove the
encapsulated NO™ species. It is known that crown ethers form stable complexes
with NO*. When ~4 equiv. of 18-crown-6 were added to (CDCl,), solutions of
9.(NO™),and 10-(NO™)3, empty nanotubes 9-and 10, respectively, regenerated within
minutes and the deep-purple color disappeared. Interestingly, further addition of
SnCl, to the same solutions fully restores complexes 9-(NO*), and 10-(NO)s.
Apparently, an excess SnCl, replaces NO* from the crown ether moiety and the
latter goes back to the calixarene units of the nanotubes. This observation is
important, since in this case foreign species can be replaced and returned back
without decomposition or changing the solution polarity.

Modeling suggests that NO* can enter and leave the nanotube either through its
ends or the middle gates between the calixarene modules. The approach and exit
through the ends appears to be less hindered. The middle gates between the
calixarene units become narrower due to the glycol conformational changes from
anti to gauche upon complexation. The encapsulated NO™ species should also avoid
electrostatic repulsions with each other. Most probably, the tube filling and release
occurs through the guest tunneling along the interior.

In the solid state, longer nanotubes 10 (but not tubes 9) pack head-to-tail, in straight
rows, resulting in infinitely long cylinders (Figure 4.8) [16]. The neighboring
nanocylinders are aligned parallel to each other. In each nanocylinder, molecules
10 are twisted by 90° relative to each other and the Ar—O—Pr propyl groups effectively
occupy the voids between the adjacent molecules. In such an arrangement, the
intermolecular distance between two neighboring tubes in the nanocylinder is ~6 A.
The nanocylinders are separated from each other by ~9 A. This supramolecular order
comes with the tube length and is without precedent for conventional, shorter
calixarenes. The unique linear nanostructures maximize their intermolecular van
der Waals interactions in the crystal through the overall shape simplification. Such a
unique arrangement resembles that of SWNT bundling.

Among possible applications of nanotubes 9-12 are nanowires and also optical
sensors for NO,. Chemical fixation of NO, is also of great interest. Indeed, the tubes
can be used for molecular storage of active nitrosonium and act as size—shape-
selective nitrosating reagents [14,15]. In addition, they can be used for generating
NO gas.

In a one-electron reduction scheme involving the calixarene-NO™ complexes 8,
9-(NO™), and 10-(NO*); and simple hydroquinone, NO was smoothly released
and free calixarenes 7, 9 and 10 were quantitatively regenerated (see, for example,
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Figure 4.8 Solid-state packing of nanotube 10, side and top views (from the X-ray structure) [16].

Figure 4.9) [18]. In detail, when a ~20-fold excess of hydroquinone was added to the
(CDCl,), solutions of nitrosonium filled nanotubes 9-(NO™), and 10-(NO*);, the
color changed from deep purple to yellow. The 'H NMR spectrum clearly showed
the quantitative regeneration of the empty nanotubes 9 and 10. The NO release could
be visually detected and identified by UV spectrophotometry. The use of calixarene
nanotubes, capable of storing multiple NO* species, could potentially lead to
interesting NO-releasing materials with a high gas capacity.

4.5
Self-assembling Structures

Solid-state self-assembling nanotubes were recently published that are based on
calixarenes [19-21]. Although their stability and host-guest behavior in solution still
remain to be investigated, it should be possible to use preorganized calixarene
cavities for molecular encapsulation, separation and storage. It must be remembered,
however, that self-assembling nanotubes are stable only under specific, rather mild
conditions, which may not be suitable for some applications. Another important but
still unresolved issue is control over their length.
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Figure 4.9 Calixarene nanotubes can be used for generation of NO gas [18].

4.6
Conclusions and Outlook

Synthetic nanotubes are promising molecular containers. Their geometric features
and actual nanodimensions clearly place them in a unique position compared with
conventional molecular containers. Described here, calixarene-based nanotubes
simultaneously entrap multiple guests in a 1D fashion. The guest exchange mecha-
nism is also different, since nanotubes are open from both ends and do not require
dissociation [22]. This leads to interesting host—guest dynamics and opens the door to
such applications as 1D ion mobility for transport and nanowires, inner-space
reactions with subsequent product release and also high-capacity porous materials
for molecular separation and storage. This also establishes an internal order that
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cannot be achieved for conventional encapsulation complexes and even may influ-
ence the binding strength.

In contrast to SWNTs and ion channels, conventional organic spectroscopy can be
used to study the complexation processes and monitor guest behavior within the
interior.

Among the future goals will be the synthesis of even more sophisticated nano-
tubes. There is a need to achieve higher kinetic and thermodynamic stabilities of the
encapsulation complexes. It also remains to be seen how the encapsulated guests
interact or even react with each other and the nanotube walls and whether their
properties in a confined environment are different from those in bulk.
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5
Molecular Gels — Nanostructured Soft Materials
David K. Smith

5.1
Introduction to Molecular Gels

It seems increasingly likely that nanochemistry will underpin manufacturing tech-
nology in the 21st century, with the ability to control structure and morphology at the
nanometer level allowing the synthesis of a new generation of smart materials [1]. As
such, the use of organic building blocks, which can selfassemble into nanoscale
architectures, offers a simple approach to the spontaneous generation of nanoma-
terials. Of particular interest in this regard has been the rapid development of gel-
phase materials constructed via the hierarchical assembly of molecular building
blocks; indeed, over the past 15 years, there has been an explosion of publications
dealing with the self-assembly of organic molecules into nanostructured gels in a
variety of solvents [2]. In 2006, an excellent book, edited by Terech and Weiss, was
published dealing with the topic in a comprehensive manner [3]. This chapter makes
no attempt to reproduce a comprehensive coverage of the topic, but instead intends to
provide a “primer” which will act as an accessible overview and summarize the
following issues:

o What is a molecular gel?

e How can molecular gels be prepared?

e How can molecular gels be studied?

o What kind of molecules assemble into molecular gels and why?

o What are the applications, both real and potential, of molecular gels?

By answering these questions, it is hoped that this chapter will provide a useful
overview for the non-specialist reader, in addition to offering new insights for those
well acquainted with the field.

Gels are a well-known colloidal state of matter and are familiar to us in everyday life
(hair gel, toothpaste, cleaning products, air fresheners, contact lenses, foodstuffs,
etc.). However, perhaps surprisingly, an accurate definition of the gel state remains

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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somewhat elusive. In the simplest terms, Dorothy Jordan Lloyd’s definition from the
1920s (paraphrased as “if it looks like ‘Jell-O’ — it must be a gel”) is easy to use on a
macroscopic level [4]. However, more useful in terms of visualizing the structure of a
gel on a molecular level was her additional statement “. . . they must be built up from
two components, one of which is aliquid at the temperature under consideration and
the other of which, the gelling substance proper ... is a solid”. Indeed, it is usually
argued that in gels, a “solid-like” network is able to “immobilize” the flow of bulk
“liquid-like” solvent [5].

Most of the gels familiar from everyday life are constructed from polymers and as
such are not strictly “molecular” gels. In polymer gels, crosslinking between polymer
chains (either covalent or noncovalent) gives rise to an entangled network, which
constitutes the “solid-like” phase. The “liquid-like” solvent is primarily located in
pores within the crosslinked network, in addition to solvating the polymer chains. It
is worth noting that on the molecular level, the solvent is mobile within the gel-phase
network [4]; flow of the bulk solvent is only prevented as a consequence of capillary
forces and some solvent-gelator interactions. This leads to one of most striking visual
properties of gels — when placed in an inverted vial, liquid is unable to flow out of the
material under the force of gravity, in spite of the high liquid content (Figure 5.1).
Indeed, this simple test is one of the best ways of rapidly identifying a new gelator in
addition to performing basic characterization (see Section 5.3.1).

It is relatively straightforward to see how entangled polymer chains can yield gel-
phase materials, but it is more difficult to understand how low molecular weight
molecules can achieve gelation — so-called molecular gels. The concept of low
molecular weight compounds causing viscosity modification is not new — molecular
gels based on simple organic building blocks (e.g. fatty acid salts) were first
recognized in the 19th century [6]. However, the recent academic interest has

GEL
Figure 5.1 Photograph of a typical gel.
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coincided with the ready availability of imaging techniques able to visualize objects
on the nanometer length scale. Electron microscopy in particular has allowed
researchers to observe gel-phase materials on the nanoscale. In turn, this has
enhanced the understanding of the way in which low molecular weight systems
can achieve gelation and improved the ability of researchers to study the effect of
molecular structural change on the gelation process.

It has recently become well understood that self-assembly processes underpin the
formation of molecular gel-phase materials. Intermolecular interactions, such as
hydrogen bonding, t—n stacking, van der Waals interactions and solvophobicity are able to
encourage the assembly of molecular building blocks in a one-dimensional manner.
Such a process can be considered as a supramolecular polymerization [7], i.e. the
polymers formed are held together solely by noncovalent interactions between
building blocks. These supramolecular polymers may then be able to form entangled
networks and hence give rise to gelation. The process of gelation is often described as
hierarchical and depends on a number of steps:

1. Molecule interacts with adjacent molecule to form a dimer.

2. Dimers interact to form oligomers.

3. Oligomers extend into supramolecular polymer fibrils, which have approximately
the same width as the molecular building block (e.g. 1-2 nm wide).

4. Fibrils bundle together to form fibers (often ca. 20-50 nm wide).

5. Fibers interact to form an interconnected sample spanning network. These fiber—fiber
interactions are one of the least well-characterized and understood aspects of
molecular gels.

6. Sample spanning network “immobilizes” solvent.

It should be noted that in different cases, the levels of hierarchical assembly may be
expressed slightly differently; however, some degree of hierarchy is always assumed —
two examples from the literature are illustrated in Figure 5.2. One of the most
fascinating features of molecular gels is that very small amounts of gelator often
achieve complete solvent “immobilization” and this demonstrates the power of
hierarchical assembly. Typically, molecular gels contain <2% w/v gelator. Molecules
which achieve gelation at concentrations <1% w/v are sometimes described as
“supergelators”.

There is clearly a relationship between gelation and crystallization, as in both
cases a solid-like component assembles in a liquid-like phase as a consequence of
multiple noncovalent interactions. However, in gelation, the solid-like network is
compatible with the solvent and remains solvated and hence does not fully phase-
separate. As such, gelation can be considered to be a competition between
solubilization and phase separation. Furthermore, in gelation, the assembly
process is directional — i.e. unlike a crystallization process, aggregation does not
occur in three dimensions; in gels the growth of the supramolecular polymer is
usually one dimensional.

Perhaps one of the key advantages of materials based on low molecular weight
building blocks is their reversibility. Unlike a covalently crosslinked polymer network,
molecular gels can be broken down into their individual molecular building blocks
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Figure 5.2 Hierarchical assembly of gel-phase materials as
illustrated for synthetic systems developed by (A) Meijer’s group
and (B) Aggeli and coworkers. Ref. [8] adapted with permission of
Science and Ref. [9] adapted with permission of National Academy
of Sciences.

and this makes molecular gels highly tunable, responsive materials. For example,
raising the temperature has a profound effect on the assembly process due to the
entropy term (AG = AH — TAS) and encourages disassembly of the gel into the less
ordered “sol” state. Molecular gel formation is also concentration dependent; at low
concentration, the interaction between molecules is unable to yield supramolecular
polymers. Such effects are now well understood in supramolecular polymer chem-
istry [7] and can be applied to gel-phase materials.

5.2
Preparation of Molecular Gels

Molecular gels are often formed by heating the solid low molecular mass gelator in
an appropriate solvent, with sonication sometimes being applied to the sample [10].



5.3 Analysis of Molecular Gels

This process results in the solubilization of the gelator. In the isotropic solution,
the gelator molecules have a relatively low degree of aggregation — insufficient to
support a sample spanning network. On cooling, preferably at a controlled rate, the
sol transforms into a gel. In general terms, the higher the concentration of gelator
used, the higher is the temperature of the gel-sol boundary. On some occasions, a
gel forms instantly on dispersing a gelator in the appropriate liquid [11]. This
would imply that in this case, the activation energy required for solubilization and
subsequent molecular assembly is lower than that in those cases where a heat—cool
cycle (or sonication) is required for gelation. It is essential that the method of gel
preparation is accurately reported, as gel properties can vary depending on the
precise details of preparation (e.g. rapid cooling versus slow cooling, heating
versus sonication).

One key recent study provided a detailed insight into a one-dimensional aggrega-
tion process, in which molecules aggregated into dimers, which formed helical
fibrils, that then assembled further into fibers and bundles (Figure 5.2A) [8]. It was
concluded that the basic model of aggregation described above to form gels was
accurate, but that solvent molecules played an unexpected explicit role in forming an
ordered shell capable of rigidifying the aggregates and guiding them towards
assembly into bundles/gels. This analysis is consistent with the observation that
gelation is highly (and sometimes unpredictably) solvent dependent [12]. Under-
standing these nucleation and assembly mechanisms in more detail will hopefully
enable the important goal of extending rational synthesis into the nanoscale regime in a
more controllable way.

53
Analysis of Molecular Gels

Perhaps one of the most interesting features of gels is the ability to gain an
understanding of the connection between molecular structure, nanoscale self-assembled
morphology and macroscopic materials properties. In the following sections, we discuss
the ways in which gels can be analyzed across the full range of length scales. It should
be noted that a full discussion of each of these techniques is beyond the scope of this
chapter, which will instead try to focus on the key points of each method and direct the
reader to useful references in the literature.

5.3.1
Macroscopic Behavior — “Table-Top” Rheology

Quick and simple ways of visually assessing the physical (i.e. macroscopic) behavior
of the gels are referred to as “table-top” rheology [13] and can be readily carried outin
any laboratory without sophisticated equipment. These techniques, discussed
in further detail below, are particularly useful for exploring the gel-sol phase boundary,
as the conversion of the material from a gel to a sol can be readily assessed in a
visual manner. There are two simple parameters which are widely used to define the
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Figure 5.3 Example of a phase diagram for gelation. Reproduced
from Ref. [14] with permission of the American Chemical Society.

macroscopic properties of molecular gels:

1. Minimum gelation concentration (MGC) — the minimum concentration of gelator
required to form a sample-spanning self-supporting gel at a given temperature
(usually 25°C).

2. Gel-sol transition temperature (Tge) — this value can be determined by monitoring
gelation with the use of a high-precision thermoregulated heating—cooling bath. It
is concentration dependent and determining T values at different concentra-
tions allows the construction of a “phase diagram” (e.g., Figure 5.3).

5.3.1.1 Tube Inversion Methodology

The simplest method of monitoring the gel-sol transition involves inverting a vial of
the gel and watching to see whether any flow occurs (for example, the gel shown in
Figure 5.1 would satisfy the tube inversion test) [15]. It is essential to use the same
sample mass and vial type when performing comparative studies, to ensure that the
yield stress exerted on the gel remains constant. This ensures that the gel-sol
transition in each case is determined under the same conditions of stress and hence
meaningful comparative results can be obtained. However, this limitation means that
it can sometimes be difficult to compare results recorded in different laboratories ina
quantitative way.

5.3.1.2 Dropping Ball Method

In this method, a small metal ball is placed on the gel and the dropping of the ball
through the gel is observed [16]. In the ideal scenario, the ball should be immobile
in the gel, but drop rapidly in the sol. In this way, the T, value at any given
concentration of gelator can be determined. In this case, the yield stress is dependent
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on the density of the ball and its radius. Therefore, the ball must be kept constant
across experiments in order to ensure that data can be compared in a meaningful
way. The sample tube should also be significantly larger than the ball, otherwise the
presence of the nearby walls can affect the motion of the ball (wall effects can never
be completely eliminated).

It is possible to analyze the phase diagrams constructed from “table-top” rheology
methods in order to estimate thermodynamic parameters associated with gelation.
Schrader’s relationship can be used to generate plots of In[gelator] against 1/ T,ej, in
which the gradient is —AH/R, where AH can be approximated to the enthalpy
associated with the gel-sol transition [17]. This value can therefore provide some
insight into the thermodynamics of the interactions between molecular-scale build-
ing blocks, although the assumptions inherent in this treatment probably mean that
the data are best used to compare the behavior of related gelators. It should also be
noted that many gels apparently exhibit a plateau region in Ty above a certain
concentration (see Figure 5.3) — corresponding to a point at which the presence of
additional gelator does not appear to enhance the thermal macroscopic properties of
the gel, presumably because the formation of a sample-spanning network is
complete. This behavior cannot be fitted to Schrader’s relationship.

5.3.2
Macroscopic Behavior — Rheology

As soft materials, gels can ideally be explored using rheological methods [18], although
this requires the use of specialist equipment. In typical experiments, the magnitudes
and ratios of the elastic (G') and loss (G”) moduli are determined under oscillatory
shear. The elastic modulus (G’) indicates the ability of a deformed material to regain
its shape, whereas the loss modulus (G”) represents the ability of the material to flow
under stress. For a gel, the elastic modulus should be independent of oscillatory
frequency and G’ should exceed G” by about one order of magnitude. Measurements
of viscosity also provide a useful method for comparing gel-phase materials in a
quantitative way and generating structure—activity relationships.

Rheology has been performed on a number of molecular gels [19] and it is
increasingly clear, from the relationship between strain and stress tensors, that the
choice of theoretical model is not straightforward. Molecular gels can be classified
rheologically as cellular solids, fractal/colloidal systems or soft glassy materials,
depending on their behavior. Evidently, there is the need for continued application of
rheological methods to molecular gel materials in order to provide a better insight
into the way in which modifying gelator structures on the molecular scale controls the
macroscopic rheological properties of the self-assembled material.

533
Macroscopic Behavior — Differential Scanning Calorimetry

In differential scanning calorimetry (DSC), the difference in the amount of heat
required to increase the temperature of a sample and reference is measured as a
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function of temperature [13]. When the sample of interest undergoes a physical
transformation, such as a gel-sol phase transition, more heat will need to flow to it
than the reference in order to maintain both at the same temperature. Observing the
difference in heat flow associated with this endothermic phase transition permits the
measurement of the amount of heat absorbed or released by integration of the DSC
trace. This provides a way of directly measuring the phase-change enthalpy
(AHgel_s01) and can provide an insight into the thermodynamics of the gelator—gelator
interactions. DSC should be performed in both heating and cooling modes in order
to assess both endothermic and exothermic transitions and assess the thermo-
reversibility of the gel-sol phase change.

5.3.4
Nanostructure — Electron Microscopy

Electron microscopy is, perhaps more than any other method, the technique that
has opened up the “nanoworld”. In the simplest use of electron microscopy to
image the nanostructure of gel-phase materials, a gel sample is first allowed to dry
on a substrate (either under ambient conditions or in vacuo). The sample is coated
under vacuum with a thin (ca. 2 nm) metallic layer and then imaged by scanning
electron microscopy (SEM). The SEM image obtained in this way therefore depicts
a dried and treated sample. Usually the network structure of the gel “collapses” on to
itself during drying to yield a xerogel (if “collapse” does not occur, the structure is
referred to as an aerogel). It should be noted that changes in the nanostructure
other than “collapse” may also occur during drying; however, it is often assumed
that such effects are minor.

A range of morphologies are observed for gel-phase materials using SEM
(Figure 5.4). In general, transparent gels exhibit nanoscale structuring, whereas
opaque gels, which scatter light, have microscale features. Typically assembled
nanofibers are observed, as might be expected for supramolecular polymers. Other
types of “one-dimensional” objects such as tapes/ribbons have also been reported. In
some cases nanoscale chirality of these objects can be observed — usually in the form of
helicity. Transmission electron microscopy (TEM) can also be applied to gel imaging,
although it is often necessary to apply a heavy metal staining agent to enhance image
contrast.

Cryo-electron microscopy techniques are used to try and minimize disruption to
the self-assembled network [20]. This method uses a rapid freezing step to prevent
thermal motion of the assembled gelator network. In some cases solvent is then
sublimed from the sample by freeze-drying (although this may modify the gelator
structure, the low temperatures make gelator reorganization less likely). Overall,
cryo-electron microscopy leads to significantly less disruption of the gelator network
and therefore a typical cryo-EM image shows a more expanded and “solvated”
network, in which the solvent pockets can be readily visualized as cavities within
the network (Figure 5.5).

In some rare examples, nonfibrillar gel morphologies have been observed by electron
microscopy methods. For example, platelet-type morphologies have been observed in
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Figure 5.4 SEM images of nanostructured gels synthesized in the
author’s laboratories showing (A) fibrillar, (B) tape-like, (C) rod-
like and (D) helical ribbon morphologies for different gelators.

which interpenetrating networks of platelet-like objects constitute the “solid-like”
phase [21]. Figure 5.6 illustrates how a honeycomb network of two-dimensional
platelets may lead to the effective “immobilization” of solvent molecules within the
nanoscale cavities inherent within the morphology. It has been argued that in these
systems, growth of an ordered structure occurs in two dimensions (and is prevented
in the third). This would therefore appear to be conceptually related to the more
typically observed formation of gel fibers, in which growth is only allowed in one
direction and prevented in the other two.

Figure 5.5 Cryo-scanning electron microscopy image of a self-
assembled gel. Reproduced from Ref. [12a] with permission from
the American Chemical Society.
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Figure 5.6 SEM image of an unusual nonfibrillar interconnected
honeycomb morphology constructed from interlocked platelets
underpinning a gel-phase network. Reproduced from Ref. [12d]
with permission of Wiley.

535
Nanostructure — X-Ray Methods

The irregular packing of fibrils and fibers within gel-phase materials means that
rather than leading to well-defined diffraction patterns, solvated molecular gels
generally scatter X-rays, which can, atlow angles of scattering, be fitted to a computer
model [22]. For example, the scattering data obtained from a gel can be modeled as a
collection of cylinders or tapes. The data can provide useful information about
nanoscale dimensions, such as the cylinder diameter. If the model is accurate, this
will correspond to the fibril dimensions (e.g. ca. 1-3 nm). This is useful information,
as the objects visualized by electron microscopy methods are usually larger fibers and
bundles (i.e. not molecular scale) — X-ray scattering analysis therefore provides a way
of “visualizing” the molecular-scale fibrils present in the gel, which underpin the
morphology observed by electron microscopy. X-ray methods can also be used on the
dried gels (xerogels), in which case diffraction peaks are generally observed. This can
lead to a more precise understanding of the molecular packing within fibrils,
although results must be treated with some care, as drying can lead to morphological
change [23]. Computer modeling is often an excellent complement to X-ray diffrac-
tion (and other) investigations of molecular gels and such approaches can sometimes
be used to provide a predictive understanding of fibril/fiber packing [24] and lead to
pictorial models such as that illustrated in Figure 5.2B [9].

5.3.6
Molecular Scale Assembly — NMR Methods

NMR spectroscopy provides a useful method to try to understand why, on a
molecular level, gelators assemble into fibrillar architectures and to probe the
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intermolecular interactions between the molecular building blocks which under-
pin the self-assembly of fibrillar architectures [25]. It should first be noted that
NMR in the “rigid” gel-phase is challenging because the low mobility of the
molecular building blocks causes broad peaks. As in solid-phase NMR, magic
angle spinning (MAS) could, in principle, be employed to obtain NMR spectra of
rigid gels [26], although this has not been widely applied to low molecular weight
gelation systems. In some rigid gels, unexpected sharp NMR peaks associated
with the gelator have been observed; these have been attributed to gelator
molecules not bound to the nanoscale network. Such peaks can only be observed
if the exchange of gelator molecules from bound to unbound forms is kinetically
slow [25]. Usually, the concentration of gelator being observed in the NMR
spectrum can be quantified by integration with respect to a reference molecule
which does not associate with the “solid-like” gelator network and has sharp NMR
peaks.

In order to facilitate the study of molecular gels, NMR experiments are often
performed on soft solids/partial gels or on samples just above the T, value —in this
way, spectra with reasonably sharp peaks can be recorded. Under this regime of
concentration/temperature, the hierarchical assembly is at the stage of oligomer
formation (rather than fully formed network) and NMR therefore provides an ideal
way of monitoring the way in which one molecule interacts with another to form an
oligomeric assembled structure. Several typical experiments are performed:

1. Variable concentration — NMR titration. NMR spectra are recorded at increasing
concentration of gelator. As the concentration increases, the NMR spectra should
broaden due to gel formation and loss of gelator mobility. However, the NMR
peaks should also shift — particularly those that are involved in noncovalent
interactions between the molecules. For example, N—H protons are often
observed to shift downfield as concentration increases (Figure 5.7) [27]. This
indicates that as the concentration increases, these peaks become increasingly
involved in hydrogen bond interactions. Alternatively, aromatic peaks may shift
upfield — which would be indicative of the aromatic rings becoming involved in the
formation of n—m interactions.

2. Variable temperature (VT) experiments. As the temperature of a sample is in-
creased, the gel should gradually become more mobile and interactions between
molecules will weaken. Once again, as these interactions weaken, NMR peaks will
shift and this can be assigned to breaking hydrogen bonding and n—mn interactions
28].

3. NOE experiments [25,27b,29]. NOE experiments can provide information on the
way in which one molecule interacts with another through space and this can help
uncover the interactions present within a gel.

4. Relaxation time experiments [30]. Relaxation time experiments performed on the
broadened peaks at known concentrations can be used to estimate the molecular
mobility of the aggregated species (diffusion rates can be obtained from such
experiments).
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Figure 5.7 Variable concentration NMR experiment indicating
downfield shifts of NMR peaks on increasing gelator
concentration. Reproduced from Ref. [27c] with permission of the
American Chemical Society.

5.3.7
Molecular Scale Assembly — Other Spectroscopic Methods

There are many other spectroscopic methods which can be applied to provide greater
insight into the assembly of gel-phase materials. Two illustrative examples are given
here:

1.

Infrared (IR) spectroscopy. This method is very useful for probing hydrogen bond
interactions between the molecular building blocks. In particular, O—H, N—H
and C=O0 stretches all show distinctive responses to hydrogen bonding. Van der
Waals interactions can also be detected by looking for changes in C—H stretching
interactions. Typically, it is necessary to compare IR spectra of the gelator in both
the sol and the gel in order to determine the key noncovalent interactions. Variable
temperature IR spectra can provide a useful way of probing the response of these
interactions to temperature changes [31].

. Fluorescence spectroscopy [32]. Gelators which include fluorophores can exhibit

changes in their spectra on aggregation. For example, many fluorophores emit
as excimers when in close proximity (such as in a gel fiber) but emit as
monomers when present in dilute solution. In one very recent example,
excimers were present in the sol, but not in the gel [33]. Fluorescence can also
detect smaller changes associated with differences in polarity between the
gelator in aggregated and nonaggregated states. Once again, VT fluorescence
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can be a useful technique in order to determine which spectral features are
responsive to the aggregation process [34].

5.3.8
Chirality in Gels — Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy [35] is an ideal technique which can be used to
monitor both molecular and nanoscale chirality [36]. An achiral molecule will exhibit
no bands in the CD spectra, whereas a chiral molecule can exhibit a signal (either
positive or negative), in the same wavelength region where it has its UV-Vis
absorption. In general terms, however, solvated isolated chiral molecules often have
relatively small CD signals (unless they have well-organized chromophores inherent
within the molecular structure). As individual molecules assemble into a chiral
nanostructure, the interaction with polarized light can be significantly enhanced and
hence self-assembled nanostructures often exhibit much larger CD bands than their
isolated molecular building blocks. The presence of a CD signal therefore provides
good evidence for the presence of a chiral nanoscale object. To confirm this
assignment, however, it is necessary to carry out a VT experiment or compare
the CD spectrum with that observed in a solvent where aggregation does
not take place [37]. In VT CD, the CD band should decrease in intensity as the
temperature increases, because the nanoscale aggregates break up into their con-
stituent building blocks on heating (Figure 5.8). For well-characterized chromo-
phores, it can sometimes be possible to use CD spectroscopy to predict whether they
are packed in a clockwise or an anticlockwise manner within the helical assembly and
examples will be discussed later in the chapter.

CD spectroscopy also provides an ideal method for probing the assembly
of mixtures of enantiomeric molecular building blocks into gels and can be used to

-160 -

A/ nm

Figure 5.8 VT temperature CD experiment demonstrating
disassembly of chiral nanostructure on application of heat.
Reproduced from Ref. [37] with permission of the publishers.
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distinguish between situations in which:

1. the presence of one enantiomer disrupts the assembly of the other and cause a
breakdown in chiral order [38];

2. one enantiomer (present in excess) enforces its chirality on to the other enantio-
mer via a “majority rules”-type mechanism — this is well known in supramolecular
polymers [39] but not widely explored in gels; or

3. the two enantiomers ignore one another’s presence and are able to “self-sort” into a
proportional mixture of their own homochiral assemblies [37,40].

5.4
Building Blocks for Molecular Gels

Gelation is highly dependent on the choice of solvent — indeed, it is common for
researchers to present large tables of data testing gelation behavior across a wide
range of solvents. For the purposes of this discussion we will broadly classify gels as
either organogels or hydrogels, where organogels form in apolar, non-hydrogen-
bonding solvents (e.g. hexane, toluene, acetonitrile, food and fuel oils), whereas
hydrogels form in polar, hydrogen-bonding solvents (e.g. water, methanol, ethanol).
The driving forces for gelation in these two classes of solvent are markedly different,
as will be discussed below.

The design of a gelator from first principles is a difficult and challenging task. More
often than not, gelators are discovered serendipitously. However, there is now
sufficient literature available to suggest the following broad conclusions about
whether or not a molecule may be expected to gelate:

1. The molecule must be partly soluble in the solvent of choice (but not too soluble,
otherwise it will simply dissolve).

2. The molecule must be partly insoluble in the solvent of choice (but not too insoluble
otherwise it will simply precipitate).

3. The molecule must have the potential to form multiple noncovalent interactions with
itself. Typically, although not exclusively, these might be hydrogen bonds and /or n—n
interactions for organogels and hydrophobic and/or donor-acceptor interactions for
hydrogels.

4. Van der Waals forces are usually present to support the gelation process and in very
rare cases, gelation can occur solely through these very weak interactions.

5. These noncovalent interactions should occur in a directional manner (a degree of
asymmetry is often advantageous).

The sections that follow highlight the major classes of gelator systems explored in
the literature. The examples chosen are highly selective and, for a more comprehen-
sive overview, the interested reader is directed towards relevant review articles at the
start of each section.
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Figure 5.9 Gelators Ta and 1b with even and odd spacer chains
stack in antiparallel and parallel modes, leading to different gel
behavior and nanostructures (SEM images, scale bar=1pum).
Adapted from Ref. [42a] with permission of the American
Chemical Society.

5.4.1
Amides, Ureas, Carbamates (—XCONH— Groups, Hydrogen Bonding)

The —CONH— group has both a hydrogen bond donor (N—H) and a hydrogen bond
acceptor (C=0) and, as such, is ideal for the formation of intermolecular hydrogen
bonded networks [41]. For example, bisamide compounds 1a and 1b (Figure 5.9)
form effective gels in aromatic solvents such as mesitylene due to a combination of
hydrogen bond and van der Waals interactions [34,42]. Interestingly, the length of the
aliphatic spacer chain between the amide groups was observed to exert an odd/even
effect on gelation. It was argued that the ability of the molecules to assemble in either a
parallel or antiparallel manner was dependent on whether the spacer chain had an
odd or even number of carbon atoms. Indeed, the gels formed by gelators with odd
and even spacer chains had markedly different thermal stabilities and SEM studies
indicated that the gels were underpinned by different nanostructures.

Compound 2 (Figure 5.10) is another example of a bisamide gelator [43] and, once
again, intermolecular hydrogen bonds and van der Waals forces drive the assembly

O,NHCOH
2
'qNHCOH R= (eg) C11H23

Figure 5.10 Compound 2 — a chiral gelator building block.
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process. In this case, the molecular building block is chiral. Racemic mixtures of
compound 2 with its enantiomer were observed to form much less stable gels than
either pure enantiomer, demonstrating that chirality can play an essential role in
controlling the molecular packing. This is consistent with the argument that the
supramolecular polymers which underpin molecular gels have nanoscale chirality
such as helicity (see Section 5.3.8).

In general, if peptidic molecules are to act as hydrogelators, rather than organo-
gelators, they require slightly higher polarity in order to ensure sufficient compatibility
with the aqueous solvent medium but they must also have sufficiently large hydro-
phobicsurfacesto provide athermodynamicdriving force for assembly. Consequently,
many hydrogelators contain unmasked carboxylic acid groups (or amines) to provide
polarity and long alkyl chains to provide a hydrophobic surface for assembly. Amphi-
philicstructures suchas 3 and 4 have therefore been employed (Figure 5.11) [44]. These
molecules self-assemble as a consequence of hydrophobic interactions (and van der
Waals forces) between the long alkyl chains and hydrogen bond interactions between
the peptide groups, with the carboxylic acids/amines ensuring compatibility of the
“solid-like” assembled network with the “liquid-like” solvent phase.

Ureas can readily replace the peptide groups and bisurea bola-amphiphilic
structures also act as highly efficient hydrogelators. Depending on the choice of
spacer chain, compounds such as 5 can have minimum gelation concentrations of
<0.3% w/v (Figure 5.11) [45]. The gelation ability of many hydrogelators is highly pH
dependent. Compound 5 forms vesicles atlow pH and only assembles into fibrillar gel-
phase materials when the pH is increased, a process which optimizes the solubility of
the bola-amphiphile.

Compound 6 provides an interesting example of a photoswitchable hydrogel
(Figure 5.12) [46]. Only the trans form of this compound assembles into nanoscale
fibrillar objects and acts as a hydrogelator, whereas the cis form of the compound
assembles into a microspherical morphology. The cis form of the gelator can be
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Figure 5.11 Hydrogelators based on peptide (3 and 4) and urea
(5) functional groups.
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Figure 5.12 Compound 6 — a photoswitchable hydrogelator.
Adapted from Ref. [46] with permission of the American Chemical
Society.

converted into the trans form by photoirradiation and consequently, photoisome-
rization triggers a morphological transition at the nanoscale level and hence
“switches on” gelation. Using external stimuli in this way to trigger gelation is
an important target in controlled release applications such as drug delivery (see
Section 5.5.4) and is one of the key ways in which the reversibility of supramolecular
gels can be harnessed.

5.4.2
Carbohydrates (Multiple —OH Groups, Hydrogen Bonding)

Like peptides, alcohol groups contain both a hydrogen bond donor and an acceptor,
ideal for setting up intermolecular hydrogen-bonded networks. Carbohydrates are
particularly interesting building blocks for gels [47] as this class of molecule has
many naturally occurring members which possess multiple —OH groups with
subtly different organizations and chiralities, hence providing fertile ground for
investigations of structure—activity relationships [48]. Normally, for the formation of
organogels, some of the sugar alcohol groups will be protected — a completely
unprotected sugar would not have the right solubility profile, being too hydrophilic
and hence insoluble in organic solvents. Once again, the key appears to be
achieving balanced solubility combined with the presence of potential self-assem-
bling functional groups.

Chiral molecule 7, a partly protected version of sorbitol, demonstrates these
principles in action and has been extensively studied as a gelator of organic
solvents and polymer melts since the first reports, which remarkably appeared as
long ago as 1891 (Figure 5.13) [49]. Recently, this molecule has been applied as the
matrix gelator in the development of quasi-solid-state dye-sensitized solar cells
[50]. A wide range of analogues of this compound have since been investigated as
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Figure 5.13 Carbohydrate-based organogelator 7.

organogelators and this has led to an understanding of the role of both intra- and
intermolecular hydrogen-bonding pathways on controlling the self-assembly of
these molecules [51].

Carbohydrates have also been employed as hydrogelators — for example, gels based
on unprotected sorbitol are widely employed in personal care products such as
toothpaste and shaving gel. Typically, in hydrogelators, the carbohydrate is fully
deprotected to provide high compatibility with the aqueous phase and the potential for
multiple intermolecular hydrogen bond pathways. Furthermore, the carbohydrate is
often functionalized with a significant hydrophobic surface in order to provide a
thermodynamic driving force for assembly [52]. An example of this strategy is provided
by amphiphilic compound 8, which assembles into helical nanoscale fibers
(Figure 5.14). Hydrogelators based on sugars have also been constructed with
bola-amphiphile type architectures. For example, it was reported that compound
9 remarkably formed gels at concentrations as low as 0.05% w/v (Figure 5.14) [53].
The chromophoric azo dye used as the linker in these gelators experienced an
induced CD signal due to its incorporation within a chiral nanoscale self-assembled
architecture — the stereochemistry of the glucose units drives the chiral assembly
process. The exciton coupling bands in these CD spectra could be assigned to the
transition dipoles in the azobenzene units being orientated in a clockwise direction —
indicating right-handed helical growth of the molecular fibrils. SEM observation of
the gel fibers showed that this helicity was also manifested in the fibers observed
at the nanometer scale. Transcription of chiral information from the molecular scale
to the helicity on the nanoscale was therefore unambiguously demonstrated.
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Figure 5.14 Carbohydrate hydrogelators 8 and 9.
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Figure 5.15 Compounds 10 and 11 as simple steroid organogelators.

5.4.3
Steroids/Bile Salts (Hydrophobic Surfaces)

Steroids, such as cholesterol, are naturally occurring lipid molecules which existin all
plants and animals; they have apolar tetracyclic skeletons and relatively planar rigid
structures and have been widely explored as gelators [54]. It is well known in biology
that steroids can interact with lipid membranes as a consequence of solvophobicity
and van der Waals interactions. In gelation, solvophobicity will play the greater role in
hydrogel formation whereas van der Waals interactions will be more important in the
assembly of organogels. In 1979, it was reported that compounds 10 and 11 could
gelate organic solvents and many of the fundamental techniques used to study
organogels were developed using these molecules (Figure 5.15) [55]. Interestingly,
the free radical on compound 10 meant that this gelator could also be investigated by
electron spin resonance (ESR), with this technique even being used to generate a
phase diagram.

Steroids modified with aromatic rings can become even more effective gelators
due to n—m stacking. For example, compound 12 forms gels at concentrations <1%
w/v and was described as a “supergelator” (Figure 5.16) [56]. In an elegant study,
chiral gelator 13, a functionalized cholesterol derivative, was investigated by CD
spectroscopy (Figure 5.16) [57]. The chromophoric azo dye unit attached to the steroid
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Figure 5.16 Modified steroid gelators 12 and 13.
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15

Figure 5.17 Bile acid salt 14 and bile acid derivative 15 both act as hydrogelators.

experienced an induced CD signal due to its incorporation within a nanoscale self-
assembled architecture (caused by the presence of the cholesterol, with its high
propensity for aggregation). Once again, the directionality of helical stacking within
the nanoscale aggregate could be assigned from these CD spectra. In some cases, it
was found that the speed of cooling during gel formation could control the
‘handedness’ of the assembled helical nanostructure — indicating the importance
of carefully controlling and reporting the conditions of gel synthesis, as indicated in
Section 5.2.

Bile acids, such as 14, possess a rigid steroid skeleton, but are functionalized with
polar —OH groups on the concave a-face and apolar methyl groups on the convex
B-face (Figure 5.17). In addition, they contain a carboxylic acid unit which increases
water solubility. As such, these molecules have a degree of facial amphiphilicity and
they might be expected to have higher compatibility with aqueous solvents than
simple steroids such as cholesterol —indeed, they are able to act as hydrogelators, with
the first observation of this process being made for sodium deoxycholate as long ago
as 1913 [58]. As expected for hydrogelators, hydrophobicity (between B-faces) drives
the assembly process, supported by hydrogen bond interactions. Simple bile acids
have also been used to construct more sophisticated gelator architectures. For
example, compound 15, which contains three cholic acid units attached to a triamine
scaffold, forms gels at remarkably low concentrations (Figure 5.17) (0.02% w/v) [59].
The formation of hydrophobic “cavities” in the gel was characterized using
8-anilinonaphthalene-1-sulfonic acid (ANS) as a fluorescent probe of polarity.

544
Nucleobases (Hydrogen Bonding and ww—m Stacking)

Nucleobases are substituted heteroaromatic pyrimidines and purines and are
primary building blocks in the structures of nucleic acids. They constitute interesting
building blocks for gel-phase materials [60] because they can form hydrogen bonding
interactions within the plane of the heteroaromatic ring and n-n interactions
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Figure 5.18 Compound 16 is a nucleobase organogelator.

perpendicular to the plane. This allows these molecules to become involved in
extended networks of intermolecular interactions.

Compound 16 is a typical organogelator incorporating a guanosine nucleobase
(Figure 5.18) [61]. These molecules formed gel-like liquid crystalline phases in
hydrocarbon solvents, but fibrillar structures were not observed — instead, a planar
tape-like assembly was indicated, with in-depth X-ray diffraction analysis providing
evidence that the tapes contained the hydrogen-bonded guanine residues while the
hydrocarbon chains and solvent molecules filled the gap between the tapes. Deri-
vatives of thymidine have also been systematically investigated as organogelators [62].

One of the interesting features of nucleobase derivatives is their ability to form
specific interactions with their complementary partner nucleobase — this can modify the
self-assembly process and hence the properties of the gel. For example, thymidine
derivative 17 (Figure 5.19) forms opaque gels in organic solvents such as benzene, but
on mixing with complementary poly(A) (as a complex solubilized by cationic lipid),
the opaque gel became transparent [63]. However, adding non-complementary poly
(C) had no effect on the optical properties of the gel. SEM demonstrated that the
addition of poly(A) changed the morphology of the gel from a microscale platelet-like
structure (opaque) to an entangled nanoscale fibrillar network (transparent). As
expected, the addition of poly(C) caused no perturbation of the microscale plate-
let-like morphology of compound 17.

Nucleobases have been used to generate bola-amphiphile-type structures such as
18, with two thymine units attached to either end of a spacer chain. This molecule
assembles into hydrogels in a similar manner to the bola-amphiphiles described
in previous sections [64]. Stacking of the nucleobases was indicated by a large
hypochromicity in the UV-Vis spectrum. This system was demonstrated to respond
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Figure 5.19 Structure of thymidine derivative 17, the self-
assembly of which is modified by the addition of complementary

poly(A).
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Figure 5.20 Compound 18 based on thymine, self-assembled
with oligo(adenine) to yield twisted nanofibers based on
complementary A-T interactions. TEM imaging [(a) and (b)]
indicated the helical pitch and diameter of these nanoscale
assemblies. Adapted from Ref. [65] with permission of Wiley.

to the presence of oligo(adenine) (Figure 5.20) [65]. In the presence of longer strands
of oligo(A), helical nanofibers 7-8 nm in width and several hundred nanometers in
length were observed. In these nanostructures, the oligo(A) strand had wrapped itself
around the fibrillar assembly of compound 18 as a consequence of complementary
hydrogen bond interactions between the A and T nucleobases.

Guanosine derivatives are also known to form gels in aqueous solvents as a
consequence of G-quartet (19) formation (Figure 5.21) — a process which can be
templated by Na* or K" cations (which interact with free lone pairs of the C=0
groups pointing into the cavity). These G quartets can assemble into columnar gels,
primarily driven by hydrophobic stacking [66].

5.4.5
Long-chain Alkanes (van der Waals Interactions)

Alkyl chains are widely incorporated into gelators as they provide a simple way of
tuning the solubility of the molecular building blocks — indeed they are near
ubiquitous in gelation systems. Alkyl chains can pack together via van der Waals
forces and this can enhance gelation by supporting other intermolecular forces,
particularly during the formation of organogels. Alkyl chains can also play a role in
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Figure 5.22 Fatty acid 20 (12-hydroxystearic acid, HSA) is capable
of gelating a wide range of organic solvents and has widespread
industrial use in the form of its lithium salt (Section 5.5.7).

ensuring the compatibility of the molecules with organic oil-type solvents and hence
preventing phase separation. In hydrogels, alkyl chains often play a key role in driving
the aggregation process as a consequence of the hydrophobic effect.

Fatty acids and their salts (e.g. 20, Figure 5.22) have been widely employed for their
gelation potential [6] and are industrially applied in a range of, e.g., cosmetic
products. In 1925, Zsigmondy won the Nobel Prize for his investigations of colloidal
systems, including fatty acid salts [67]. These systems are all underpinned by fibrillar
self-assembled morphologies.

In one unusual example, van der Waals interactions and packing forces alone are
sufficient to drive the gelation process. Simple long-chain alkanes such as n-
hexatriacontane [H(CH,);¢H] are able to act as gelators in a variety of hydrocarbon
liquids, alcohols, halogenated liquids and a silicone oil [21a]. The extended alkyl
chains pack together in a lamellar fashion to form a type of platelet microcrystal,
which subsequently forms an interpenetrating network of platelets (Figure 5.23).
Interestingly, it is known that this type of aggregation process causes problems in oil
pipelines and production equipment, where so-called “waxes” of long-chain alkanes
are deposited — understanding and prevention of this aggregation process are
therefore of commercial importance.

54.6
Dendritic Gels

In recent years, dendritic (branched) molecules have been explored as gelators [68].
Dendritic systems possess multiple functional groups within the branched structure
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Figure 5.23 (a) Optical micrograph (scale bar 100 um) of the
platelet morphology formed by n-hexatriacontane in 1-octanol; (b)
proposed model of platelet formation; (c) proposed molecular
packing of long-chain hydrocarbons driven by van der Waals
forces. Reproduced from Ref. [21a] with permission of the
American Chemical Society.

and as such are capable of forming multiple intermolecular interactions, making
their self-assembly [69] and gelation properties of considerable interest.
Compound 21 was one of the first dendritic organogelators [70]. In this system,
intermolecular hydrogen bond interactions between the peptide groups at the focal
point of the dendron were responsible for the self-assembly process (Figure 5.24).
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Figure 5.24 Compound 21.
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Lower generation dendritic analogues (with less branching) did not lead to gelation,
instead giving precipitate. It seems likely that in this case, the dendritic branching
plays a steric role in enforcing the directionality of the assembly process and
preventing the formation of “three-dimensional” aggregates.

Compounds such as 22, with dendritic lysine head groups attached to an alkyl
spacer chain, have been investigated in detail as gelators (Figure 5.25) [27c]. These
molecules assemble predominantly as a consequence of hydrogen bond interactions
between the dendritic peptide head groups, as demonstrated by NMR titration and
variable temperature experiments. In this case, the highest generation system
investigated (third generation) was the most effective gelator. It has been argued
[27¢] that dendritic effects on gelation are a balance between favorable additional
intermolecular interactions and unfavorable steric hindrance and entropic penal-
ties. In this case, therefore, it appears that the additional hydrogen bonds possible
on introducing more branching more than compensate for the steric and entropic
penalty of assembling more bulky and flexible molecular building blocks.

In a key study [37], the gelation of mixtures of these building blocks has been
investigated (Figure 5.26). It was reported that in mixtures where the peptide head
groups are different, such as those based on “size” or “chirality”, the dendritic
building blocks are able to self-sort and form their own independent nanostructures.
However, in systems where the dendritic head groups remain the same and only the
spacer chain is changed (“shape“) the molecular recognition pathways between the
peptide head groups become confused, self-assembly is disrupted and the nano-
scale assemblies which result are constructed from a mixture of the different
building blocks.

Amphiphilic dendritic organogelators [dendron rod-coil (DRC) molecules] such as
23 have been investigated as gelators (Figure 5.27) [72]. In this case, structure—
activity relationship studies indicated that at least four hydrogen bonding O—H
groups were required to support gelation, that the rigid aromatic rod became
involved in n—r stacking interactions and that a sufficiently long apolar coil was
required. These gelators have been widely exploited and some examples will be
given in Section 5.5.5.
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Figure 5.26 Self sorting mixtures — size, shape and chirality.
Reproduced from Ref. [37] with permission of Wiley.

Dendritic hydrogelators are also well established. Once again, it is no surprise that
some of these structures are bola-amphiphilic in nature, with hydrophobicity driving
self-assembly. For example, compounds 24 and 25 form gel-phase materials at
concentrations of 1% w/v in water, with fibrous assemblies being visualized by
TEM methods (Figure 5.28) [73]. A series of structure—activity relationship experi-
ments were performed and it was reported that there was an optimum balance
between the length of the spacer chain and the size of the dendritic head group in
order for gelation to occur. Indeed, compound 24 will form a gel when the spacer
chain contains only eight carbon atoms, whereas compound 25, which has more
extensive polar head groups, requires at least 10 carbon atoms in the spacer chain for
gelation to be observed. This hydrophobic/hydrophilic balance reflects the balance in
solubility which is required for effective gelation.

HQ

23

X+y=9 HO

Figure 5.27 Dendron rod-coil 23.
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Figure 5.28 Dendritic hydrogelators 24 and 25.

5.4.7
Two-component Gels

Two-component gelation systems are of rapidly increasing importance [74]. In such
systems, two independent components are both required to be present in order for
gels to form. The two components must first form a complex, which subsequently self-
assembles into a gel-phase material. This introduces another step into the hierarchi-
cal assembly process and consequently provides another level by which the gelation
event can be controlled and tuned.

An early example of a two-component gelation process made use of the well-known
interaction between barbituric acid (26) and pyrimidine (27) (Figure 5.29). Appro-
priate functionalization of these building blocks sterically blocked the formation of a
three-dimensional aggregate and encouraged the formation of a linear supramolec-
ular polymer held together by hydrogen bonds [75]. Although this system only
formed gels at relatively high concentrations, it demonstrated the principle that two
components could act in a synergistic manner to form a gel-phase material.

Extensive studies have been made of a two-component gelation system in which a
twin-tailed anionic surfactant, sodium bis(2-ethylhexyl)sulfosuccinate (AOT, 28)
interacts with substituted phenols (29) (Figure 5.30) [76]. Gelation is initiated via
the formation of a hydrogen bonding interaction (possibly with associated proton
transfer) between the phenol and the sulfonate group. Subsequently, the aromatic
phenols form a nt-stacked architecture. The alkyl chains of the surfactant are then able
to contribute van der Waals interactions, in addition to ensuring the compatibility of
the fibrillar aggregates with the surrounding solvent. Small-angle X-ray scattering
was used to demonstrate that molecular-scale fibrils (diameter ca. 2.1 nm) assemble
into fibers (diameter ca. 10 nm), which then aggregate further to yield fiber bundles
(diameters 20-100nm) — a clear example of the hierarchical assembly process.
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permission of Wiley.
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Figure 5.31 Two-component gelation system 30.

Two-component gels based on dendritic building blocks such as 30 have been
reported and fully characterized (Figure 5.31) [12a,14,77]. Intriguingly, it has been
demonstrated that the molar ratio of the two components can control the nanoscale
morphology into which these molecular-scale building blocks assemble [21d]. A
stoichiometric 2 : 1 ratio of dendron to diamine gave rise to well-defined nanofibrillar
architectures; however, when the amount of dendron was decreased relative to the
diamine (e.g. 1: 4.5 ratio), the dendron was less able to stabilize this extended fibrillar
morphology. Gel-phase materials were still obtained, but it was found that these
were underpinned by networks of micro- or nano-crystalline platelets (Figure 5.32). It
was argued that when sufficient dendron is present, the growth of diamine “crystals”
is prevented in two dimensions, giving rise to one-dimensional fibers. However,
when the amount of dendron becomes insufficient, it can only prevent growth of
diamine “crystals” in one dimension and hence two-dimensional platelets result.
Different diamines gave rise to different morphologies (platelet, square, rosette);
however, all of them were fundamentally composed of interlocked two-dimensional
objects. This demonstrates how two-component gels can provide additional control
over nano-fabrication.

Two-component gels have been constructed based on well-known receptors widely
used in molecular recognition. For example, compound 31 employs a dibenzo-24-

Figure 5.32 SEM images of nanoplatelets formed from different
diamines in the case where there is insufficient dendron present to
prevent growth of diamine platelet crystals in two dimensions.
Adapted from Ref. [21d] with permission of the publishers.
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Figure 5.33 Compounds 31 and 32.

crown-8 building block appended with steroid units [78]. Addition of substrate 32,
capable of binding to the crown ether, was observed to enhance significantly the
propensity for gelation (Figure 5.33). It was proposed that molecular recognition
induced a conformational change in compound 31 which encouraged the stacking of
the steroid units and organization of the hydrogen bonding groups. This indicates
how using a two-component approach, gelation can become responsive to specific
chemical triggers. Other researchers have also developed gels which respond to the
presence of specific ions via a host-guest binding mechanism and such systems have
potential in controlled-release applications (Section 5.5.4) [79].

Donor-acceptor m— interactions have also been employed for the assembly of two-
component gels. Bile acid derivative 33, functionalized with a donor group, formed
gels when present in 1:1 stoichiometry with acceptor molecule 34 (Figure 5.34) [80].
UV-Vis spectroscopy indicated the presence of donor-acceptor interactions, as the
gelation process was accompanied by a substantial increase in the charge-transfer

Figure 5.34 Compounds 33 and 34.
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Figure 5.35 Vancomycin 35 triggers the enhanced gelation of
compound 36 via host—guest interactions as illustrated.

band. Indeed, whereas the individual components are colorless/pale yellow, the
nanostructured assembled gel is brightly colored.

Two-component hydrogels have also been uncovered in recent years. Perhaps one
of the most interesting makes use of the medicinally relevant interaction between the
antibiotic vancomycin (35) and pyrene-functionalized p-Ala,p-Ala derivatives such as
36 (Figure 5.35) [81]. It was demonstrated that the addition of vancomycin to a
solution of gelator 36 gave rise to a significant increase in the mechanical strength of
the gel — indeed, a dramatic 10°-fold increase in the storage modulus of the material
was reported. SEM investigations demonstrated that vancomycin changed the

structure which underpins gelation transforming a self-assembled linear superstruc-
ture into a highly crosslinked two-dimensional sheet.

5.5
Applications of Molecular Gels

The endless and subtle synthetic variations which can be made to molecular gelators
as illustrated in Section 5.4, means that the resultant materials have vast potential for

application in a variety of different areas. The following section aims to provide a brief
overview of some current and proposed applications.
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5.5.1
Greases and Lubricants

Many lubricating greases in everyday commercial use are in fact molecular gels,
although perhaps surprisingly, this is not always widely recognized in the recent
scientific literature dealing with organogels [82]. In most greases, the “liquid-like”
phase or base oil makes up 65-95% of the grease and is composed of hydrocarbons
with between 25 and 45 carbon atoms (molecular weights 350-700) and with boiling
points between 350 and 500 °C. One of the most commonly applied types of grease,
referred to as “lithium grease”, is based on a blend of mineral oil and the lithium salt
of 12-hydroxystearic acid (HSA) (20). Over 50% of the lithium grease market is based
on the use of compound 20 as the thickening agent — this compound is obtained from
castor oil, with 65% of the world’s supply being produced in India. This grease
contains a hydrogen bonding OH group, a long alkyl chain (van der Waals interac-
tions) and a charged head group, all of which will assist in the self-assembly process.
The fibrillar nature of the self-assemblies formed by these low molecular weight
additives is well characterized in the grease literature [83].

5.5.2
Napalm

Unfortunately, napalm, one of the most notorious inventions in the history of
mankind, is a gel-phase material [84]. Napalm was originally a mixture of aluminum
salts of naphthenic and palmitic acids in petrol and is a sticky incendiary gel.
Naphthenic acid refers to the mixture of carboxylic acids obtained from crude oil.
Palmitic acid is the most common saturated fatty acid found in plants, C;5H3; COOH.
Napalm was used in flamethrowers and bombs by the US and Allied forces to
increase the effectiveness of flammable liquids by causing them to adhere to
materials. When used against human targets, napalm rapidly deoxygenates the
available air in addition to creating large amounts of carbon monoxide, causing
suffocation. In some cases, napalm incapacitates and kills its victims very quickly, but
victims who suffer second-degree burns from splashed napalm will be in significant
amounts of pain. Napalm was used in the Second World War by US troops and has
also been used in many subsequent military conflicts. Most infamously, napalm was
used in the Vietham war; however, this later version of napalm used a polymer to
achieve gelation rather than using low molecular weight compounds.

5.5.3
Tissue Engineering — Nerve Regrowth Scaffolds

On a more positive note, self-assembled gels have recently been of great interest for
their ability to act as biomaterials. In particular, they can be considered to provide a
form of nanoscaffolding, which may have uses in tissue engineering [85]. There have
been interesting studies investigating nerve growth through gels within animal
model systems [86]. In one study, hamsters were surgically blinded by cutting the
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Figure 5.36 Peptide hydrogelator assembles stimulus (a—d). Data (e) indicated that treated
into a fibrillar network as a consequence of hamsters regained ca. 80% of vision, whereas
hydrophobic and hydrogen bond interactions.  untreated animals regained only 10%. Adapted
When applied to the damaged optic nerve of ~ from Ref. [86] with permission of the National
hamsters with blinding in their right eye, visionis  Academy of Sciences of the USA.

regenerated and the hamster responds to

optic nerve to one eye. Some of the hamsters then had a self-assembling peptide
hydrogel injected in liquid form into the optic nerve — these animals regained ca. 80%
of their vision as the nerves regrew through the nanostructured gel matrix
(Figure 5.36). Untreated animals remained blind. This demonstrates that this kind
of material is compatible with living tissue and has the potential to act as a matrix to
encourage the growth of nerve cells.

In a different study, nanofibers have been self-assembled as a result of interactions
between synthetic amphiphilic peptide 37 and the polyanionic biopolymer heparin
(Figure 5.37) [87]. The nanostructured gel which resulted has been demonstrated to
promote the growth of new blood vessels (angiogenesis), a process which is essential
in wound healing and will be critical in tissue engineering applications. It is known
that heparin binds many of the required angiogenic growth factors. It was argued that
immobilization of the heparin as an integral part of the self-assembled nanofiber
scaffold should help orient the domains of growth factors, in addition to protecting



144 | 5 Molecular Gels — Nanostructured Soft Materials

MHy

e A A A

MNH

HP ™ HH,

Figure 5.37 Peptide 37 used in tissue engineering studies and a
schematic illustration of the way in which heparin can interact with
the surface of the self-assembled nano-cylinder. Adapted from
Ref. [87] with permission of the American Chemical Society.

them from protease activity — hence promoting angiogenesis — indeed, in vivo, these
systems stimulated extensive new blood vessel formation. Once again, the fact that
the components can self-assemble in vivo means that they can easily be delivered by
liquid injection.

The fact that molecular hydrogels are based on relatively low molecular weight
peptide building blocks means they should be biocompatible and furthermore will
gradually degrade in vivo. Hence, over time, these gels should break down and the
degradation products (simple amino acids) are biocompatible. This potential biode-
gradability is a major advantage of molecular gels over polymeric hydrogels, which
are well known in medical applications. Obviously, the long-term stabilities and
toxicities of these gels still have to be fully determined, but there is great promise in
this area.

5.5.4
Drug Delivery — Responsive Gels

Molecular gelshave great potential as drug delivery matrices. Indeed, itis worth noting
that a wide range of pharmaceuticals are already formulated as gels (normally using
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polymeric systems) for oral delivery. Gels can also be subcutaneously injected along
withadruginliquid formand then allowed to gelate invivo[88] for sustained release ofa
drug by allowing slow diffusion of the drug molecule out of the gel. The rate of release
could be controlled depending on whether the drug molecule itself has any specific
interactions with the gelator fibers (which would inhibit release of the drug). Alterna-
tively, responsive molecular gels can achieve rapid (“burst”) delivery of encapsulated
drugs as a consequence of going through a gel-sol transition. As has been discussed
above, molecular gels can be responsive to a wide range of different stimuli —
temperature, pH, photoirradiation, ionic and molecular triggers, etc., and as such,
the design of responsive drug delivery scaffolds is an area of considerable interest [89].

5.5.5
Capturing (Transcribing) Self-assembled Architectures

Although gels are soft materials, it is possible to try and capture the structures
into which they assemble in a more rigid form. In this way, the self-assembled
organic nanoarchitecture can be considered to act as a template for the formation
of an inorganic material. One of the first examples of this approach was the use of
compound 38 in the synthesis of nanostructured silica (Figure 5.38) [90]. A gel
was formed in a mixture of acetic acid, tetraethyl orthosilicate (TEOS) and water.
After 10 days, the solidified material was dried and calcined and was shown to
consist of tubular silica. The charged quaternary ammonium salt was essential for
encouraging the deposition of the silica onto the gel fibers.

Since this initial report, there have been numerous reports of transcription
of organic gel morphologies into silica. Particularly eye-catching has been the
generation of spiral/helical silica morphologies using different gelator structures
(Figure 5.39) [91]. It has been hypothesized that these nanostructured inorganic or
hybrid materials may have applications in enantioselective catalysis or separation.

This approach is not limited to the generation of silica-type materials. Dendron
rod-coil molecules have been transcribed into CdS nanohelices [92]. These gelators
self-assemble into one-dimensional tape-like objects with a uniform width of 10 nm
and lengths up to 10 pm. When these dendron rod-coils were present during the
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Figure 5.38 Compound 38 m used for transcription into silica.
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Figure 5.39 Spiral and tubular silica structures created by silica
synthesis in the presence of a self-assembled gelator, as imaged by
TEM. Reproduced from Ref. [91c] with permission of the American
Chemical Society.

synthesis of CdS, they had a direct impact on the morphology of the product - TEM
analysis indicated the formation of right- and left-handed helices of CdS, which had
been templated on the nanoribbon architecture assembled by the dendron rod-coil.
ZnO nanocrystals have also been generated using dendron rod-coils in a similar
approach [93]. When these organic-inorganic hybrid assemblies were placed in an
electric field, a degree of alignment occurred and these aligned nanocomposites had a
lower threshold for lasing behavior than pure ZnO nanocrystals. These results
indicate how self-assembly nanofabrication methods can be used to generate hybrid
nanomaterials with potential photonic applications.

In related studies, gelators have been present during the polymerization of
monomers such as styrene or methyl methacrylate. It has been demonstrated that
polymerization of these gelated monomers leads to materials which have embed-
ded nanostructures [94]. These embedded nanostructures can have a direct impact
on the materials properties of the resultant polymer, leading to toughening/
hardening effects and, in general terms, this approach may yield new advanced
functional materials, in particular if functional gelators can be embedded within
the polymer network. Subsequent washing of these nanoembedded polymers can
often remove the self-assembled fibers and generate materials that are effectively
imprinted by the memory of the nanoscale self-assembled networks [95]. Such
nanoimprinted polymers have potential applications in catalysis and separation
science.
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Figure 5.40 Compound 39, which reacts with p-lactamase
enzymes, present in penicillin-resistant bacteria, to generate a
more effective gelator. Adapted from Ref. [96] with permission of
the American Chemical Society.

5.5.6
Sensory Gels

A recent study has demonstrated the potential of hydrogel materials to act as sensors
[96]. Compound 39 is not a gelator in its own right, but can be considered as a latent
gelator. This compound includes a B-lactam unit; such structures are important in
penicillin-type antibiotic drugs (Figure 5.40). One of the key mechanisms of bacterial
resistance to penicillin-type drugs is caused by hydrolysis of the B-lactam ring by
B-lactamase enzymes. Compound 39 is therefore also susceptible to B-lactamase
enzymes and, in their presence, a chemical conversion takes place which activates the
gelator, making it able to form a self-supporting network.

This system, therefore, is capable of detecting the presence of penicillin-resistant bacteria
by undergoing a sol—gel transition — a clear and easily monitored sensory response. It was
demonstrated that this system could operate in biological cell lysates and therefore
clearly illustrates how gelation can be a useful detection event which can be incorpo-
rated into biosensors. The ability to modify the structure of gelators in a precise
manner using organic synthesis means that their potential in this field is very high.

5.5.7
Conductive Gels

Given that gel-phase materials are usually underpinned by fibrillar objects, the
analogy of these nanoscale structures with “wires” is evident. There has therefore
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been considerable interest in the incorporation of conjugated molecular building
blocks into gel-phase materials. This can be considered as a bottom-up approach to
the construction of well-defined nanoscale wires. Recently, compound 40 has been
demonstrated to form gel-phase materials in hexane (Figure 5.41) [97]. Drying the gel
on a TEM grid to give the aerogel, followed by doping with iodine vapor and
annealing, gave rise to an electrically conducting thin film. The hydrogen bond
interactions which underpin gelation were essential for organizing the molecular-
scale building blocks in order to generate nanowires, which could be visualized by
TEM. The self-assembly approach to nanofabrication has considerable potential in
the development of molecular-scale electronics.

5.6
Conclusions

Gel-phase materials are one of the most intriguing classes of self-assembled material
and one of the few systems in which the impact of synthetic changes made on the
molecular level is clearly evident on the nanoscale and furthermore has direct control
over macroscopic materials behavior visible to the naked eye. This chapter has aimed to
provide a “primer” to the area and tried to highlight key principles and emerging themes
in terms of gelator design and applications. There is no doubt that over the coming
years, the simplicity of nanofabrication using a self-assembly strategy will ensure that
gel-phase materials are increasingly widely explored. In particular, it seems likely that
materials incorporating ever increasing degrees of functional behavior will be
developed and for this reason it is predicted that nanochemistry and nanofabrication
methods will become dominant themes of new manufacturing industries in the 21st

century.
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Nanoporous Crystals, Co-crystals, Isomers and Polymorphs
from Crystals

Dario Braga, Marco Curzi, Stefano L. Giaffreda, Fabrizia Grepioni, Lucia Maini,
Anna Pettersen, and Marco Polito

6.1
Introduction

Molecules have nanometric dimensions, hence crystal engineering, the intelligent
and purposeful assembly of molecules in crystalline structures, falls in the burgeon-
ing field of nanochemistry [1-3]. Crystal engineering [4] is at the intersection of
supramolecular chemistry [5,6] (molecular aggregates of higher complexity,
“supermolecules”) with materials chemistry [7-11] (materials made of molecules,
i.e. “molecular materials”). Research in supramolecular chemistry has demonstrated
that molecules are convenient nanometer-scale building blocks that can be used,
in a bottom-up approach, to construct larger aggregates, whether supermolecules
or crystalline materials. The controlled assembly and manipulation of three-
dimensional nanostructures with well-defined shapes, profiles and functionalities
present a significant challenge to nanotechnology. Since chemists know how to
synthesize, characterize and exploit molecular aggregation, the molecular approach
to functional nanostructures is a natural development of progress in the field.
Making crystals by design is the paradigm of crystal engineering [12,13], the main
goal being that of obtaining collective properties from the convolution of the physical
and chemical properties of the individual building blocks with crystal periodicity and
symmetry. This is also the main objective of nanotechnology because the aggregation
via intermolecular bonds of the component units (molecules or ions) will determine
the nature of the collective properties and potential applications. Moreover, if “holes”,
“channels” or “cavities” are present in the crystalline materials because of the way in
which the crystalline scaffold is organized, the size of these empty spaces will have,
necessarily, nanometric dimensions. The “bottom-up” construction of such materi-
als requires a crystal engineering approach. This will be the focus of this chapter.
One can envisage two main sub-areas of crystal engineering, namely that of
coordination frameworks [14-27] or periodical coordination chemistry and that of
molecular materials [28—39]. This is a practical subdivision, however, and all possible

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31836-0

155



156

6 Nanoporous Crystals, Co-crystals, Isomers and Polymorphs from Crystals

intermediate situations are possible. The possibility of exploiting metal-organic
coordination frameworks (MOFs) for practical applications (such as absorption of
molecules and reactions in cavities) critically depends on whether the networks
contain large empty spaces [40—46] or are close packed because of interpenetration
and self-entanglement. [27,47-50] The possibility of a sponge-like behavior to
accommodate/release guest molecules is of paramount importance if applications
of coordination networks as molecular reservoirs, traps and sensors are sought
[24,51-54].

Whereas in periodical coordination chemistry it is useful to focus on the knots and
spacers in order to describe the topology of the network, when dealing with molecular
materials what matters most are the characteristics of the component molecules or
ions and the type of interactions (van der Waals, hydrogen bonds, n-stacking, ionic
interactions, ion pairs, etc.) holding building blocks together [54-72]. The self-
assembly of “zeotype” coordination compounds is an extremely active area of
research, especially for the synthesis of metal-organic coordination networks,
whether finite (triangles, squares, etc.) [73-76] or infinite networks [27,77-83]. The
reader is referred to the many relevant books and reviews on this subject [84-96).

This chapter is devoted to the progress made in our research group in the “bottom-
up” construction of crystalline aggregates. In particular, we will describe recent
results obtained in the construction of (i) nanoporous coordination network crystals
able to uptake/release small molecules, (ii) hybrid organic—organometallic and
inorganic—organometallic co-crystals and (iii) isomers and polymorphs of crystals
obtained from preformed crystalline materials. In the last section we will discuss the
dynamic behavior of crystalline systems under the effect of changing temperature.

6.2
Nanoporous Coordination Network Crystals for Uptake/Release of Small Molecules

As mentioned above, the construction of MOFs takes the “lion’s share” of the current
efforts in the preparation and exploitation of nanoporous materials. Recently, it has
been shown that, in addition to traditional solution chemistry or more forcing
hydrothermal conditions, coordination framework structures can also be easily
prepared by mechanical methods, i.e. by simple grinding of the component units
in the air.

Mechanochemical methods pertain to the domain of organic solid-state chemistry.
Pioneering work has been carried out by the groups of Rastogi, Etter, Curtin and
Paul [97-103]. More recently, there has been an upsurge of interest in solventless
methods as it has become apparent that these methods could be used successfully to
prepare supramolecular aggregates, crystalline materials, co-crystals and new crystal
forms of a same species (polymorphs and solvates). Remarkable results have also
been obtained by Steed, Batten, Raston and coworkers [104-107].

We have explored the preparation of 1-D network structures by co-grinding
of transition metal salts and organic dinitrogen base that could be used as
divergent ligands. In particular trans-1,4-diaminocyclohexane, H,NCsH;oNH, (dace)
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Figure 6.1 The coordination network in Ag[N
(CH,CH2)3NJ,[CH5COO]-5H,0. Note the chain of AgtH—[N
(CH,CH2)3NJ-Ag ™[N (CH,CH,)sN]-Ag™ with each silver
cation carrying an extra pendant [N(CH,CH,);N] ligand and a
coordinated water molecule in tetrahedral coordination geometry.
H atoms not shown for clarity.

and 1,4-diazabicyclo[2.2.2]octane, N(CH,CH,);N (dabco), coordination polymer
[40-46,108,109], Ag[N(CH,CH,)3;N],[CH3COOQ]-5H,0, has been prepared by co-
grinding of silver acetate and dabco in a 1:2 ratio (Figure 6.1).

When ZnCl, is used instead of AgCOOCH]3 in the equimolar reaction with dabco,
different products are obtained from the solution and solid-state reactions. Figure 6.2
shows that the structure of Zn[N(CH,CH,);N]Cl, is based on a one-dimensional
coordination network constituted of alternating [N(CH,CH,);N] and ZnCl, units,
joined by Zn—N bonds.

More recently, we have applied the same procedure to the solid-state co-grinding of
AgCOOCH; and dace in a 1:1 ratio, resulting in the preparation of a crystalline
powder tentatively formulated as Ag[dace][CH3COO]-xH,0 [110]. We have ascer-
tained the formation of different isomers of the same coordination network depend-
ing on the preparation and crystallization conditions. The relationship between
supramolecular isomerism and network topology has been discussed [6]. Crystalli-
zation of the same compound from anhydrous MeOH yields two types of products
depending on the solvent evaporation conditions: crystals of Ag[dace][CH;COQ]
[MeOH]-0.5H,0 are obtained by crystallization under an argon flow, whereas slow
evaporation in the air results in crystals of Ag[dace][CH3;COO]-3H,0. Structural
analysis shows that both of these compounds contain two isomeric forms of the
coordination network {Ag[dace]*}... If the same reaction between AgCOOCH; and
dace is carried out directly in MeOH-water solution, a third crystalline material is
obtained, namely the tetrahydrate Ag[dace][CH3COO]-4H,0. In all cases, correspon-
dence between bulk powder and single crystals was ascertained by comparing
computed and observed powder diffractograms. In terms of chemical composition,
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Figure 6.2 The one-dimensional coordination network present in
crystals of Zn[N(CH,CH,)3N]Cl,. H atoms not shown for clarity.

the three compounds differ only in the degree and nature of solvation. The
differences in topology are, however, much more dramatic and the three compounds
must be regarded as isomers of the same basic coordination network. The crystal
structure of Ag[dace][CH3COO][MeOH]-0.5H,0 is constituted of a two-dimensional
coordination network (Figure 6.3) formed by the divergent bidentate dace ligand and
two silver atoms, which are joined together by an Ag: - -Ag bond of length 3.323(1) A
and are asymmetrically bridged by two methanol molecules. There is a close
structural relationship between the coordination networks in the Ag[dace]
[CH3COO][MeOH]-0.5H,0 and in the trihydrated compound. This latter structure
is built around a zig-zag chain Ag!")- - -[dace] - -Ag!")- - -[dace] - -Ag"™) units as shown
in Figure 6.3. The Ag atom is coordinated in a linear fashion. A projection
perpendicular to the dace planes shows how the zig-zag chains extend in parallel
fashion. The Ag!")- - [dace]- - -Ag'")- - [dace] - -Ag™") chains are bridged together via
hydrogen bonds involving the N-H donors, the water molecules and the acetate
anions. The tetrahydrated species Ag[dace][CH3;COO]-4H,0, contains an isomeric
form of the coordination networks present in the two former compounds. In the
trihydrated compound, two ligands are in a cisoid relative orientation with respect to
the silver atom, whereas in the tetrahydrated compound the two ligands adopt a
transoid conformation. This is made possible by the different orientation of the N
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(c)
Figure 6.3 Comparison between the isomeric {Ag[H,NCgH10NH;] *}, chains

in (a) Ag[dace][CH;COO][MeOH]-0.5H,0, (b) Ag[dace][CH3CO0]-3H,0 and
(c) Ag[dace][CH;COO0]-4H,0.

atom lone pairs in the dace ligand. The acetate anions form a hydrated network and
interact with the base and the water molecules.

In a further study of the mechanochemical utilization of dace, we have reported
that the compound [CuCl,(dace)],, can be obtained by thermal treatment of the
hydrated compound [CuCl,(dace)(H,0)]., which is prepared by kneading of solid
CuCl, and dace in the presence of a small amount of water [111]. The structure of
[CuCl,(dace)] is not known, since it is insoluble in most organic solvents, which
does not permit the growth of single crystals of X-ray quality. However, the DMSO
adduct [CuCl,(dace)(DMSO)] has been fully characterized by single-crystal X-ray
diffraction, which gives some insight into the structure of [CuCl,(dace)].. The
DMSO adduct can also be easily obtained by kneading solid CuCl, and dace in the
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Figure 6.4 A perspective view of the packing of [CuCl,(dace)
(DMSO)].., showing the layers formed by parallel 1D networks of
alternating CuCl, and dace units. H atoms omitted for clarity.

presence of a small amount of DMSO. This compound is formed of 1-D coordination
networks, constituted of an alternate sequence of CuCl, and dace ligands (Figure 6.4).
Parallel 1-D CuCl,-dace networks form layers and between the layers, the co-
crystallized DMSO is intercalated.

The compound [CuCl,(dace)(DMSO)], is interesting in view of its behavior upon
thermal treatment. When [CuCl,(dace)(DMSO)]., is heated to 130°C it converts to
[CuCl,(dace)]o, as is easily ascertained by comparing X-ray diffraction powder
diffractograms. From the structure of [CuCl,(dace)(DMSO)],, and from the knowl-
edge of its thermal behavior, it is possible to infer that the structure of [CuCl,(dace)],
is based on the stacking sequence of layers as in [CuCl,(dace)(DMSO)].., but
“squeezed” at a shorter inter-layer separation as a consequence of DMSO removal.
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When a guest molecule enters between the layers, the spacing between the
CuCl,—dace chains is expanded and the layers are shifted back in position. A series
of small molecules can be taken up/released depending on the preparation method,
i.e. kneading, suspension in the liquid guest or kneading followed by suspension.
The last approach is the most productive; when suspended in the desired liquid guest
the [CuCl,(dace)]., only takes up relatively small molecules (DMSO, acetone, water,
methanol, etc.) whereas in kneading other guest molecules are also taken up.
However, if [CuCl,y(dace)]., is first kneaded with a small amount of the desired
liquid and then left stirring in the same liquid for 12 h, partial or complete filling of
the compound is observed, independently on the guest molecule.

6.3
Hybrid Organic—organometallic and Inorganic-organometallic Co-crystals

Co-crystals are heteromolecular crystals, i.e. molecular crystals constituted of two
or more molecular components that are solid at room temperature (to distinguish
co-crystals from solvates). The existence of co-crystals is well known, but only recently
have they begun to be considered in debates concerning molecular materials mainly
because of the claims of their potential interest as pharmaceutical novelties [27].

The formation of co-crystals is possible only when the heteromolecular assembly is
more stable than the homomolecular crystals. For this reason, co-crystals are often
formed with hydrogen-bonded systems, where the intermolecular hydrogen bonds
may afford the additional stabilization required for the co-crystals to form. In fact, the
most common way to prepare heteromolecular hydrogen bonded crystals is by
mixing (whether in solution of by solid-state grinding) a hydrogen bonding “donor”
(usually an acidic species) and a hydrogen bond “acceptor” (usually a base). The
mixing of an acid and a base may imply proton transfer from the acid to the base, i.e.
protonation, when the pK, and pK;, values are sufficiently close.

Wehave exploited the mechanical mixing of solid reactants to prepare novel molecular
crystals containing ferrocenyl moieties. Itis useful toremember thatreactions involving
solid reactants or occurring between solids and gases avoid the recovery, storage and
disposal of solvents, hence they are of interest in the field of “green chemistry”, where
environmentally friendly processes are actively sought [112]. Furthermore, solventless
reactions often lead to very pure products and reduce the formation of solvate species. In
spite of these investigations, solid-state processes involving organometallic systems
have only recently begun in a systematic way [113-118].

Manual grinding of the ferrocenyldicarboxylic acid complex [Fe(n’-CsH4,COOH),]
with solid nitrogen-containing bases, namely 1,4-diazabicyclo[2.2.2]octane, 1,4-phe-
nylenediamine, piperazine, trans-1,4-cyclohexanediamine and guanidinium carbon-
ate, generates quantitatively the corresponding organic—organometallic adducts
(Figure 6.5) [119,120]. The case of the adduct [HCeN,H;,][Fe(n*-CsH,COOH)
(n°-CsH,4COO0)]is particularly noteworthy, because the same product can be obtained
in three different ways: (i) by reaction of solid [Fe(n’-CsH,COOH),] with vapor
of 1,4-diazabicyclo[2.2.2]octane (which possesses a small but significant vapor
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Figure 6.5 Grinding of the organometallic corresponding adducts [HCgH1,N,][Fe (17>
complex [Fe(1>-CsH4COOH),] as a solid CsH4COOH) (17°-CsH4COO0)], [C(NH,)s]2[Fe (17
polycrystalline material with the solid bases 1,4- CsH,CO0),]-2H,0, [HCgHsN][Fe (1°-
diazabicyclo[2.2.2]octane, guanidinium cation, CsH4COOH) (>-CsH4COO)], [H2CsH1oN2][Fe
1,4-phenylenediamine, piperazine and trans-1,4- (1>-CsH4,COO),] and [H,CsH14N2][Fe (1>
cyclohexanediamine generates quantitatively the CsH,COO),]-2H,0.

pressure), (i) by reaction of solid [Fe(n*-CsH,COOH),] with solid 1,4-diazabicyclo
[2.2.2]octane, i.e. by co-grinding of the two crystalline powders, and (iii) by reaction in
MeOH solution of the two reactants. Itis also interesting to note that the base can be
removed by mild treatment, regenerating the structure of the starting dicarboxylic
acid.

Bis-substituted pyridine/pyrimidine ferrocenyl complexes have also been obtained
by a mechanically induced Suzuki coupling reaction [121] in the solid state starting
from the complex ferrocene-1,1'-diboronic acid, [Fe(n’-CsH,-B(OH),),] [122]. The
ligand [Fe(n>-CsH,4-1-CsH,N),] (1), obtained by both solution and solid-state meth-
ods, was then used to prepare a whole family of hetero-bimetallic metallomacrocycles
by reaction with AgNO3, Cd(NO3),, Cu(CH;3;COO0),, Zn(CH3CO0), and ZnCly; the
complexes [Fe(n’-CsHy,-1-CsHN),,Ag;(NO3),-1.5H,0, [Fe(n®-CsHy-1-CsHN),,
Cu,(CH3CO0),-3H,0, [Fe(n’-CsH,-1-CsH N),],Cdy(NOs3), CH;OH-0.5CsHs, [Fe
(nS-C5H4-1-C5H4N)2]ZZnZ(CH3COO)4 and [Fe(n5-C5H4-1-C5H4N)2]ZZnZCI4 were
obtained (examples are shown in Figure 6.6) [121]. Reaction of mechanochemically
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prepared [Fe(n’-CsH4-1-CsH,4N),] with the ferrocenyl dicarboxylic acid complex
[Fe(n*-CsH,COOH),] led to the formation of the supramolecular adduct [Fe(n®-
CsH4-1-CsH,N),][Fe(n®-CsH,COOH),] [121].

More recently, the same building block has been used in the preparation of
supramolecular metallomacrocycles with dicarboxylic acids of variable aliphatic
chain length [123].

The supramolecular macrocyclic adducts of general formula {[Fe(n’-CsHy-
CsH4N),] [HOOC(CH,),COOH]}, with n=4 (adipic acid), n=06 (suberic acid),
n=7 (azelaic acid) and n=8 (sebacic acid) have been obtained quantitatively by
kneading powdered samples of the crystalline organometallic and organic reactants
with drops of MeOH (for n=4, 6, 7) and by direct crystallization from MeOH for
n =8 (sebacic), whereas the adduct with n = 5 (pimelic) represents an isomeric open-
chain alternative to the macrocycle. All complexes, with the exception of 1-pimelic(5),
share a common structural feature, namely the formation of supramolecular macro-
cycles constituted of two organometallic and two organic units linked in large
tetramolecular units by O—H- - -N hydrogen bonds between the -COOH groups of
the dicarboxylic acids and the N atom of the ferrocenyl complex. Figure 6.7 shows the
structures of 1-adipic(4), 1-suberic(6), 1-azelaic(7) and 1-sebacic(8). It can be appre-
ciated how the even—odd alternation of carbon atoms in the organic spacers is
accommodated by the twist of the cyclopentadienyl-pyridyl groups and by the eclipsed
or staggered juxtaposition of the organic moieties

The compounds depicted in Figure 6.7 allow speculation on the semantics of these
crystal structures: being finite aggregates they cannot be considered as co-crystals but
rather as supramolecular systems. On the other hand, they possess a chemical
identity and a crystal structure on their own as separate molecules, therefore their
solid-state assembly (via grinding, incidentally) into the aggregates falls under the
broad definition of co-crystals provided above.

The cationic bisamide [Co(nS-C5H4CONHC5H4NH)2] has been used in the
formation of a co-crystal with [Fe(n*-CsH,COOH),] [124]. In crystalline [Co(n’-
CsH,CONHCsH,N),][Fe(n’-CsH,COOH),][PF] the two moieties are linked by an
O—H: - ‘N hydrogen bond forming a sort of dimer (Figure 6.8) reminiscent of that
observed in crystalline [Co(n’-CsH,CONHCsH,NH) (n°-CsH,COO)] [PFy.

The zwitterion sandwich complex [Co™(n’-CsH4,COOH)(n’-CsH4COO0)] [86],
thanks to its amphoteric behavior, undergoes reversible gas—solid reactions with
the hydrated vapors of a variety of acids (e.g. HCl [125], CF;COOH, CCl;COOH,
CHF,COOH, HBF, and HCOOH) [126-128] and bases (e.g. NH3, NMe3 and NH,Me)
[125] and also solid—solid reactions with crystalline alkali metal and ammonium salts of
formula MX (M=K*, Rb*, Cs*, NH,"; X=Cl~, Br, I, PF¢") [126]. These products
could also be obtained by solution methods, as discussed earlier.

Similar behavior is shown towards other volatile acids. Exposure of the zwitterion
to vapors of CF;COOH and HBF,, for instance, quantitatively produces the corre-
sponding salts of the cation [Co(n’-CsH4COOH),]*, viz. [Co(n’-CsH,COOH),]
[CF3COO0] and [Co(n’-CsH,COOH),|[BF,4]. Exposure of the solid zwitterion to
vapor of CHF,COOH quantitatively produces the corresponding salts of the cation
[Co(n’-CsH,COOH),J[CHF,COO0].
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sebaic (8)

Figure 6.7 The supramolecular structures of the macrocycles
1-adipic(4), 1-suberic(6), 1-azelaic(7) and 1-sebacic(8) showing
the hydrogen bond links between the two outer organometallic
molecules and the inner organic spacers.

The zwitterion also reversibly absorbs formic acid from humid vapors, forming
selectivelya1: 1 co-crystal, [Co(n*-CsH4COOH)(n*-CsH,COO)[HCOOH] (Figure 6.9),
from which the starting material can be fully recovered by mild thermal treatment.
Contrary to the other compounds of this class, no proton transfer from the adsorbed
acid to the organometallic moiety has been observed (Figure 6.9). Hence the
reaction between [Co(n*-CsH,COOH)(n*-CsH,CO0)] (solid) and HCOOH (vapor)
would be more appropriately described as a special kind of solvation rather than as a
heterogeneous acid-base reaction, as also confirmed by *C CP/MAS NMR
spectroscopy [128].
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Flgure 6.3 (Top) the dimers of [Co"' (17°-CsH4CONHCsH,4NH)
(°-CsH4COOQ)][PF¢] formed via bifurcate N—H™)- .0
hydrogen-bonding interactions [N---O 2.84(2) and 2.88(2) A].
(Bottom) the ferrocenedicarboxylic acid molecule and the
diamido molecule [Co" (17°-CsH4CONHCsH4NH),] in [Co™ (1°
CsH4CONHCsH4N),][Fe (7°-CsH 4COOH)2][PF6] are linked via
O—H---N hydrogen bonds [N---O 2.52(3

18 5% 178 178,

11
[Co''l(n*-CsHyCOOH)(n’-CsH,CO0)] [Col'(n3-C5H,COOH)(n3-C5H,CO0))

HEF. (54% in DEE),16 h 443 K, 30 min, vacuum
#lvag] HCOOH yam A\ vacuum

[Co'Ml{n*-CsH COOH), |[BF 4]

%@/% &

Figure 6.9 (Left) exposure of the solid zwitterion [Co"' (17°-
CsH4COOH) (17°-CsH4COO)] to vapor of HBF4 quantitatively
produces the corresponding salt [Co (17°-CsH4COOH),][BF.],
whereas (right) exposure to vapor of HCOOH yields the co-
crystalline material [Co (i7°-CsH4COOH) (4>-CsH,COO0)]
[HCOOH]. Both products revert back to the solid zwitterion after
mild thermal treatment.

[Co"(n*-CsH,COOH)(1*-CsH4COO)[HCOOH]
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6.4
Crystal Isomers and Crystal Polymorphs

The phenomenon of polymorphism, viz. the existence of more than one crystal
structure for a given compound, is well known and has been widely studied [129,130].
However, the structural, thermodynamic and kinetic factors associated with the
nucleation and crystallization of molecular compounds are not yet fully understood.
The experimental investigation of crystal polymorphism is still mainly based on a
systematic, and sometimes tedious, exploration of all possible crystallization and
interconversion conditions [129-131] (“polymorph screening”), while theoretical
polymorph prediction is still embryonic [132,133]. The screening of different crystal
forms of a compound is not only an academic challenge but also is becoming one of
the most important goals in the pharmaceutical industries, since the majority of
drugs are administered as solids and solid-state properties significantly influence the
bioavailability and stability of the final product. When two or more polymorphs occur,
afull characterization of these forms and of the relationship among the different solid
phases should be studied, which is best achieved by using complementary techni-
ques such as X-ray diffraction and differential scanning calorimetry combined with
IR, Raman and solid-state NMR (SSNMR) spectroscopy.

In the context of this chapter, it is worth discussing a classical case of crystal
polymorphism, namely that of the compound 3,4-dicarboxypyridine, also known as
cinchomeronic acid [134].

3,4-Dicarboxypyridine is one of the sixisomers of the acid pyridinedicarboxylic. All
these isomers are widely utilized in the construction of coordination networks, since
their metal coordination modes make possible different architectures [135-137].
Furthermore, some of these isomers are biologically active and the acid has been
studied for its ability to promote the growth of radishes [138,139].

The structural relationship between the two crystal forms of cinchomeronic acid
has been investigated by single-crystal X-ray diffraction, IR, Raman and solid-state
NMR spectroscopy, showing that the two polymorphs form a monotropic system,
with the orthorhombic form I being the thermodynamically stable form, whereas the
monoclinic form II is unstable. In both forms cinchomeronic acid crystallizes as a
zwitterion and decomposes before melting. The crystal structure and spectroscopic
analysis indicate that the difference in stability can be ascribed to the strength of the
hydrogen bonding patterns established by the protonated N atom and the carboxylic/
carboxylate O atoms.

Although cinchomeronic acid has been known for almost a century [139] and the
presence of two forms has been reported in the PDF-2 [140] database since 1971, no
scientific report seems to mention the existence of these two polymorphs. The crystal
structure of form I (according to the name in PDF-2) was described by Takusagawa
et al. in 1973 [141,142].

The molecule is present as a zwitterion both in the solid state and in solution [143],
with one acid hydrogen on the ring nitrogen. The presence of different kinds of
acceptor and donor groups for hydrogen bonding makes it a worthy candidate for a
study of the competition among of different supramolecular synthons that can be
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formed [144]. We have fully characterized both forms I and II by single-crystal X-ray
diffraction and spectroscopic methods. Both forms were initially obtained as
concomitant [145] polymorphs from an ethanol-water solution.

In a further study, we investigated the behavior of the different crystal forms of
barbituric acid (C4H4N,O3) towards basic vapors [146]. The two known crystalline
polymorphic forms of barbituric acid (C4H4N,03) (I and II) [147,148] and the
dihydrate form [(C4H4N,03)2H,0] [149,150] have been reacted with vapors of
ammonia, methylamine and dimethylamine and the crystalline products investigat-
ed by means of single-crystal and powder X-ray diffraction, thermogravimetric
analysis, differential scanning calorimetry and infrared spectroscopy. It has been
shown that forms I and II and the dihydrate form of barbituric acid react with
ammonia leading to the same crystalline ammonium barbiturate salt, NH,(C4H;
N,0;) (1a), whereas the gas—solid reactions of form II with methylamine and
dimethylamine yield the corresponding crystalline salts, CH3NH;(C,4H3N,03)
(1b) and (CH3),NH,(C4H3N,03) (1c). Thermal desorption of the bases at ca. 200°C
leads to formation of a new crystal form of barbituric acid, form III, as confirmed by
'H NMR spectroscopy and by its chemical behavior. Dehydration of the dihydrate
form has also been investigated, showing that it releases water to yield exclusively
crystals of form II.

Polymorphism within the barbiturate family is widespread and well studied also in
view of the pharmaceutical interest [151-154].

The three crystal forms are easily prepared separately and could thus be used
independently in the reaction with gases. A similar experiment has been carried out
before by Stowell’s group [155] in the course of the investigation of the reactivity of
indomethacin amorphous and crystal forms with ammonia. In the case of barbituric
acid, the main idea was not only to check whether different crystal forms of the same
acidic molecular species reacted in a different way with vapors of the same base but
also whether the reverse reactions, namely ammonia desorption, would lead to one of
the known crystal form or to the formation of a new polymorph [129,130].

In the first instance, we have discovered that the dihydrate form exclusively
transforms upon dehydration into form II of barbituric acid. Second, we have
shown that all three forms, whether as anhydrous crystals or as the dihydrated
form, react in the same way, yielding the same anhydrous barbiturate ammonium
salt, 1a. This analogy in behavior may be taken as an indication that the gas—solid
reactions require destruction and reconstruction of the crystal phases and are,
therefore, not selective. Form II has beeen used in subsequent reactions with
vapors of ammonia, methylamine and dimethylamine. In all cases it has been
possible to ascertain the rapid formation of the corresponding anhydrous salts in
the form of polycrystalline powders. The structures of the salts 1a, 1b and 1c have
been investigated by X-ray diffraction experiments on single crystals grown by
carrying out the acid-base reaction in solution. In addition to ascertaining the
detailed structural features of the salts, the data were used to calculate theoretical
powder diffraction patterns for comparison. In all cases, the structures determined
by single-crystal X-ray diffraction experiments have been shown to coincide with
those of the bulk products.



6.4 Crystal Isomers and Crystal Polymorphs

A related situation has been observed on reacting solid malonic acid, HOOC(CHy,)
COOH, with solid N(CH,CH,);N in a 1:2 molar ratio [156]. Two different crystal
forms of the salt [HN(CH,CH,);NH][OOC(CH,)COOH], are obtained, depending
on the preparation technique (grinding or solution) and crystallization rate. Form I,
containing monohydrogenmalonate anions forming conventional intramolecular
O—H- - -O hydrogen bonds and interionic N—H- - -O hydrogen bonds, is obtained by
solid-state co-grinding or by rapid crystallization, whereas form II, containing both
intermolecular and intramolecular O—H- - -O hydrogen bonds, is obtained by slow
crystallization (Figure 6.10). Forms I and IT do not interconvert, and form Iundergoes
an order—disorder phase transition on cooling. One can envisage the two crystalline
forms as hydrogen bond isomers of the same solid supermolecule.

Proton transfer along a hydrogen bond poses an interesting question about
polymorph definition. In fact, proton mobility along a hydrogen bond [say from
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Figure 6.10 Forms I (top) and Il (bottom) of [HN(CH,CH,);NH]
[OOC(CH,)COOH]; and the hydrogen-bonded anion- - -cation
chains present in their crystals. Form | is obtained by solid-state
co-grinding or by rapid crystallization, whereas form Il is obtained
by slow crystallization.
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O—H:---Nto (0 --- H—N™)] may not be associated with a phase transition, even
though it implies the formal transformation of a molecular crystal into a molecular
salt. This situation has been observed, for instance, for the proton migration along
an O—H---O bond in a co-crystal of urea—phosphoric acid (1:1) as a function
of temperature [157]. Wiechert and Mootz, on the other hand, have isolated two
co-crystals of pyridine and formic acid: in the 1:1 co-crystal proton transfer from
formic acid to pyridine does not take place, whereas in the 1:4 co-crystal
N—H™-..0") interactions are present [158]. Examples of this kind are rare, but
serve to stress how the phenomenon of polymorphism can be, at times, full of
ambiguity.

An intriguing case of interconversion between unsolvate and solvate crystals is
observed when N(CH,CH,);N is reacted with maleic acid, HOOC(HC=CH)COOH.
The initial product is the anhydrous salt [HN(CH,CH,);N][OOC(HC=CH)COOH],
which contains chains of )N —H - - - N®*)-bonded [HN(CH,CH,);N] " cations and
“isolated” [OOC(HC=CH)COOH] ™ anions [159]. On exposure to humidity, the
anhydrous salt converts within a few hours into the hydrated form [HN(CH,CH,);N]
[OOC(HC=CH)COOH]-0.25H,0, which contains more conventional “charge-
assisted” ()N —H---0") hydrogen bonds between the anion and cation (Fig-
ure 6.11). This latter form can also be obtained by co-grinding.

6.5
Dynamic Crystals — Motions in the Nano-world

In a further exploration of the use of mechanochemical methods to prepare
hydrogen-bonded nanometric adducts, we have used crown ethers to capture alkali
metal cations and the ammonium cation in extended hydrogen-bonded networks
formed by hydrogensulfate and dihydrogenphosphate anions [160]. Crown ether
complexes have been the subject of a large number of studies because of the interest
in ion recognition, complexation and self-assembly processes [6,161-164]. The
hydrogensulfate and dihydrogenphosphate salts, on the other hand, have found
applications in a number of devices such as H, and H,O sensors, fuel and steam cells
and high-energy density batteries [165-168]. Manual co-grinding of solid 18-crown-6
and solid [NH4][HSO,] in air leads to the formation of the crown ether complex
18-crown-6-[NH4][HSO4]-2H,0, the water molecules being taken up from ambient
humidity during grinding. In the complex the ammonium cation is trapped via
Ocown® - “H—N hydrogen bonds by the crown ethers, whereas on the exposed side it
interacts with the hydrogensulfate anion (Figure 6.12). The sulfate anion and the
water molecules also interact via hydrogen bonding, forming a ribbon that is
sandwiched between 18-crown-6-[NH,]" units. Hydrogen bonds are also observed
between water molecules and oxygen atoms in the crown ether. Analogous behavior
is shown by the potassium complex 18-crown-6-K[HSO,]-2H,0, which converts into
18-crown-6-K[HSO,4] on dehydration and which undergoes, on further heating,
enantiotropic solid—solid transitions associated with the onset of a solid-state
dynamic process [169].
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Figure 6.11 Views of the packing and hydrogen bonding in the
anhydrous salt [HN (CH,CH,)3;N] [OOC(HC=CH)COOH] (top)
and of the hydrated salt [HN(CH,CH,)3NJ[OOC(HC=CH)
COOH]Hzoo_zs (bottom).

The crown ether 15-crown-5 is a liquid in room temperature, so when it is kneaded
instead of ground, with ammonium hydrogensulfate, a similar reaction as for
18-crown-6 takes place. The product, (15-crown-5);-[NH,],[HSO,]5-H,0, also fully
structurally determined by single-crystal X-ray analysis, is also obtained when the
reaction takes place in solution. (15-Crown-5)3-[NH4],[HSO4]3-H,O is reminiscent of
18-crown-6 because of the formation of hydrogen-bonded ribbons intercalated
between the crown ether layers. The difference between the two adducts is, however,
the two different types of interactions between the ammonium cation and the crown
ether that is present in the 15-crown-5 adduct. One ammonium cation is sandwiched
between two crown ether units, whereas the other is linked to the hydrogensulfate
anion by N—H- - -O hydrogen bonds. In the 15-crown-5 adduct a hydrogen-bonded
[H;0]" ion is also needed to neutralize the overall charge.

More recently, this chemistry has been extended to encompass the investigation of
the behavior under thermal treatment of the transition metals complexes 15-crown-5-

171



172

6 Nanoporous Crystals, Co-crystals, Isomers and Polymorphs from Crystals

Figure 6.12 The solid-state structure of 18-crown-6-[NH4][HSO,]-
2H,0. Note how the crown ether molecules interact via

Ocrown’ " *H—N hydrogen bonds with the ammonium cations,
which, in turn, form hydrogen bonds with the hydrogensulfate
anions. Two water molecules (per formula unit) contribute to the
formation of the central hydrogen-bonded ribbon.

[Mn(H,0),(HSO,),], 15-crown-5-[Cd(H,0),(HS0,)3], 15-crown-5-[(H,05)(HSO,),]:
H,0, 18-crown-6:[Pb(HSO,);] and 18-crown-6-[(HsO,)(HSO,4)], obtained by
mechanical mixing or from solution crystallization. It has been shown that the Mo
and Cd complexes undergo reversible water release—uptake processes, accompanied
by a change in coordination at the metal centers [170].

6.6
Conclusions

In this chapter, we have illustrated, by means of examples coming mainly from our
own work, that the basic ideas of crystal engineering belong also to the expanding
field of nanochemistry. The possibility of rationally designing and exploring experi-
mentally the construction of nanoporous materials is a valid example. Many research
groups world-wide are applying crystal design principles to construct materials for
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applications such as sensors, traps and reservoirs. Another area, which we have not
touched upon, is that related to nanocomputing, i.e. the use of self-assembly
processes to construct addressable nanoarrays based on molecules.

Dealing with molecules, ligands and ions naturally “brings in” the nanometer scale
to the scientific strategy, if for no other reason because these chemical entities have
nanometric dimensions. Under this premise, the construction of a co-crystal, i.e. the
heteromolecular assembly of two or more component units denoted by their own
chemical and physical identities, is a nanochemical reaction. The nanochemical
reaction may be “mediated” by the formation of hydrogen bonds. Polymorphism, on
the other hand, may be seen as nanochemical isomerism, viz. the possibility of
different arrangements of the same nano-sized building block in space.
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Supramolecular Architectures Based On Organometallic
Half-sandwich Complexes

Thomas B. Rauchfuss and Kay Severin

7.1
Introduction

Cationic half-sandwich reagents have evolved as versatile building blocks that permit
controlled growth of stable functional nanostructures. The key half-sandwich mod-
ules of interest are cations with the formula [(n-ligand)M]"*. The most popular
derivatizing agents are the dications [Cp*M]*" (M = Rh, Ir). These half-sandwiches
are facial and tritopic, meaning that they have three mutually adjacent points of
attachment. The facial arrangement of the sites encourages the formation of mo-

lecular structures, whereas meridional tritopic Lewis acids would favor the forma-
tion of polymers. In terms of stabilizing nanostructures, the advantages of the half-
sandwich components containing cyclopentadienyl ligands are several:

The large organic ligand partially protects the exterior of the nanostructure with a
lipophilic sheath that enhances the solubility of its derivatives, compensating for
the low solubility that is often characteristic of large aggregates. Furthermore,
bulky CsMes ligands inhibit polymerization by facilitating intramolecular con-
densations, giving entropically favored closed structures [1].

The cyclopentadienyl ligands are virtually inert. This important characteristic is
perhaps best demonstrated by the syntheses of [(CsRs)M(CN);]™ (M = Co, Rh, Ir)
and [(CsRs)Ru(CN);)*~, which are generated by treatment of the precursor half-
sandwich halides with excess cyanide salt [2].

The Cp* ligand facilitates characterization of complicated ensembles because it
provides a conveniently intense, simple label for 'H and *C NMR analysis of
complex mixtures and the mass spectra of Cp*M-derived species are relatively
simple.

Cyclopentadienyl ligands can be obtained commercially with diverse substitution
patterns; for example, CsMe,H and CsMe4Et can be readily attached to Rh(III)
and Ir(IIl) to modify usefully the solubility, spectroscopy, crystallizability and
geometry of the resulting ensembles.

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31836-0
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[(n-ligand)M]?*

> [Cp*Ru]*

| [(CeMeg)RuJ?*

RYAN [(p-cymene)M]?* (M = Ru, Os)
' [Cp*MJ?* (M = Co, Rh, Ir)
[(C4Me4)Co]*

Figure 7.1 Structures of representative half-sandwich units.

Although the above comments are directed to [Cp*Rh]** and [Cp*Ir]*", they also
apply to the corresponding [(C¢Re)Ru]*" derivatives [3]. Additionally, related vertices
[Cp*Col*", [CpCo]*", [Cp*Ru]" and [(C4Me,)Co] " have also received intermittent
attention (Figure 7.1) [4].

The 12e species [(n-ligand)M]** forms unsaturated products upon binding bi-
dentate ligands XY"". The resulting 16e™ species, [(n-ligand)M(XY)]™ tend to con-
dense further via the formation of inter-complex donor-acceptor interactions to give
[(n-ligand)M (XY)],,™". The possibility of adjusting the charge of the ensemble
allows one to manipulate the strength of both the intermetallic and the host—guest
interactions. The power of this design is especially well illustrated by the work
involving organic ligands (see Sections 7.2 and 7.3.2).

The half-sandwich reagents [Cp*MCl(u-Cl)], are commercially available and read-
ily prepared [5]. The chloro-bridged dimers themselves are conveniently reactive
because of the easy scission of the chloride bridges by even weak Lewis bases. The
solvated salts, which are often generated in situ, represent more potent electrophiles.
The salts [Cp*Rh(MeCN)3](PFg), and [(arene)Ru(MeCN);](PFg), are typical reagents
of choice [5]. It is sometimes necessary to generate in situ complexes derived from
acetone [6] or nitromethane [7] when examining very weakly basic ligands. These
salts are prepared by the usual AgCl precipitation methods. Relative to the simple
aquo complexes, for example [Rh(H,0)¢]*", the solvent ligands on the half-sandwich
complexes are more labile [3].

7.2
Macrocycles

Rectangular macrocycles with (n-ligand)M complexes in the corner can be obtained
by utilization of linear, difunctional ligands such as diisocyanides [8,9], 4,4'-
bipyridine [9,10], cyanamide [11] or cyanide [12]. These macrocycles are generally
synthesized in a stepwise fashion from the chloro-bridged dimers [(r-ligand)MCl
(u-Cl))z [(m-ligand)M = (arene)Ru, Cp*Rh, Cp*Ir]. Three representative examples are
shown in Figure 7.2.

An alternative synthesis of macrocycles entails the combination of (n-ligand)M
complexes with trifunctional ligands. In this case, two of the donor atoms
form a chelate complex with one metal fragment and the remaining donor atom



Figure 7.2 Molecular structures of the macrocycles [(Cp*Rh),
(1-NCO) (1-4,4dipyridy)|o(OTf) (top), [(Cp*IrCl)z(n-CyHaNy)
(11-1,4-(CN),CMey),(OTH) 4 (middle) and [{(1, 3-Bu, CsHs)
Rh};(1-4,4'-dipyridyl) (u-terephthalate) ], (OTf)4 (bottom) in the
crystal. The hydrogen atoms and the triflate anions are not shown
for clarity.

7.2 Macrocycles
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Scheme 7.1 Formation of macrocycles by reaction of organo-
metallic half-sandwich complexes with trifunctional ligands.

coordinates to an adjacent metal fragment. Using this strategy, di-, tri-, tetra- and
hexanuclear metallamacrocycles have been obtained (Scheme 7.1).

Cationic complexes comprised of three Cp*Rh fragments connected by three
nucleobase derivatives were studied extensively by Fish’s group [13]. Structurally
related trimers with (arene)Ru"’, Cp*Ir'" (Figure 7.3) or Cp*Rh""' complexes were
reported by the groups of Sheldrick [14,15], Yamanari [16] and Vogler [17]. For
certain nucleobase ligands, still larger assemblies were observed. Tetranuclear com-
plexes were obtained when adenine [15] or 6-purinethione [18] were used as the
bridging ligands and hexanuclear Cp*Rh and Cp*Ir complexes were obtained with
the thio derivative 6-purinethione riboside [19].

Amino acidate ligands are also suited to build trimeric organometallic assemblies
[20,21]. In this case, the metal fragments are connected via the two carboxylate O
atoms and the amino group (Figure 7.3). It is interesting that these trimers can be
used as catalysts for the enantioselective hydrogen transfer reactions [21]. The
catalytically active species, however, was suggested to be a mononuclear complex.

The macrocycles discussed so far are mostly polycationic species and several
of them are soluble in water. In terms of host-guest chemistry, this hydrophilicity
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Figure 7.3 Molecular structures of the macrocycles [Cp*Ir
(L)]3(OTf); (L=deprotonated 9-ethyladenine) (left) and
[(p-cymene)Ru(prolinato)]; (BF,4); (right) in the crystal. The
hydrogen atoms, the side-chains of the p-cymene ligands and the
counter-anions are not shown for clarity.

may be advantageous if hydrophobic interactions are the main driving force for
guest inclusion. Trimeric Cp*Rh complexes, for example, have been shown to act as
hosts for aromatic carboxylic acids including amino acids [13e]. Strong complexa-
tion-induced chemical shifts were observed in the 'H NMR spectra. The Cp*Rh
trimers may therefore be of interest as 'H NMR shift reagents [13c].

Macrocyclic complexes with a net charge of zero were obtained with the following
ligands: 2,3-dihydroxypyridine (Figure 7.4a) [22,23], 3-acetamido-2-hydroxypyridine
[23], 2,3-dihydroxyquinoline [24], 2,3-dihydroxyquinoxaline [24], 6-methyl-2,3-phe-
nazinediol (Figure 7.4b) [24], 3,4-dihydroxy-2-methylpyridine (Figure 7.4c) [25] and
4-imidazolecarboxylic acid (Figure 7.4d) [24]. Using half-sandwich reagents, both
trimeric and tetrameric assemblies were generated.

Both the neutral and the cationic macrocycles based on trifunctional ligands are
obtained in a highly diastereoselective fashion. Trimeric aggregates were found to
adopt a (pseudo)-C; symmetric structures with all three metal centers having the
same absolute configuration. Resolution of the macrocycles was achieved by using
chiral bridging ligands [16] or the chiral guests Li(A-TRISPHAT) [26]. Tetrameric
aggregates, on the other hand, display a (pseudo)-S, symmetry with the metal
centers having alternating configurations [15,18,24].

Trinuclear complexes derived from half-sandwich complexes and 2,3-dihydroxy-
pyridine ligands represent organometallic analogues of 12-crown-3 [27]. It was found
that these complexes display a very high affinity for lithium and sodium salts
(Scheme 7.2) [22,23]. The alkali metal ion M™ is coordinated to the three adjacent
oxygen atoms of the receptor. In the solid state and in apolar organic solvents, the salt
MX is bound as an ion pair. Complexation of potassium salts was not observed and
this was explained by the steric constraints imposed by the n-ligands.

The affinity of the 12-metallacrown-3 complexes for lithium and sodium salts is
remarkably high. Competition experiments with organic ionophores have revealed

183



184 | 7 Supramolecular Architectures Based On Organometallic Half-sandwich Complexes

a b

Figure 7.4 Molecular structures of selected plexes with 6-methyl-2,3-phenazinediol ligands;
organometallic macrocycles in the crystal. They  (c) Cp*Ir complexes with 3,4-dihydroxy-2-

were obtained by combination of (a) (benzene)  methyl-pyridine ligands; and (d) Cp*Rh com-
Ru complexes with 2,3-dihydroxypyridine plexes with 4-imidazolecarboxylic acid ligands.
ligands; (b) (1,3,5-trimethylbenzene)Ru com- The hydrogen atoms are not shown for clarity.

that in chloroform, the binding affinity for LiCl and NaCl is significantly higher than
that of classical crown ethers and comparable to that of cryptands [23]. The high affinity
can be attributed to several facts: (a) the receptors are well preorganized to bind lithium
or sodium ions; (b) the salts are bound as an ion pair; (c) the energetic costs for the
desolvation of the receptors are very low because only one solvent molecule can fit
inside the binding cavity; and (d) the oxygen donor atoms display a high partial
negative charge [28]. The outstanding affinity of the 12-metallacrown-3 complexes
for lithium and sodium salts was utilized to capture molecular LiF [29] and Na,SiFs
(Figure 7.5) [30]. It should be noted that the stabilization of these compounds in
molecular form represents a challenging task due to the high lattice energy of
the salts. 12- Metallacrown-3 complexes have also been investigated for their ability
to differentiate between the isotopes °Li" and “Li" using isotope-selective laser
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Scheme 7.2 Metallamacrocycles composed of half-sandwich
complexes of 2,3-dihydroxypyridine ligands are analogues of
12-crown-3 [(n-ligand)M = (arene)Ru, Cp*Rh, Cp*Ir]. They are
able to bind lithium and sodium salts with very high affinity and
selectivity.

Figure 7.5 Stabilization of molecular Na,SiFs by encapsulation
between two [(p-cymene)Ru(3-oxo-2-pyridonate)]s receptors.
Hydrogen atoms and the side-chains of the p-cymene n-ligands
are not shown for clarity.
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absorption spectroscopy. It was found that the macrocycle [(CsMeg)Ru(3-0x0-2-
pyridonate)]; preferentially binds to the smaller isotope ’Li" (separation factor o
0.945) [31].

The host-guest chemistry of the trimer [(C¢HsCO,Et)Ru(3-oxo-2-pyridonate)];
proved to be of special interest. Although this receptor is able to bind Na™ ions,
it shows a very pronounced affinity and selectivity for Li" salts as demonstrated in an
extraction experiment. When an aqueous solution containing LiCl (50 mM) and a
large excess of NaCl, KCl, CsCl, MgCl, and CaCl, (each 1 M) was shaken with a
chloroform solution of this metallacrown complex, the exclusive and quantitative
extraction of LiCl was observed after 24 h [32].

The possibility of obtaining metallacrown complexes with a high specificity for
Li* is of potential interest for analytical applications, because of the pharmacological
importance of lithium salts (Li,CO; is a frequently used drug for patients with
bipolar disorder) [33]. To construct Li'-specific sensors, a receptor that could
be used directly in water would be advantageous. To render 12-metallacrown-3
complexes water-soluble, dialkylaminomethyl groups were attached to the bridging
2,3-dihydroxypyridine ligands. With the resulting ligands it is possible to generate
macrocycles in water at neutral pH simply by dissolving the aminomethyl-
substituted ligand with the corresponding [(n-ligand)MCl,], complex in phosphate
buffer. The macrocycles are then formed by self-assembly in quantitative yield [34].
The binding constant for the complexation of Li" in water depends on the nature of
the (n-ligand)M fragment. With (p-cymene)Ru it was possible obtain to a receptor
which binds Li* with an association constant of K=6x10*M " (Figure 7.6) [34a].
This value is sufficient to achieve nearly quantitative complexation of Li* at the
pharmacologically relevant concentration of ~1 mM. Na* ions do not interfere with
the complexation because the binding constants are four orders of magnitude lower.

Trimeric macrocycles based on hydroxypyridine ligands were also investigated in
the context of dynamic combinatorial chemistry [35]. It was found that macrocycles

H
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Figure 7.6 Water-soluble 12-metallacrown-3 complexes can be
obtained by utilization of 2,3-dihydroxypyridine ligands with
dialkylaminomethyl groups. The complexes act as Li"-specific
receptors with binding constants of up to K=6x10*M~".
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Figure 7.7 Molecular structure of a macrobicyclic Cp*Ir complex
with bridging 1,3-bis(aminomethyl)-2,5-dimethoxy-4,6-dimethyl-
benzene ligands in the crystal. The hydrogen atoms and the
counter-anions are not shown for clarity.

with different (n-ligand)M complexes undergo exchange processes to generate
mixed-metal macrocycles [36]. Quantitative analysis of these dynamic equilibria
revealed that the product distribution is controlled by steric constraints and can be
modulated by addition of guests. These results were used to draw conclusions about
the adaptive behavior of dynamic combinatorial libraries in general.

An interesting approach to make macrobicyclic organometallic complexes was
reported by Amouri’s group [37]. They reacted [Cp*M (acetone);](BF4), (M =Rh,
Ir) with m-xylylenediamine or derivatives as the bridging ligands and obtained
cryptand-like structures (Figure 7.7). Some of these complexes tightly encapsulate
a BF, anion.

73
Coordination Cages

7.3.1
Cyanometallate Cages

The utility of the polymeric cyanometallates was recognized for centuries before the
underlying supramolecular chemistry was appreciated [38]. The Hofmann clathrates
{INi(NH3),][Ni(CN)4](guest),} have been used for the size-specific separation of
aromatic compounds [39] and Prussian Blue [Fe;(CN);g(H,0),] and its analogues
are versatile dyes [38]. Related coordination compounds and polymers continue to be
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topical, because of their potential for the separation of gases [40] and toxic metals
[41]. The selectivity of the host—guest behavior of cyanometallates can be attributed
in part to the rigidity of the polar framework.

Prussian Blue and its many analogues are derived from the hexacyanometallates,
which give rise to three-dimensional polymers [38]. When three of the cyanide
ligands are replaced by a m-ligand, the building block retains its ability to form
three-dimensional structures but the tendency to polymerize is suppressed. Fur-
thermore, the resulting half-sandwich tricyanides are convenient reagents since,
typically as monoanions, they are soluble in a range of nonaqueous solvents. The
versatility of the half-sandwich motif is demonstrated by the use of such modules as
both the Lewis basic and Lewis acidic components in the synthesis of cyanide-based
cages. The prototypical cage complex in this series is {[CpCo(CN)s]4[Cp*Rh],}**,
which forms quantitatively upon combining equimolar amounts of [CpCo(CN)3]™
and [Cp*Rh(MeCN);]*" (Scheme 7.3) [42]. The cuboidal cage, which has been
described as a “molecular box”, has idealized T; symmetry. It is now clear that
numerous related boxes can be generated by similar condensations [4]. NMR analy-
sis shows that the condensation proceeds without scission of the Co—CN bonds,
thus the building block concept and of course the angles imposed by the box match
the coordination preference of the octahedral vertices.

The extensive library of half-sandwich reagents allows one to prepare cyanome-
tallate boxes with a range of charges. The charge on these cages influences the
ionophilicity of the resulting cages: anionic and neutral cage are excellent receptors
for alkali metal cations. Thus, the condensation of [CpCo(CN);]” and [Cp*Ru
(NCMe);]" and of [Cp*Rh(CN);]~ and [Mo(CO)3;(NCMe)s] requires the presence
of templating cations such as K™ or Cs* [43]. The resulting cages, {MC[Cp*Rh
(CN)3]4[Mo(CO)3]4}*~ and {MC[CpCo(CN);][Cp*Ruls}", feature cations inside
the cage. The high affinity of these cages for cations arises from the attractive
interactions between the n-bonds of the cyanide ligands and the alkali metal cation
[44]. Entropy also contributes because encapsulation liberates solvent ligands from

4+
4 CIo—CEN Cp*BT—NEC—/lcon—‘
N /
G room temp. C/// N Nl
" CpCafmcN=RNCP* |
2+ — —
CMe —‘ MeCN I cpCo—CEEN—RnCp*
* N 12h C Y Y,
Pt m c |'|\|l N
4 Rh=N=CMe N ) 4
IN ?/C
N Cp*RA&=N=C=C0Cp
CMe

Scheme 7.3 Synthesis of a cyanometallate cage by reaction of
[CpCo(CN);]~ with [Cp*Rh(MeCN);]*.
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4 [Cp*Ru(MeCN)sl+  EtNH,+ M+
+ —— {[CpCo(CN)3l4[Cp*Ruls} — {M[CpCo(CN)3]4[Cp*Ru]}+
4 [CpCo(CN)g]-

(M=
Cs+, Rb+, K+, Tl+,
NH4+, MeNH3+, N2H5+)

Scheme 7.4 The charge-neutral box {[CpCo(CN);]4[Cp*Ruls} acts as a host for cationic guests.

the alkali metal cation in addition to the solvent that is coordinated to the three
cationic half-sandwich reagents. The boxes distort upon complexation, but the
individual guest-CN interactions are weak, as indicated by long bonds, typically
>3.4A. Once inside the cyanometallate, the guests are unable to engage in their
characteristic reactions. For example, {NH,C[CpCo(CN);][Cp*Rul,} " is unreactive
towards D,0, whereas in solution, of course, NH," and D,0 exchange protons at
diffusion-controlled rates. Ion exchange between included metal ions and those free
in solution can also be very slow.

The ion EtNH;" templates the formation of {{CpCo(CN);]4/Cp*Rul4}, a charge-
neutral box that lacks guests at its interior. The ability of EtNH;" to assist in the
condensation reflects the strength of the hydrogen bonding interaction
MCN- - -H®"—NR;. EtNH;" is an ideal template because it is highly effective but
too large to be contained within the ultimate product. Many ions insert into {[CpCo
(CN)3][Cp*Ru],}: Cs*, Rb*, K*, TI*, NH,", MeNH;" and N,Hs", to give the
corresponding inclusion complexes (Scheme 7.4).

On the basis of kinetic studies, we estimated that the affinity of {[CpCo
(CN)3]4[Cp*Ru]s} for Cs* is >10' M~ [45], which is probably the highest affinity
Cs" binding agent. Furthermore, the selectivity for Cs* in preference to Cs™ is 10°.

In no case, however, has this cage been found to bind Na*, Li" or any di- or
trivalent ion. These smaller cations are apparently unable to bind simultaneously to
sufficient CoCNRu sites to compensate for their desolvation required by the inclu-
sion process. This selectivity highlights the remarkable rigidity of these container
molecules. Smaller tetrahedral or trigonal prismatic cages are effective for these
small ions, an example being {Na[Mo(CO)3]4(CN)}>~ [46].

7.3.1.1 Electroactive Boxes

The Co(I)-containing building block [Cb*Co(NCMe);](PFs) (Cb* =n*CsMey) is
intriguing because its cage derivatives are susceptible to redox reactions. Conden-
sation of [Cb*Co(NCMe);]PF4 and K[(CsRs)M(CN)s] [(CsRs)M = CpCo, Cp*Rh] af-
fords {KC[(CsRs)M(CN);]4[Cb*Co]4} " [47]. Once again, the success of the conden-
sation depends on the presence of a cation, otherwise one obtains insoluble poly-
meric solids. The structure of {KC[CpCo(CN);]4[Cb*Col,}(PF) reveals that eight of
the Co—CN—Co linkages are bent towards the K* guest and the remaining four
Co—CN—Co edges relieve this distortion by bowing away from the cage interior
(Figure 7.8). This all-cobalt cage can be oxidized with ferrocenium to give the
tetracationic derivative concomitant with release of the alkali metal guest. In princi-
ple, other half-sandwich receptors could be made switchable electrochemically. Also
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Figure 7.8 Molecular structure of {KC[CpCo(CN);]4[Cb*Co]4} " in
the crystal. The hydrogen atoms are not shown for clarity.

intriguing, the redox potential of the cage complex depends on the nature of the
alkali metal, thus indicating that such cages could be used as electrochemical
sensors for alkali metal cations.

73.12 Defect Boxes {[(CsRs)M(CN)sL[Cp*M];}*
Condensation of [Cp*Rh(CN);] ™~ and [Cp*Rh(NCMe);]** affords exclusively the sev-
en-vertex cage [(Cp*Rh),(CN)y,]*" [48]. This type of cage, which is better described
with the formula {[Cp*Rh(CN);],[Cp*Rh]5}*", is called a “defect box,” because it is
related to the eight-vertex boxes by removal of one Cp*M vertex. Unlike the Mg(CN);,
boxes, however, defect boxes have three terminal cyanides. The stereochemistry of
these cyanide ligands is strongly influenced by the presence of a guest at the cage
interior. Formation of {{Cp*Rh(CN);],[Cp*Rh],}** is prevented by inter-Cp* steric
interactions. Even in the absence of strong steric forces, the defect-box motif is
kinetically favored relative to the box. Thus, condensation of [CpCo(CN);]” and
[Cp*Rh(NCMe);]* " ina 4 : 3 ratio gives {{CpCo(CN);]4[Cp*Rh];}**. In these dicationic
Rh; and Co4Rh; cages, the three terminal cyanide ligands are exocyclic, i.e. they radiate
away from the open vertex to give the cage idealized Cs, symmetry. In order to
convert {[CpCo(CN);]4[Cp*Rh];}*" into the box {[CpCo(CN)s]4[Cp*Rh],}*", the three
exocyclic cyanide ligands must reorient, so the final step in box formation is slow.
Condensations of [CpCo(CN)3]~ with<1 equiv. of the monocationic Lewis acid
Cp*Ru™ affords defect boxes, but only in the presence of Cs*, which occupies the
interior of the cage (Figure 7.9). In solution, the resulting cage, {CsC[CpCo
(CN)3]4[Cp*Ru]s}, exists as a pair of interconverting isomers: one has two exo
terminal cyanides and the other has one exo terminal cyanide. The “endo” terminal
CN groups bind to Cs™ using their C—N r-bonds [43].
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Figure 7.9 Molecular structure of {CsC[CpCo(CN);]4[Cp*Ruls}
in the crystal. The hydrogen atoms are not shown for clarity.

The species {CsC[CpCo(CN);]4[Cp*Ru]s} is a versatile triaza ligand, similar in
denticity and binding preferences to tris(pyrazolyl)borates and triazacyclononane. It
is a rare example of a ligand that contains an alkali metal. In binding the eighth
metal, the exo cyanide ligands in {CsC[CpCo(CN);]4[Cp*Rul;} reorient to the endo
orientation, but this reaction is very fast and obviously intramolecular. Thus, upon
treatment with tritopic Lewis acids, {CsC[CpCo(CN);]4[Cp*Rul;} efficiently affords
heteronuclear boxes {CsC[CpCo(CN)3]4[Cp*Ru]sML,}*, where, for example, ML,* =
RuH(PPhs), and [CuPPh;]*. With weakly solvated metal cations, double boxes
form with the formula {CsC[CpCo(CN)3]4[Cp*Rujs},M}"" (M =Na*, Fe**, Ni**;
Scheme 7.5) [43,49].

Particularly instructive were experiments on the corresponding all-Cp* anion-
binding defect box {MC[Cp*Rh(CN)3],[Cp*Ru];} (M =Cs™ or NH,"). Because all
vertices carry the Cp* ligand, these cages enjoy enhanced solubility in organic
solvents, which in turn has allowed us to monitor cage formation by in situ electro-
spray ionization mass spectrometry (ESI-MS). Such ESI-MS measurements revealed
the intermediacy of CsRh;Ru, and CsRh,Ru,™ clusters, consistent with a role of
the alkali metal cation in guiding the assembly of the cage [50]. Because of their more
open architecture, the defect boxes exchange guest ions more rapidly than the
related ionophilic boxes [50]. Furthermore, the affinity of {NH,C[Cp*Rh
(CN)3]4[Cp*Ru]3} for Cs* dwarfs that of the best organic complexant, calix[4]
arene-bis(benzocrown-6) (BC6B):

CsBC6B* + {NH,C[Cp*Rh(CN);]4[Cp*Ru];} — {CsC[Cp*Rh(CN);]4[Cp*Ru]s}
NH,BC6B™

73.2
Expanded Organometallic Cyano Cages

The versatility of the CN™ group as a linker ligand has encouraged a search for
related building blocks that could stabilize nanoscale architectures. Ishii’s group has
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Scheme 7.6 Condensation of an expanded tetrametallic cage via
dehydrohalogenation of a cyanamide-linked ring.

shown that cyanamide dianion NCN?~ and the related monoanion NCNH™ in
combination with half-sandwich building blocks affords a variety of novel cage
structures [11]. Thus, treatment of NaNCNH with [Cp*IrCly], affords [Cp*IrCl
(12-NCNH-N,N')]4 consisting of 16-membered macrocycle [[rNCN], cores. Dehy-
drohalogenation converts these rings into elongated cubanes (Scheme 7.6).

The Mg(CN);, boxes have internal volumes that are ideal for the selective binding
of very small ions. The scope for host—guest behavior would be greater for larger
cages and the possibility of such expanded cyanometallate cages is increasingly
apparent. Beltran and Long have described “FCC” boxes wherein the eight tritopic
metals are connected via [M(CN),]*~ linkers that cap each of the eight faces of the
expanded box [51]. Another expanded cyanometallate derives from the formal self-
condensation of [Cp*WS3(CuCN);]~ and [Cp*WS;Cus]*". Again, obtaining pure
samples has proven to be challenging, but the framework of the new box
{[Cp*WS3Cus]s(CN)1,}*" was characterized crystallographically [52]. The size of
this container molecule is indicated by its contents: 4 LiTand 8 Cl™.

Half-sandwich tricyanides enforce box-like structures by their orthogonal
NC—M—CN angles and the inertness of the M—CN bonds, which precludes more
drastic structural rearrangements. The organoboron tricyanides with the formula
[RB(CN)3]™ are well suited as building blocks because they are basic and available
with a range of R groups. Because the NC—B—CN angle is more open, these
species give rise to cages that are larger than cubes, such as the hexagonal prismatic
{[PhB(CN)5]¢[Cp*Rh]s}*" (Figure 7.10) [53].

733
Cages Based on N-Heterocyclic Ligands

Trifunctional N-heterocyclic ligands can be used to build not only macrocycles but
also coordination cages. The basic requirement is that the three donor atoms are not
able to form chelate complexes. When the Ru complex [(p-cymene)Ru(NO,),] was
mixed with the trifunctional ligand 3,5-pyridinedicarboxylic acid in water, an orange
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Figure 7.10 Molecular structure of {[PhB(CN);]¢[Cp*Rh]¢}**. The
hydrogen atoms, the counter-anion and the THF molecule in the
cavity are not shown for clarity.

precipitate was formed. This complex turned out to be a hexanuclear cage, in which
the (p-cymene)Ru fragments are connected by the 3,5-pyridinedicarboxylate ligands
(Scheme 7.7) [54]. A related Cp*Ir complex can be obtained from [Cp*Ir(OAc),] and
3,5-pyridinecarboxylic acid in methanol [55].
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Scheme 7.7 Synthesis of hexanuclear cage complexes with
bridging 3,5-pyridinedicarboxylate ligands.
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Figure 7.11 Molecular structure of a hexameric (p-cymene)Ru

complex [(a) view from the top; (b) view from the side] and a

hexameric Cp*Ir complex [(c) view from the top; (d): view from
the side] in the crystal. The hydrogen atoms, the co-crystallized
solvent molecules and the side-chains of the n-ligands are not
shown for clarity.

The structures of the hexanuclear cages [(p-cymene)Ru(3,5-pyridinedicarboxy-
late)]¢ and [Cp*Ir(3,5-pyridinedicarboxylate)]s are closely related (Figure 7.11). Each
3,5-pyridinedicarboxylate ligand is coordinated to three different metal atoms via the
carboxylate O atoms and the pyridine N atom. The Ru or Ir atoms are positioned in
the corner of an octahedron. Metal atoms in opposite corners are 12 A apart from
each other.

The Ru cage was found to act as an exo-receptor for alkali metal ions such as K*
and Cs™ [54]. This transformation was evidenced by NMR titration experiments with
KOAc or CsOAc in CD;0D solution. These salts induce a rearrangement of the
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4

Figure 7.12 Molecular structure of a dodecanuclear (p-cymene)
Ru complex in the crystal. The hydrogen atoms, the co-crystallized
KOAc and solvent molecules and the side-chains of the n-ligands
are not shown for clarity.

hexanuclear complex into a dodecanuclear cage (Figure 7.12). The connectivity of the
hexa- and dodecanuclear complexes is similar: each (cymene)Ru®" fragment is
coordinated to three different heterocyclic ligands via two carboxylates and one
pyridine N-atom. The symmetry-related Ru atoms in opposite corners of the cage
are separated by 16 A giving a cavity of approximately 1100 A®. The icosahedral
geometry adopted by this cage resembles the geometry of natural cage structures
such as spherical viruses. Twelve of the 20 faces of the icosahedra are occupied by
the bridging 3,5-pyridinecarboxylate ligands. The remaining eight faces are sur-
rounded by three carbonyl groups that constitute a metal binding site. Indeed,
in the crystal, all eight sites are occupied by K* ions (not shown in Figure 7.12).
These K" centers are coordinated to acetate anions, which interconnect the icosa-
hedra in the crystal. The binding sites for K* and Cs* are sufficiently better in the
dodecanuclear cage to compensate for the entropically disfavored condensation of
two hexanuclear cages.

The synthesis of trigonal prismatic cages based on (arene)Ru complexes
and bridging 2,4,6-tripyridyl-1,3,5-triazine (tpt) ligands has been investigated by
Therrien’s group [56,57]. When the dinuclear oxalate complexes [{(p-cymene)
RuCl},(C,04)] or [{(CsMeg)RuCl},(C,0.4)] were reacted with 6 equiv. of AgOTf and
2 equiv. of tpt, cationic metallo-prisms were obtained (Scheme 7.8) [56]. The
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Scheme 7.8 Synthesis of trigonal prismatic cage complexes.

hexamethylbenzene complex possesses a helical chirality induced by a twist of the
tptligands and a concerted tilt of pyridyl moieties. The helicity persists in solution as
shown by NMR spectroscopic measurements.

Structurally related complexes with bridging chloro ligands instead of oxalato
ligands were obtained by reaction of [(arene)RuCl(n-Cl)], with tpt followed by ab-
straction of chloride by AgOT{ (Figure 7.13) [57]. The metallo-prism are stabilized by
n-stacking interactions between the two tpt ligands.

Figure 7.13 Molecular structure of the metallo-prism [{(p-cym-
ene)Ru}e(u3-tpt)2 (1-Cl)] (OTf)6 in the crystal. The hydrogen
atoms, the triflate anions and the side-chains of the 7t-ligands are
not shown for clarity.
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7.4
Expanded Helicates

Cylindrical structures with six (n-ligand)M complexes have been obtained by reac-
tion of [(CsHsMe)RuCl(u-Cl)], or [(CsMe,H)RhCl(p-Cl)], with bis(dihydroxypyridine)
ligands (Scheme 7.9, Figure 7.14) [58]. These hexanuclear complexes are composed
of two 12-metallacrown-3 fragments, which are connected by three flexible spacers.
Since the metallacrowns are chiral, the complexes can be regarded as expanded,
triple-stranded helicates.

The maximum Rh-to-Rh distance of the (CsMe4H)Rh complex shown in
Figure 7.14 is 2.2 nm. The macrocycles formed between two opposite metals have
a ring size of 44 atoms containing a total of 18 CH, groups, only eight of which are
part of semi-rigid piperidine units. This complex is therefore a rare example of a
discrete, multinuclear complex, which was obtained by metal-based self-assembly
with a highly flexible ligand.

More detailed investigations revealed that water-soluble helicates can be obtained
upon careful adjustment of the pH [59]. When 5 equiv. of CsOH were added to an
aqueous solution of a mixture of [(benzene)RuCl(ut-Cl)], and the piperazine-bridged
dihydroxypyridine ligand [{(CsH,NO,)CH,},(C4H1oN,)](OTf), (see Scheme 7.9), a
hexanuclear helicate was obtained in over 90% yield. The utilization of LiOH instead
of CsOH resulted in the formation of the bis-Li" adduct, which displayed an even
higher solubility in water. Interestingly, the latter complex is able to act as a specific
receptor for the phosphate anion (Scheme 7.10). NMR titrations revealed a binding
constant of 900 M ! for H,PO,~ whereas no interaction was detected for halides,
nitrate and sulfate [59]. The NMR data suggest that the phosphate anion is bound in
the vicinity of the bridging piperidine groups.

Scheme 7.9 Synthesis of an expanded helicate by base-induced
assembly of (toluene)Ru complexes with bridged dihydroxypyr-
idine ligands.
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Figure 7.14 Molecular structure of two expanded helicates in the
crystal. The hydrogen atoms, the solvent molecules and the
side-chains of the m-ligands are not shown for clarity.
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Scheme 7.10 A (benzene)Ru-based helicate is able to act as a
specific receptor for the H,PO,™ anion in aqueous solution.
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Figure 7.15 Molecular structure of [{(Cp*Mo),As,S;3}3(Cul);] in
the crystal. The hydrogen atoms are not shown for clarity.

7.5
Clusters

The utility of [Cp*Rh]*" in the stabilization of nanostructures was demonstrated 30
years ago for modifying the surfaces of polyoxometallate clusters. The resulting
ensembles were proposed as models for oxide-supported metal catalysts. The first
species of this type was (BuyN),[Cp*Rh(Nb,W4Oy)], which results from the deriva-
tization of cis-[Nb,W,Op]*~ with [Cp*Rh]*" [60]. The Rh(III) center binds in a
tridentate manner to M3(p,-O); faces of the oxometallate to give all three possible
diastereoisomers. In a complementary way, the species [Cp*Rh(OH),], was em-
ployed as both a ligand and as a mineralizer to depolymerize the layered binary
V,0s. The resulting 10-vertex cluster is [Cp*Rh]4(V¢O19), a derivative of the other-
wise unknown anion [V4O;9]® . Four alternating faces have been capped by the
rhodium dication [61]. Half-sandwich complexes, although often derived from early
metals, are valuable in developing supramolecular structures based on M—S cores.
These developments are illustrated by [(Cp*Mo)gNigSq6](PFs)s [62], Lir(THF),
Cp*3Ta3Se [63] and [{(Cp*Mo),As,S;3}3(Cul);] (Figure 7.15) [64].

7.6
Conclusions

Organometallic chemistry and supramolecular coordination chemistry have differ-
ent roots, but the combination of these two approaches has proven powerful. The
enabling advance is the exploitation of half-sandwich reagents, which are truly
hemilabile — the m-ligand adheres very tightly to the metal and the other three
coordination sites bind diverse ligands, ranging through hydrocarbons, amino
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acids, small inorganic anions and heterocycles. The half-sandwich motif strongly
suppresses polymerization reactions to a remarkable extent and the resulting
molecular assemblies engage in specific host-guest interactions. It is clear that
opportunities exist for further expansion of this area. Some general themes that
can be expected to be particularly fruitful include nanostructures relevant to homo-
geneous catalysis [65], medicine [66] and sensors [67].
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8
Endochemistry of Self-assembled Hollow Spherical Cages
Takashi Murase and Makoto Fujita

8.1
Introduction

Nature has developed a variety of macromolecules with high catalytic efficiency and
extraordinary versatility in reactions whose rates can be accelerated. Such chemical
reactions take place in well-defined and confined environments, which vary from
nanometer-sized and relatively simple systems, such as enzymes, to micrometer-
sized and extremely complex assemblies, such as cells [1a]. In this context, chemistry
inside a cage-like architecture (endohedral chemistry, “endochemistry”) prevails
everywhere in biological systems (Figure 8.1). The specificity and precision displayed
by biological systems are derived from the highly directed mutual recognition
process displayed by the components of a structure, so-called “self-assembly” [1b].
Self-assembly of molecules is a ubiquitous strategy to create functional assemblages
in nature. Recent developments in noncovalent synthesis employing self-assembly of
multiple constituent molecules have made it possible to prepare readily large and
hollow cage architectures, which can hardly be obtained otherwise by conventional
covalent methods [1]. However, in molecular nanotechnology, the technique of
molecular self-assembly is not yet fully exploited for the functionalization of interior
surfaces of hollow cage compounds.

To date, a self-assembled spherical cage compound can be roughly classified into
two categories: (1) biomacromolecular cages, which have various sizes and can be
redesigned by altering their chemical composition to attain a desired structure and
function, and (2) polymer micelles, self-assembled from multi-block copolymers,
which consist of hydrophilic and hydrophobic chain segments with pre- or post-
attached functionalities [2]. The above spherical compounds are truly prominent
and fascinating materials/scaffolds for endohedral functionalization of a restricted
nanosized region and have been summarized elsewhere. In this chapter, we will
briefly describe the aspects of endohedral functionalization of these existing cage
compounds and then focus on the latest findings from our own laboratory.

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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substrate

; (functionality)

Figure 8.1 Schematic image of endochemistry in a confined
region: (i) concentration of substrate/functionality (ii) chemical
reaction and dynamic change.

8.2
Biomacromolecular Cages

Biomimetic chemistry offers a new approach to synthesize nanomaterials [3].
Protein cages and viral protein cages (capsides) share the common characteristics
of self-assembly from a specific set of subunits into well-defined and highly
symmetrical architectures. One example is an iron-storage protein, ferritin [4a].
Iron-free ferritin molecules (apo-ferritin) are composed of 24 polypeptide sub-
units, which self-assemble into a hollow spherical cage with a molecular mass of
450kDa. Ferritin has an outer diameter of 12 nm and an inner cavity diameter of
8nm that stores iron in the form of microcrystalline ferric oxyhydroxide [4b].
Another example is Cowpea Chlorotic Mottle Virus (CCMV) capside, which is
composed of 180 identical 20-kDa subunits and has an outer diameter of 28 nm
and an inner diameter ranging from 18 to 24 nm [5]. These organized bioma-
cromolecular architectures can serve as not only nanoreactors or nanotemplates
for crystallizations and other reactions, but also spatially defined scaffolds for the
attachment of new chemical functionalities. Therefore, they possess the potential
to be used to express and adjust multivalent presentations [6]. When functional
groups are confined in these biomolecular cages by interior modification, the
number and position of the functional groups are precisely controlled. So far,
interior modification has lagged behind exterior modification, but intriguing and
sophisticated studies have already been conducted [7].

However, the cavities of these protein cages, especially capsides, are too large to
place functional groups at the cores. The types of functionalities introduced by
genetic modification are limited to amino acids that mainly serve as “reactive sites” on
the interior surfaces of cages. Chemical modification is mainly conducted to the
already self-assembled spherical cages, which demands excess reagents to attach
functionalities at all reactive sites, resulting in a poor introduction efficiency.
Therefore, the current usage of the cavities of the protein cages remains as nano-
templates for inorganic materials.



8.4 My,L,4 Spheres

83
Polymer Micelles

Polymer micelles are formed spontaneously by amphiphilic block copolymers in
aqueous solution. By tailoring the relative lengths between the hydrophobic and
hydrophilic blocks, compositions and self-assembly conditions, micellar aggregates
with various morphologies (including star micelles, crew-cut micelles, rods and
vesicles) can be designed and synthesized [8]. The spherical polymer micelle
possesses a unique core—shell structure, which can be modified both chemically
and structurally by the introduction of functionality at particular positions within the
nanoarchitecture. In a typical spherical core—shell diblock polymer micelle, the
introduction of functionality at the hydrophilic and hydrophobic chain blocks
corresponds to the surface/shell and core functionalization, respectively [9].

The endohedral core functionalization of polymer micelles has attracted much
interest, due to their potential applications, such as drug delivery carriers or
nanoreactors. However, compared with the surface/shell functionalization, the
functionalization of the core domain within polymer micelles has received limited
attention, perhaps because of the difficulty in introducing and maintaining
functionality within the hydrophobic block [9]. The functional groups in the hydro-
phobic block are supposed to be closely packed and concentrated at the core domain
in the self-assembly process. Therefore, not only the hydrophobic properties but also
the molecular sizes of the functional groups seem to affect greatly the formation
of polymer micelles. Some notable studies on core functionalization of polymer
micelles have been reported [10]. However, as a whole, endohedral functionalization
of polymer micelles is regarded as a difficult but challenging task. A significant
difference between polymer micelles and biomacromolecules is that in polymer
micelles it is impossible to control precisely the number and position of the
introduced functional groups. The molecular weight of the polymer micelles is not
monodispersive and hydrophobic interaction under the self-assembly process does
not have an orientation with a clear direction. Therefore, in the true sense, the
polymer micelles do not have well-defined structures and shapes.

8.4
M;,L,4 Spheres

8.4.1
Self-assembly of M;,L,4 Spheres

To control precisely the number and position of functional groups introduced in a
confined region, itis necessary to develop a novel nanosized cage compound having a
well-defined chemical structure and an inner diameter that is suitable to confine the
functional groups. Moreover, the introduction of functionality should be carried out
in the subunit level before the self-assembly process, where the desired functionality
is attached appropriately and efficiently to each component. However, to date, it has
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Figure 8.2 (a) Self-assembly of an M,L,4 spherical complex. (b)
Linear ligand (2D grid infinite network) vs. bent ligand (spherical
finite complex). (c) Schematic representation of the cubo-
octahedral frameworks of 2a [11].

e — N

metal ligand

been difficult to synthesize artificially virus-like huge but well-defined spherical
hollow cages.

In 2004, we demonstrated that a spherical coordination network, Mq,L,4, can be
prepared in a quantitative yield from 36 components, i.e. 12 metal ions (M) and 24
bridging ligands (L) (Figure 8.2a) [11]. The complexation of the bent bidentate ligands
with naked square-planar palladium(II) ions affords a discrete spherical complex, in
contrast to the 2D infinite network formation from linear ligands (Figure 8.2b). The
symmetry of self-assembled M1,1,4 spherical complexes is depicted by a cuboctahe-
dron, which is formed by truncating each of the eight vertices of a cube to produce
eight triangular faces (Figure 8.2c). The 12 equivalent vertices and 24 equivalent
edges of the cuboctahedron can be superimposed on the 12 palladium(II) centers and
24 bridging ligands, respectively. Such a highly symmetrical and huge structure
has been unambiguously confirmed by X-ray crystallographic analysis of spherical
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Figure 8.3 X-ray crystal structure of M1,L,4 spherical complex 2b.

complex 2b, which is an analogue of 2a where the bending center of the ligand,
m-phenylene, is replaced with 2,5-furanylene (Figure 8.3).

8.4.2
Endohedral Functionalization of M;,L,4 Spheres

The surface functionalization of M;,L,, spherical complexes is readily conducted by
attaching a functional group on the convex side of ligand 1a, resulting in the
equivalent alignment of 24 functional groups at the periphery of the spherical
complex. It has been demonstrated that large functional groups, such as fullerene
[11], porphyrin [11] and oligosaccharide [12], can be introduced on the surface of
spherical complex 2a.

It was expected that if a functional group was attached to the concave side of the
ligand 1a, the endohedral functionalization of the M;,L,, spherical complex would be
accomplished. However, ligand 1a, having a methyl group at the concave side (ligand
1d), did not assemble into the M;,L,, complex upon complexation with Pd(II) ions
[13]. It is considered that the steric repulsion between the pyridyl groups and the
attached methyl group causes a nonplanar conformation of the ligand and that such
a twisted conformation is not favorable for the complexation (Figure 8.4a). The
drawback was removed by inserting an acetylene spacer between the pyridine
coordination sites and the core benzene ring to expand the cavity of the complex
(ligand 1e) (Figure 8.4b). Hence the above result indicates that, at each Pd(II) center of
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Figure8.4 Molecular modeling of (a) 1d and (b) 1e optimized by a
force-field calculation. (c) Partial structure around the Pd
coordination center.

the M1,L,4 complex, a perpendicular array of four pyridyl groups with respect to the
PdN, plane should be essential to the self-assembly of the spherical complex
(Figure 8.4c). The acetylene-mediated M;,1,, spherical complex has an outer diameter
of 4.6nm and an inner diameter of approximately 3.7 nm and serves as a versatile
scaffold for endohedral functionalization, as shown schematically in Figure 8.5 [13].

843
Fluorous Nanodroplets

The term “fluorous” was introduced as an analogy to “aqueous” or “aqueous media”
for highly fluorinated alkanes, ethers and tertiary amines [14]. Fluorous solvents do
not mix with most common organic solvents at room temperature. Therefore,
fluorous molecules have been widely used to separate products and catalysts or
products and reagents, purify mixtures and control reactions [14,15]. The creation of a

24

4.6 nm

M;sLz4 spheres

Figure 8.5 Schematic image of a self-assembled M;L,4 spherical
complex with 24 endohedral functional groups [13].
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Figure 8.6 (a) My,L,4 spheres 3a—c with 24 perfluoroalkyl chains
[17]. (b) Molecular drawing prepared by combining the X-ray
crystal structure of the shell framework and the optimized
CgF13(CH,),— side-chains. The side-chains are shown as CPK
representation.

fluorous microenvironment within organic cage compounds, such as vesicles, micelles
and dendrimers, has already been demonstrated by some groups [16]. However, the
fluorous phases are not distinctly determined physically and structurally.

A distinct endofluorous environment is created in an M;,L,, spherical cage where
24 perfluoroalkyl chains reside (Figure 8.6a) [17]. M1,L,4 spheres have sufficiently
large cavities and the perfluoroalkyl C¢Fq; chains of complex 3b, for example, do
not completely fill the sphere, leaving a void space at the core. The fluorous core of
sphere 3b can extract an average of 5.8 molecules of perfluorooctane 4 from the
suspension in DMSO solution. Detailed analysis of "’F NMR spectra showed that the
incorporated guest molecules were accumulated at the core of the spherical hollow
complex and surrounded by the terminal portions of the perfluoroalkyl chains.
The crystallographic analysis of the sphere 3b containing the guest 4 revealed that the
rigid shell framework and amorphous interior, just like a “raw egg” (Figure 8.6b).
This observation indicates that the fluorinated segments furnish a fluid-like or
“nanodroplet” environment. The shell framework in the crystalline state was not
spherical but oval with dimensions of 4.9nm by 4.2 nm probably because of the
aggregation of the fluorous chains in the shell. Perfluorooctane is miscible in
CH;CN. Therefore, the guest molecules can be re-extracted from the core of sphere
3b by addition of CH3;CN to the solution. The reversible uptake of fluorous
compounds assures that the sphere 3b can be recycled as a nanosized fluorous
medium.

The ability to dissolve perfluoroalkanes in the endofluorous phase largely depends
on the lengths of the attached perfluoroalkyl tails (Figure 8.7). Sphere 3c with longer
perfluoroalkyl tails should have a less effective void volume at the core. Therefore, the
sphere 3c can accommodate a smaller amount of perfluorooctane (ca. 2.5 guest
molecules per sphere 3c). In contrast, sphere 3a with shorter perfluoroalkyl tails has
too large a void space to confine perfluorooctane, because of insufficient fluorine
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sphere 3a 3b 3c
the number of
accommodated none 5.8 25
guest 4

Figure 8.7 The number of accommodated guest 4 in endofluorous spheres 3a—c.

density to define the fluorous atmosphere. The amount of the encapsulated guests in
the spheres also depends on the molecular sizes of the guests. For example, a smaller
size of a fluorocarbon guest, perfluorohexane, can be extracted in larger amounts by
sphere 3b (ca. 8.6 guest molecules per sphere 3b). The endofluorous spheres offer a
finely tunable environment for fluorous chemistry.

8.4.4
Uptake of Metal lons into a Cage

Pyridine is a well-known monodentate ligand that can interact with a variety of metal
ions. However, pyridine and pyridine-related ligands are not used as functional
groups attached to a ligand of an M, L,, sphere because such functional groups bind
to a Pd(Il) ion and inhibit the formation of the sphere. Therefore, to encapsulate
metal ions in an M;,1,4 cage, it is necessary to choose a functional group that has the
properties to bind strongly to metal ions other than a Pd(II) ion and not to prevent the
formation of the Mj,L,, shell structure. This requirement can be satisfied by
considering that a Pd(II) ion is a soft acid in Pearson’s hard and soft acids and
bases (HSAB) theory [18].

When an oligo(ethylene oxide) chain is attached to each ligand, the M;,L,4 sphere 5
is obtained quantitatively (Figure 8.8) [13]. The cavity of complex 5 is filled with a
“pseudo-nanoparticle” of poly(ethylene oxide) whose 120 (=5x24) ether oxygen
donors (hard bases) in total can bind rare earth and alkaline earth metal ions (hard
acids) (Figure 8.9). The 'H NMR spectrum of the acetonitrile solution of complex 5
and La(OTf); revealed that the signals of ethylene oxide chain, especially terminal
—OCH;, were shifted downfield, whereas the signals of the aromatic shell of complex
5 remained almost unchanged. These results indicates that La(III) ions are absorbed
into the poly(ethylene oxide) core to form La(III)-ethylene oxide complexes inside the
complex 5. The complexation ratio of La(III) ion to each (OCH,CH,),OCHj chain



8.4 My L, Spheres

213

OCHj
5

Figure 8.8 Molecular modeling of My,L,4 sphere 5 with 24 oligo
(ethylene oxide) chains. Side-chains are shown as CPK
representation [13].

was estimated to be roughly 1:1 from the Job's plot. Thus complex 5 can take up to ca.
20 La(IIl) ions within the sphere. The incorporated metal ions are completely
expelled from the cavity by adding 5 vol. % dimethyl sulfoxide (which strongly solvates
many kinds of metal cations). The reversible uptake of metal ions can be accom-
plished by precisely designing a coordinative functional group and selecting solvents.

8.4.5
Polymerization in a Nutshell

Polymerization in a closed shell gives size- and/or conformation-restricted products.
If such a polymerization proceeds in a nanosized region without any volumetric
shrinkage, the physical and optical properties of the polymerized region will change
dramatically with nanoscale resolution. Therefore, endohedral polymerization in a
restricted nanosized region is an important technique to develop the high-density

5 20La>" C5
Figure 8.9 Schematic image of the reversible uptake of La(lll) ions into sphere 5.
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ain=1),b(n=2),c(n=3),d(n=4)

Figure 8.10 Molecular modeling of M1,L,4 spheres 6a—d with 24
MMA units: (a) 6a; (b) 6b; (c) 6¢; (d) 6d. MMA units are shown as
CPK representation [22].

data-storage materials of the next generation [19]. Well-defined nanosized spaces or
channels have been exploited to promote polymerization, including zeolites [20],
porous organic crystals [20] and porous coordination polymers [21]. However, none of
these host materials are discrete and it is impossible to handle them as “molecular-
sized” nanoparticles.

When a polymerizable functional group, methyl methacrylate (MMA), is attached
to the terminal end of each ligand via an oligo(ethylene oxide) linker, 24 MMA units
are confined within molecular spheres 6a—d (Figure 8.10) [22]. Molecular modeling of
spheres 6a—d illustrates that the relative position of MMA units in the spheres can be
precisely controlled by tuning the linker length. Radical polymerization in the
spherical shell 6¢ proceeds in DMSO solution at 70°C using 2,2’-azobis(isobutyr-
onitrile) (AIBN) as radical initiator. After the polymerization for 17h, 73% of the
MMA units can be converted into PMMA oligomers (Figure 8.11). The MMA
monomers tethered to the shell are not completely fluid. A radical center at the end
of the growing polymer should be hardly accessible to unreacted MMA monomers far
from the radical. Therefore, the value of approximately 70% conversion is the
maximum value of the endohedral polymerization in the shell. The aromatic
shell structure is maintained during the polymerization. Diffusion-ordered NMR
spectroscopy (DOSY) data support the view that the polymerization proceeds only in
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Figure 8.11 'H NMR spectra of complex 6¢ (a) before and (b)
after polymerization (500 MHz, DMSO-dg, 300K, TMS) [22].

the shell because the diffusion coefficient of the complex 6¢ did not change before
and after the polymerization. For application to memory storage materials, neither
stereoregulation nor molecular weight control is particularly important, but poly-
merization only in a nanoscopically restricted region is very important. In this
context, the polymerizable sphere 6c¢ is a highly promising material for such an
application. The practical concentration of MMA units in the sphere 6¢ becomes as
high as 1.5 M. Therefore, even at very low concentrations of monomer, the mono-
mers tethered to the shell are concentrated and efficiently polymerized in the sphere.

The length of the oligo(ethylene oxide) linker is extremely important in the
endohedral polymerization of spheres. The tri(ethylene oxide) linker affords the
best efficiency (73% conversion), because the 24 MMA units are the most closely
packed at the core of the sphere 6¢. The mono- and di(ethylene oxide) linkers are too
short for polymerization in the sphere, preventing the frequent close approach of
MMA units (22 and 29% conversion, respectively). Meanwhile, the tetra(ethylene
oxide) linker is slightly too long, resulting in the repulsion of the monomer units at
the core (62% conversion). The length of the oligo(ethylene oxide) linker is adjustable
to other reactive monomer units with different molecular sizes. Therefore, the
present method is widely applicable to the preparation of a variety of endo-reactive
molecular spheres.
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NMez*OTf

7

Figure 8.12 Molecular modeling of M;L,4 sphere 7 with 24
azobenzene chromophores [25]. Azobenzene moieties are shown
as CPK representation.

8.4.6
Photoresponsive Molecular Nanoballs

Azobenzene is a well-known chromophore that responds to light and undergoes
cis—trans isomerization, resulting in large changes in its size and polarity [23].
Azobenzene-containing copolymers and dendrimers are promising photore-
sponsive materials and the changes of their local structures and properties have
attracted a great deal of attention [24]. However, it is synthetically troublesome
to confine a restricted number of azobenzene chromophores in their core
regions.

Azobenzene-containing M;,L,, sphere 7 is readily and quantitatively obtained
from the corresponding ligand (Figure 8.12) [25]. The quaternary ammonium cations
of the surface of the sphere are useful to enhance the water durability. Not all the
trans-azobenzenes in sphere 7 can be converted to the cis-azobenzenes upon UV
irradiation. The absorption of UV light by the shell structure is supposed to suppress
the trans—cis isomerization to be ca. 20% conversion at the photostationary state.
Thermally unstable cis-azobenzene moieties in sphere 7 are completely returned to
the initial trans forms by heating at 50°C.

The sphere 7 can accommodate ca. 1620 molecules of pyrene in a CH;CN-H,0
mixed solvent. Neither free ligand nor empty sphere can exert such an effect.
Therefore, hydrophobic accumulation of trans-azobenzene moieties in the sphere
is essential to the guest uptake. Molecular modeling of sphere 7 suggests that
the assembled 24 azobenzene moieties construct triangular and square cavities in the
sphere, which serve as hydrophobic pockets or portals. The encapsulated pyrenes are
magnetically shielded in the sphere and the degree of shielding increases with
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Figure 8.13 Reversible uptake of hydrophobic guests into sphere
7 by alternatively applying UV light and heat.

increase in the ratio of H,0. These results support the existence of host-guest
hydrophobic interaction.

The hydrophobic environment of the interior of sphere 7 is switched by the
reversible isomerization of the azobenzene moieties (Figure 8.13). A hydrophobic
guest molecule, 1-pyrenecarboxaldehyde, can be incorporated into the sphere in
CH;CN—H,0 (1:1) solvent. Because cis-azobenzene is more polar than trans-
azobenzene, the interior of sphere 7 becomes less hydrophobic. Under UV irradia-
tion, the hydrophobic interaction between the sphere and the guests is weakened and
the encapsulated guest is expelled outside the sphere. Almost 80% of the azobenzene
moieties remain in the trans form in the sphere and therefore the guest release is
attributed to the polarity change rather than structural change in the sphere. The
hydrophobic environment is completely recovered by heating at 50°C and the sphere
again takes up the guest.

8.4.7
Peptide-confined Chiral Cages

Enzyme pockets furnish chiral hollow environments where amino acid residues are
precisely arranged and asymmetric molecular recognition and chemical transforma-
tions are achieved [26]. There are several approaches on the de novo design and control
of peptide 3D structures [27]. However, the construction of chiral spatial environ-
ments from peptides by synthetic means has never been achieved. It is possible to
create a library of spheres that tether various kinds of amino acid residues with
different lengths (Figure 8.14). ML, spheres can accommodate up to 96 (=4 x 24)
amino acid residues within the hollows (sphere 8f), which might be regarded as an
artificial “mini-protein”. Synchrotron X-ray studies of the sphere 8a confining 24
r-alanine (1-Ala) residues clarified the endohedral arrangement of the amino acid
residues in the sphere (Figure 8.15). Some 1-Ala residues are in mutual proximity via
the terminal protective groups in the crystalline state.

Aromatic shells of M;,L,, spheres are highly symmetric and do not have any
asymmetric points in themselves. Therefore, the circular dichroism (CD) spec-
trum of empty sphere shows no peaks. However, in the 1-Ala-confined sphere 8a,
chirality of each amino acid is transferred to the spherical shell, displaying a
strong negative Cotton effect in the absorption region of the shell (300-350 nm)
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(Figure 8.16). The intensity of the induced CD of the sphere is almost 30 times as
strong as that of the corresponding ligand. The CD spectra of p/1-Ala-confined
spheres have identical shapes and intensities, but opposite signs. The interiors of
the spheres where 24 asymmetric centers are accumulated can afford a unique
chiral environment. When two kinds of ligands that tether different amino acid
residues are used in the formation of the sphere, the internal chiral environment
of the obtained sphere should change, depending on the mixing ratio of the two
ligands. Although it is difficult to control precisely the ratio and relative positions

Figure 8.15 X-ray crystal structure of L-Ala-confined sphere 8a.
The terminal Boc groups are disordered and could not be located.
Asymmetric centers are shown as dotted spheres.
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Figure 8.16 (a) CD and (b) UV-Vis spectra of spheres 8a and b.
The CD and UV-Vis spectra of the corresponding ligands to
spheres 8a and b are also shown as references. Concentration of
ligand, 24 uM; concentration of complex, 1uM.

of the two kinds of ligands introduced, desired peptides can be combinatorially
anchored in the sphere. Therefore, the peptide-confined spherical hollows have
the potential to be developed as artificial enzyme pockets.

8.5
Conclusions and Outlook

Natural building blocks such as protein-based giant amphiphiles and virus capsides
have been redesigned by altering their chemical composition to control precisely the
number and position of the introduced functional groups. Molecular self-assembly that
is ubiquitously found in biological systems is a powerful method for developing
endochemistry of hollow spherical cages. M;,L,4 spherical complexes are versatile
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nanosized cages whose internal local environments can be chemically modified
on demand. At the stage of ligand designing of M;,1,, spheres, a desired functionality
can be attached to each ligand, resulting in the accurate and efficient introduction
of 24 functional groups in the spheres. The positions of functional groups in the
spheres are changed by the length of linkers that tether the functional groups to the
shells of the spheres. This handling flexibility indicates that the functional groups can
be placed at any positions, depending on their molecular sizes. The introduced
functional groups are concentrated at the cores of spheres. Therefore, it is possible
to develop novel properties and functions that are not otherwise accessible by
conventional methods.

Further directions of endohedral functionalization of self-assembled hollow spheri-
cal cages are contributions to organic synthesis, materials science and biology. The last
topic of peptide-based cages tells us that it is possible to encapsulate biomacromole-
cules, particularly proteins, to direct the control of biofunctions. The elongation of the
pyridyl arms of ligands leads to the expansion of the overall cavity sizes of My,
spheres. Endochemistry with well-defined spherical cages is just getting started.
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9
Polynuclear Coordination Cages
Michael D. Ward

9.1
Introduction

In the last couple of decades, the development of self-assembly methods in transition
metal coordination chemistry has led to a large number of beautiful structures of a
complexity which would previously have been inconceivable. From the first examples
such as simple helicates in the 1980s [1,2] and small molecular grids in the 1990s[3,4],
the repertoire of structural types that is accessible from a combination of polydentate
bridging ligands and kinetically labile metal ions has expanded to include cages [5-7],
rings [8,9], cylinders [10] and interlocked systems such as catenates [11,12] and knots
[13]. Many of the first examples were the result of serendipity; however, there are
equally many cases where the structures were the result of careful design and an
understanding of how the geometric properties of a particular ligand would combine
with the stereoelectronic preferences of a specific metal ion to yield the desired result.
One area which has been of particular recent interest is that of the preparation of
polyhedral coordination cages. These compounds are attractive for several reasons.
Their high-symmetry architectures have been of aesthetic interest and fascination
since Plato first described the regular polyhedral solids (tetrahedron, octahedron,
cube, dodecahedron and icosahedron), and it is no accident that such structures arise
from self-assembly processes in nature in areas as superficially disparate as solid-
state chemistry and biology [14,15]. Their high symmetry means that such structures
can be particularly susceptible to rational design and there are many beautiful
examples of polyhedral cage complexes in which careful matching of the symmetry
properties of metal ions and rigid ligands whose geometric properties are fairly
inflexible, have resulted in the planned synthesis of new cage architectures. The work
of the groups of Raymond [5], Fujita [6] and Stang [7] is particularly notable in this
regard. Finally, the fact that such cage complexes have — by definition — large central
cavities means that they display intriguing host-guest chemistry, which at its
simplest involves incorporation of solvent molecules or counter-ions and at its
most sophisticated allows the cages to be used as “microreactors” in which new
reactions can be catalyzed and hitherto inaccessible molecules stabilized [5,6].

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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This chapter presents a personal account of work in the author’s research group
over the last decade, in which relatively simple ligands based on bidentate pyrazo-
lylpyridine chelating groups have been used as the basis for assembly of polyhedral
cages. These ligands were originally developed as second-generation tris(pyrazolyl)
borates in which the addition of 2-pyridyl groups to the pyrazolyl rings resulted in a
hexadentate binding pocket in the ligand [tppb]™ (Scheme 9.1) [16]. However, it
quickly became apparent that this deceptively simple ligand had coordination
behavior that was more complicated than we had anticipated and we consequently
developed a series of ligands (Scheme 9.2) in which two or three of the bidentate
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9.2 Complexes Based on Poly(pyrazolyl)borate Ligands

pyrazolylpyridine groups were connected to organic spacers, which are resistant to
the hydrolysis that occasionally plagues tris(pyrazolyl)borate chemistry. Serendipity
has been a constant ally during this work. The ligands shown in Scheme 9.2 are
inherently highly flexible because of the presence of saturated methylene spacers
between the pyrazolylpyridine groups and the aromatic spacers, which were intro-
duced for ease of synthesis. This precludes any possibility of control of the relative
orientation of the binding sites and consequent deliberate design and synthesis of
polyhedral cages, but it has resulted in many surprises, with many examples of
unusual high-nuclearity cage structures appearing whose complexity is such that
they could never, realistically, have been rationally designed.

9.2
Complexes Based on Poly(pyrazolyl)borate Ligands

Reaction of 3(2-pyridyl)pyrazole with KBH, readily afforded the bis- or tris(pyrazolyl)
borate ligands [bppb]~ or [tppb]~ (Scheme 9.1) according to the stoichiometry and
reaction temperature [16,17]. These ligands were originally planned as tetradentate or
hexadentate chelates, respectively, for lanthanide(III) ions and indeed acted in this
capacity perfectly well, generating an extensive series of complexes whose photo-
physical properties we studied [18].

With first-row transition metal ions, however, more complicated behavior emerged.
Thus [bppb]~ could act as a tetradentate chelate to lanthanide(III) ions and generate
simple mononuclear complexes [18], but it could also act as a bridging ligand
spanning two metal ions, which resulted in the unexpected formation of the
octanuclear cyclic helicate [Cog(n-bppb)12(ClO4)]>" (Figure 9.1), whose assembly

Figure 9.1 The complex cation of the cyclic octanuclear helicate [Cog(1-bppb)12(ClO4)](ClO4)s3.
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appears to be templated by the central perchlorate anion, which is a good fit for the
central cavity [19]. The metal:ligand ratio of 2:3 is significant and a point that will
be returned to later; it arises, necessarily, from the combination of a metal ion
having a preference for octahedral coordination with a ligand which has four donor
atoms. Thus, in the absence of coordinating anions or solvent molecules, 1.5
ligands are necessary to satisfy each metal ion, giving a stoichiometry of M,L; or
some higher multiple thereof.

The hexadentate ligand [tppb] ™~ proved equally unpredictable (Figure 9.2). Its Co(II)
complex [Co(tppb)]™ is mononuclear with the metal ion in a rather unusual trigonal
prismatic coordination geometry which is imposed by the ligand [20]; for this ligand to
provide an octahedral coordination environment would require a high degree of
twisting such that the N3 plane provided by the pyridyl donors was staggered with
respect to the N; plane provided the pyrazolyl donors. Clearly, it is not worth the cost in
this complex. However, with metal ions such as Zn(II) and Mn(Il), tetrahedral cages

Figure 9.2 (a) The monomeric complex cation [Co(tppb)]™, with
trigonal-prismatic coordination of the metal ion; (b) the

tetrameric complex cation [Mn,(tppb)4]**

octahedral coordination of the metal ion.

, with pseudo-



9.3 Complexes Based on Neutral Ligands with Aromatic Spacers

[M,(tppb)4]*" arise in which the ligand coordinates each of its three arms to a separate
metal ion, effectively capping one face of an My tetrahedron [20,21]. This previously
unseen coordination mode for a tris(pyrazolyl)borate allows each metal ion, which
interacts with three different ligands, to adopt an approximately octahedral coordination
geometry that cannot be provided by one ligand alone. This pair of complexes provides a
nice demonstration of how different stereoelectronic requirements of metal ions exerts
acontrolling influence on the course of the metal-ligand self-assembly process. A feature
of the tetrahedral structure which may be significant in stabilizing it is the presence of
aromatic n-stacking between overlapping aromatic rings of different ligands.

9.3
Complexes Based on Neutral Ligands with Aromatic Spacers

Following the above results, we prepared the simple bridging ligands shown in
Scheme 9.2, in which an aromatic spacer is used instead of a borate group to connect
the two pyrazolylpyridine chelates. The syntheses of these are straightforward,
requiring reaction of 3-(2-pyridyl)pyrazole under basic conditions with a bis(bromo-
methyl) aromatic compound, such as 1,2-C¢H,4(CH,Br),, to give L**". The ready
availability of bis(bromomethyl) aromatic compounds allowed the preparation of
many related examples.

9.3.1
Complexes Based on L>" and L'2"2h

The simplest members of this series, L”"" and L'2™*P", are the only ones in which the
two bidentate arms are close enough together to chelate to a single metal ion and, as
we saw with [bppb]~, the coordination mode of the ligand varies. With Cu(Il), a
range of simple mononuclear complexes form in which L*™" acts as a tetradentate
chelate [22]. Cu(l), however, has a preference for pseudo-tetrahedral coordination
with two mutually perpendicular bidentate units, which cannot be met by a single L™
ligand. The result is bridging behavior of the ligand in the dinuclear double helicate
[Cuy(L™P),* " [22]. With six-coordinate metal ions a 2M:3L ratio must arise, as
explained earlier, and it is here that unexpected self-assembly behavior arises. There
are many ways in which a 2M:3L ratio can be realized in a complex, of which the best
known is a dinuclear triple helicate in which three bis-bidentate ligands each span two
metal ions. We found instead two alternative types of structure depending on the size
of the metal ion and the nature of the counter-ion.

Reaction of L™ or its structurally similar analogue L'2™*P" with either Co(II) or
Zn(1I) as their fluoroborate or perchlorate salts afforded in each case tetrahedral
cages [M4LgX]X; (M = Co, Zn; L= 1", L1?m2Ph, x — BE, Cl0O,) in which a tetrahe-
dral array of metal ions is connected by a bridging ligand along each edge [23-25]
(Figure 9.3). Note that the 2M:3L required to complete the coordination around
octahedral metal ions is perfectly met by a tetrahedron which has four vertices (metal
ions) and six edges (bridging ligands). Each metal ion is therefore approximately
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Figure 9.3 The tetranuclear cage complex cation of [Co,
(L>P")6(BF 4)](BF4)7, showing the tetrahedral superstructure with
the encapsulated anion (left) and a space-filling picture emphasizing
the close packing of ligands around the periphery (right).

octahedrally coordinated by one bidentate unit from each of three different ligands.
In addition, several other features of these complexes are noteworthy:

1.

The tetrahedral anion in the central cavity appears to be a perfect fit in terms of size,
shape and charge. Each O atom (from perchlorate) or F atom (from tetrafluor-
oborate) occupies the space at the center of a triangular face of the tetrahedron, such
that the tetrahedral anion is inverted with respect to the tetrahedral metal cage.
The terminal O/F atoms interact with the cage superstructure via CH---O or
CH.- - -F hydrogen bonds with the CH, groups of the ligands. Itis also clear from a
space-filling view of the structures that the central anion is completely encapsulated
by the metal-ligand cage, with no “windows” in the cage which would allow
diffusion of the anions into or out of the cavity.

. The structure is chiral, with all four metal centers having the same tris-chelate

optical configuration; in fact the cage has (non-crystallographic) Tsymmetry with a
C; axis through each vertex but no mirror planes. The crystals, however, are
racemic with equal numbers of AAAA/AAAA enantiomers in the unit cell.

. There is extensive -stacking between ligands around the cage involving overlap of

aromatic groups between different ligands. This must provide some stabilization
of the structure.

We return to each of these points in turn. The excellent fit of the perchlorate or

tetrafluoroborate anion for the cage cavity, the involvement of the anion in hydrogen
bonding to the cage superstructure and the complete encapsulation of the anions in
every case all imply that the anion has acted as a template around which the cage
assembles. Diffusion of an anion into a preformed but empty cage seems unlikely
given the absence of “windows” in the cages. "’F and "B NMR spectra on the
fluoroborate-containing cages show the presence of two signals in a 7:1 ratio for the
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external and encapsulated anions, respectively [23,25], and the spectra do not change
significantly on warming up to the limit allowed by the solvent; thus any exchange of
internal and external anions is slow on the NMR time-scale. That the central anion
does act as a template was demonstrated conclusively by a simple 'H NMR
experiment on the Co(lI) cages [24]. The paramagnetism of these cages shifts the
' NMR signals over a wide range between about —50 and 90 ppm and simple
spectra were observed consistent with the high symmetry of the cages in solution,
with all ligands equivalent and having twofold symmetry. In contrast a mixture of
Co(Il) acetate and L™ or L'?™" in solution in the correct proportions (2:3) gave
only a broad, ill-defined set of signals between 6 and 10 ppm. Addition of NaBF,
or NaClO4 to the NMR sample resulted in the immediate appearance of the
characteristic simple, highly shifted set of peaks characteristic of the cage, which
therefore only forms after addition of the tetrahedral anion which acts as a template
for cage assembly.

The chirality of the cages makes them an appealing target to be resolved into their
separate enantiomers. We have not yet been successful at this, but it is clear from
NMR studies that diastereoisomers form in solution by ion pairing of the cage cations
with the optically pure anion “trisphat” [tris(tetrachlorobenzenediolato)phosphate(V)]
[26] . This results in some of the signals associated with the ligands in the 'H spectrum
splitting into two components (Figure 9.4) and — more intriguingly — results in the '°F
NMR signal for the encapsulated anion also splitting into two peaks with a separation of
2 ppmbetween the components arising from the two diastereoisomers (Figure 9.4). The
chirality of the cage superstructure is therefore manifested through enantiodifferentia-
tion of an achiral guest in the chiral cavity.

Since we could not separate the cage enantiomers by crystallization to get an
optically pure sample, we adopted the alternative approach of adding a chiral
auxiliary to the ligand (L>™", Scheme 9.2). The presence of two equivalent pinene

(a) G| H
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Figure 9.4 (a) 500-MHz 'H NMR spectra and (b) 470-MHz F
NMR spectra of racemic [Co4 (L") (BF4)](BF4); in the presence
of added portions of (i) 0, (ii) 2, (iii) 4 and (iv) 8 equiv. of (BuyN)
(A-trisphat). Solvent: 5% CD3;NO, in CDCl;.
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Figure 9.5 Two views of the optically pure cage complex
[Zn4(L"P")6(C1O4)](ClO4): left, a view showing one ligand and the
encapsulated anion; right, a space-filling picture viewed down a
threefold rotation axis, showing the packing of the ligands.

substituents makes the ligand chiral, such that the two different forms of the cage —
based on different tris-chelate configurations of the metal centers — would be
diastereoisomers. The resulting cage complex [Zny(L"™)s(Cl0O4)](ClO4); exists as
a single diastereoisomer in solution, according to its 'H NMR spectrum, and also
crystallizes as a single diastereoisomer in the acentric space group C, (Figure 9.5)
[27]. The specific molar rotation of this using 589-nm light is 30 times higher than the
free ligand (13 400° in contrast to 432°). Given that the cage contains six ligands, it
follows that there is an additional fivefold increase in the specific molar rotation
arising from the fact that the chirality of the pinene groups on the ligands has dictated
the chirality of the cage superstructure. Thus a set of six ligands undergoes a 500%
amplification of specific molar rotation when the cage assembles and the ligands each
adopt a helical twist; the magnitude of the molar rotation is comparable to those of
compounds such as helicenes and a resolved trefoil knot.

The aromatic stacking between ligands around the periphery of the cage has
significant consequences for the luminescence behavior of the Zn(II) cage based on
L'#12Ph This ligand shows the characteristic fluorescence of the naphthyl group with
an emission peak in the UV/blue region. In the cage [Zn,(L'>*P")¢][BF,]s, however,
the participation of the naphthyl group in aromatic stacking interactions with
adjacent pyrazolylpyridine groups on either side of it lowers the energy of the
emissive state in a manner similar to that seen in excimers (when two units of the
same type stack together) to give an excited state that is delocalized over both. This
results in red shifted, “excimer-like” luminescence from the naphthyl groups at
about 440 nm in the cage compared to the free ligand L'>™P" (Figure 9.6) [28].
The appearance of this red-shifted luminescence can be used as a probe to
monitor cage formation in solution by the anion templation affect; titration of NaBF,
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Figure 9.6 Naphthyl-based fluorescence of (a) free ligands
L'2112P" and L1812 and (b) their tetranuclear and dodecanuclear
(respectively) Zn(l1) cages in which mt-stacking of the naphthyl
groups with other aromatic units results in red-shifted
fluorescence.

into a mixture of Zn(Il) acetate and L'*™*P" in solution results in a steady decrease in

the intensity of the fluorescence associated with free L'*™#" and the grow-in of the
red-shifted fluorescence associated with aromatic stacking in the cage.

The highly intertwined structure of these cages results in remarkable kinetic
stability. High-spin Co(II) centers are kinetically labile, as a simple demonstration
shows [29]. [Co(bipy)s]*" and [Co(Me,bipy)s]*" have, in their paramagnetically
shifted '"H NMR spectra, four and three aromatic signals, respectively, between
10 and 90 ppm. The signals for the aromatic protons that are in common between the
two compounds [H(3), H(5), H(6)] have similar chemical shifts. When the two
compounds are mixed in a 1:1 ratio, the resulting 'H NMR spectrum — recorded as
fast as possible after mixing, i.e. within about 2 min —is not a simple superposition of
the two components, but shows that complete equilibration of the ligands between
the metals has occurred with a statistical 1:3:3:1 mixture of [CoA;]**, [CoA,B]*,
[CoAB,)*" and [CoB5]*". This is clearly shown by the presence of each of the H(3),
H(5) and H(6) protons in eight environments with equal likelihood (one environ-
ment in each of the homoleptic complexes and three environments in each of
the mixed-ligand complexes) (Figure 9.7). Thus in a mixture of kinetically labile
[Co(bipy)s]*"-type complexes, ligand exchange is complete on a time-scale of a few
minutes.

231



232 | 9 Polynuclear Coordination Cages

[2+]

a
(a) |\‘
-N_ =
COZ:
\N/l
A
= 3 T T T T T

[2+]

(b)
| N
Nz
CoZ [
NP N
| T T T T T
= 90 70 50 30 10
3
i 11
T
90

g o0

70 . 50 30 10
3 # ppm

Figure 9.7 'H NMR spectra between 10 and 90 ppm of (a)
[Co(bipy)s]*", (b) [Co(Mesbipy)s]*™ and (c) a 1:1 mixture of the
above 2 min after mixing, showing a statistical equilibration of
ligands between the metal ions.

In contrast, a 1:1 mixture of [Co,(L'>™*P")s(BF,)][BF4]; and [Co4(L>™")6(BF.)][BF.];,
which have essentially identical structures, takes several months to reach equilibrium.
The spectra of a 1:1 mixture of the complexes in the 10-90 ppm region are shown in
Figure 9.8. The presence of two protons for the phenyl spacer versus three for the
naphthyl spacer at around 20 ppm results in five signals in this region from simple
superposition [spectrum (a)]; the remaining signals, arising from the pyrazolylpyr-
idine groups and the methylene spacers, are almost identical between the two. If we
abbreviate these complexes as Co4Aq and Co,Bg then at statistical equilibrium
following ligand scrambling there should be seven species present: CosAg, Co4AsB,
CosA4B,, CosA;3B;, CosA;Bs, CosABs and CosBg. The simple 1:6:15:20:15:6:1
binomial distribution will be complicated by the fact that there could be two isomers
for Co4A4B; and Co,A;,B4, according to whether the pair of ligands of the same type
share a vertex or lie along opposed edges of the tetrahedron, and three isomers for
Co,A;B;. If all possible isomers exist at equilibrium then the mixture could contain up
to 40 different environments for each type of proton.

After mixing, the 'H NMR spectrum is just the sum of the two complexes, with no
ligand scrambling evident. After several days, small additional peaks start to appear;
after a couple of weeks they are fairly significant; after 3 months the spectrum stopped



9.3 Complexes Based on Neutral Ligands with Aromatic Spacers

(a)
90 ) ) ' -:'u
(b)
90 ' " i 10
(c)
90 ' ' ' 10
(d)
"
90 ' 5/ Ippm ' 10

Figure 9.8 'H NMR spectra in CD;CN between 10 and 90 ppm of
a 1:1 mixture of [Co4(L'2"*P")¢(BF 4)][BF4]; and [Co4(L°"")6(BF.)]
[BF4]7, at (a) O, (b) 12, (c) 25 and (d) 79 days after mixing.

changing and it is clear that each type of proton now exists in a large number of
different environments (Figure 9.8). Compared with the mononuclear [Co(bipy);]*"
derivatives, it is obvious that formation of the tetrahedral cage assembly results in
substantial kinetic stability, which will arise from several factors such as inter-ligand
stacking interactions, hydrogen-bonding interactions with the central anion and the
fact that the ligands are tetradentate rather than bidentate. All of these factors will
inhibit dissociatively activated ligand exchange and the cumulative effect is substan-
tial [29]. Raymond and coworkers have likewise noted remarkable kinetic inertness
for some of their cages based on nominally labile metal centers [30].

Finally in this section, it should be pointed out that the formation of these cages
between L™ or L™ and Co(I1) or Zn(Il) is sensitive to the ionic radius of the
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metal ion. Both Co(II) and Zn(II) have essentially the same ionic radius in octahedral
coordination (89 pm); Ni(Il), however, is significantly smaller (ionic radius in
octahedral coordination, 83 pm) [31] and this prevents formation of the tightly
packed cage complexes. Instead, reaction of LF" or L™ with Ni(BF,), affords
[Ni,L;][BF,]4. In these complexes, the necessary 2M:3L ratio is maintained, butin a
simpler structure; each Ni(II) ion has one ligand (either L>"" or L'?™*P") acting as a
tetradentate chelate occupying four of the six sites, with the remaining ligand acting
as a bridge, donating one bidentate site to each Ni(II) ion. Even though the
tetrafluoroborate anion is present the tetrahedral cages do not form, presumably
because they would be too sterically crowded.

9.3.2
Larger Tetrahedral Cages Based on L*P"

We next used a biphenyl group as spacer, to make L”P", with the intention of making
similar tetrahedral cages but with larger cavities which might accommodate larger
guest anions. Reaction of L"P" with a range of Co(II) salts afforded [Co(L"P")X]X;,
with a range of anions (X~ =iodide, ClO,~, BF, , PFs ), all of which were
structurally characterized (Figure 9.9) [32]. Although these cages have the same
basic topology as the smaller ones described in the previous section, there are
important differences.

These cages no longer have T symmetry, because one vertex (nominally the
apical one) has a fac tris-chelate configuration, whereas the three in the basal plane
have a mer tris-chelate configuration. Hence there is only one (non-crystallographic)
C; axis, through the apex. Accordingly, one-third of the complex is unique, with
two independent ligand environments (apex-to-base and along the edges of the base),
such that there are 44 inequivalent protons in the NMR spectrum. Not all of
these are resolved but the paramagnetic shift effect of high-spin Co(Il) spreads
out the signals enough to make it clear that there are about this number of separate
signals.

The longer ligands compared with L>™® or L'*™2P" result in a larger central cavity
which accommodates equally well a range of anions of different sizes, the largest of
which we have characterized to date is hexafluorophosphate. None of the anions used
is a good match for the central cavity — all are too small to fill it effectively — which
implies that a templating effect is unlikely to be operative. In addition, the anions are
no longer completely encapsulated as there are windows in the centers of the
triangular faces. In consequence, the internal anions are in fast exchange with the
external ones at room temperature, with single signals appearing in the '*F NMR
spectra for both fluoroborate and hexafluorophosphate complexes. However, cooling
results in the exchange becoming frozen out, with separate signals for the internal
and external anions becoming apparent (Figure 9.9). From the linewidths of the '°F
NMR signals at different temperatures, we could estimate that the AG of activation
for anion exchange is about 50 k] mol ' in each case [32]. This value suggests that the
exchange mechanism involves diffusion of the anions through the windows of the
intact cage; if the mechanism involved dissociation of a bidentate chelating group,
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Figure 9.9 (a) Crystal structure of the complex cation of
[Co4(LYP")6(PF6)](PF6)7; (b) F NMR spectra at different
temperatures showing the “freezing out” of internal/external
anion exchange (the doublets arise from coupling to *'P of the
hexafluorophosphate).

opening up the cage, the activation AG value would be higher as two Co—-N bonds
would have to break.

9.3.3
Higher Nuclearity Cages Based on Other Ligands

Additional simple changes to the ligands, by using different aromatic spacers
between the pyrazolylpyridine arms, have afforded a series of unexpected high-
nuclearity cages, all based on the simple 2:3 metal:ligand ratio, reflected in formation
of polyhedra in which there is a 2:3 ratio of vertices (metal ions) to edges (bridging
ligands).

Reaction of L™ or L™ with Co(Il) or Zn(Il) salts affords molecular cubes
[MgLy,]"", with a metal ion at each vertex and a bridging ligand spanning each edge
(Figure 9.10) [33,34]. In both cases the ligand coordinates in a bis-bidentate bridging
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Figure 9.10 Crystal structures of the complex cations of (a)
[an(L’"'Ph) 12)[BF 4]16 (a view emphasizing the cubic array of metal
ions and the encapsulated anions) and (b) [Zng(L™")12](ClO4)16
(a space-filling view).

manner; the central pyridyl unit of L™Y does not participate in coordination [33],
such that the pyridine-2,6-diyl spacer behaves just like the m-phenylene spacer of
L™ [34]. The cubes are slightly slanted, with angles at the corners in the range
ca.76-103°. The central cavity contains either one perchlorate anion, in [Zng(L™"¥);,]
(ClOy4)16, or two tetrafluoroborate anions, in [an(Lm'Ph)1 2l[BF4]16; the windows in the
centers of the faces, which are obvious in a space-filling representation of
the structure, permit rapid exchange of internal and external anions as shown by
YF NMR spectra of [Zng(L™ ) 1,][BF 16, for which a single signal occurs even at low
temperatures.

The symmetry of these “cubic” cages is interesting. Unlike the tetrahedral cages, the
tris-chelate metal centers in these cubes do not all have the same optical configuration,
with a crystallographic inversion center lying at the center of the cube in each case such
that the assemblies are achiral. There is a Cj axis in each case lying along the long
diagonal, with the two Zn(II) centers on this axis having a fac tris-chelate coordination
and the others all having a mer geometry. The combination of a C; axis and an inversion
center means that these cages actually have (non-crystallographic) S symmetry.
Extensive aromatic m-stacking between parallel, overlapping sections of ligands
around the periphery of the complex is clear.

An additional and unexpected product which was isolated during the preparation
of some of these cubic assemblies with L™ is an “open-book” structure, exemplified
by [Cog(L™")o][ClO4]12, which achieves the necessary 2:3 metal:ligand ratio in a
different way (Figure 9.11) [34]. The assembly contains nine ligands associated with
six octahedral metal ions; there are two L™ ligands spanning each of the terminal
pairs of Co(I) ions (the opposed open edges of the book —red and blue ligands in the
figure) in a double helical arrangement, with all remaining Co—Co vectors (from
each corner of the book to the spine and along the spine) having one bridging ligand.
The two double helical sections are homochiral as they are related by a C, rotation
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Figure 9.11 Two views of the crystal structure of the complex
cation [Cog(L™"")o][ClO4]12: (a) a view emphasizing the “open-
book” arrangement of metal centers; (b) a view showing all of the
ligands.

through the center of the complex. Although this complex is not in itself of great
significance from the point of view of our investigations into polyhedral cages, it does
illustrate how a single combination of a metal salt and a ligand can follow two
different self-assembly pathways to give a mixture of different products which
nevertheless obey the same basic stoichiometric principle of having a 2M:3L ratio.

Reaction of L"#7%P" with a range of M(II) ions [Cd(II), Co(II), Cu(Il), Zn(II)] and
either BF,~ or ClO,~ as counter-ion, affords [My,(L"*"%"") 4]*** cages having the
core structure of a truncated tetrahedron (Figure 9.12) [35,36]. Slicing off the vertices
of a notional tetrahedron generates four new triangular faces (shaded in the figure);
the original triangular faces become hexagons when the vertices are removed. The
truncated tetrahedral structure is the simplest of the series of Archimedean solids
and conveniently provides 18 edges to go with the 12 vertices, in keeping with the
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Figure 9.12 A view of the polyhedral metal core of

[Cuqz (L3P 15](ClO4)24; each edge of the polyhedron is
spanned by a bridging ligand, of which one example is included.
The four faces shaded gray are those derived from truncating the
apices of a notional tetrahedron.

stoichiometric requirements; there is an M(II) ion at each vertex and a bridging
ligand spanning each edge, connecting a pair of metal ions. Around each of the
triangular and hexagonal faces the array of bridging ligands forms a cyclic helical
structure (Figure 9.13).

It is not obvious why such a complex structure should form when there must
be so many simpler alternatives with the same net number of metal-ligand
interactions but higher entropy. One possibility is the stabilization afforded by
extensive aromatic stacking between ligands around the periphery. Stacks of seven
components — an alternating sequence of naphthyl and pyrazolylpyridine units in a
seven-layer sandwich — occur, with six such stacks arranged in a roughly cubic
array around the outside of the complex. As with the smaller tetranuclear cage
based on L'*™*P" this involvement of the naphthyl groups in extensive aromatic

»

L
Figure 9.13 Three views of the structure of of an anion in the center of the face; (c) a view
[Cd12(L"P") 18] (BF4)24: (a) a view of the down one of the Cdg pseudo-hexagonal faces,
polyhedral metal cage and the four encapsulated emphasizing the cyclic helical array of ligands
[BF4]~ anions; (b) a view down one of the around the face and the presence of an anion in

triangular faces, emphasizing the cyclic helical the center of the face.
array of ligands around the face and the presence
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stacking stabilizes the fluorescent excited state of the ligands and results in
strongly red-shifted luminescence from [Zny,(L"*"*P") 4|[BF,],4 compared with
free L#1%Ph (Figure 9.6) [28].

Two other features of these cages are noteworthy. First, the central cavity is now
large enough to accommodate four BF,~ or ClO,  anions. These are themselves
disposed in a roughly tetrahedral array and are fairly close together with their
peripheral atoms separated by about the sum of the van der Waals radii.
Apparently the unfavorable anion-anion interactions between these four guest
anions are more than offset by the electrostatic advantage of accommodating four
anions in a cage superstructure with a charge of 24™. There are also anions
associated with the windows in the centers of the triangular and hexagonal faces
(Figure 9.13); since there are eight faces, this makes a total of 12 anions closely
associated with the 24" cage. Second, all 12 metal tris-chelate centers have the
same optical configuration, which is necessary for the roughly spherical surface to
achieve closure. Altering the configuration at any metal site would result in one of
the ligands extending into space away from the core and unable to bridge to a
second metal ion. Thus, 72 metal-ligand bonds have to form with the correct
optical configuration during the cage assembly. The bulk material of course is
racemic. The view on to each type of face (triangular or hexagonal) is that of a
cyclic helicate; hence, looking down on a hexagonal face one sees that the six
bridging ligands associated with that face have the “over and under” sequence
characteristic of a cyclic helicate and the same is true of the set of three ligands
associated with each triangular face.

The largest homoleptic cage that we have yet isolated was provided by reaction of
LPPP with M(II) salts to give the hexadecanuclear cages [My6(L”"")24]X5, (M = Zn,
X =BF4 M =Cd, X=ClO4) whose polyhedral core of metal ions may be approxi-
mately described as a tetra-capped truncated tetrahedron [37]. The structure of
[Cd6(LP™),4](C1O4)3, is shown as an example (Figures 9.14 and 9.15). Each apex
of a tetrahedron is sliced off to reveal a triangular face; the resulting truncated
tetrahedron has 12 vertices, with four triangular faces and four hexagonal faces, as
described above. The four triangular faces are then twisted in the same sense, such
that the mirror planes through the truncated tetrahedron are removed but the C; axes
are retained. Finally, a capping atom is added to the center of each of the original four
faces. This My polyhedral array, with (non-crystallographic) T symmetry, has a
bridging ligand 17" along each of the 24 edges, providing the necessary 2:3 M:LP"™"
ratio. The large central cavity contains eight [C1O,] ™ anions and six MeCN molecules.
In contrast to the behavior observed with much smaller cages, this is a very “open”
structure with the anions clearly not completely encapsulated by the cage
superstructure.

The Cd(II) centers display a mix of facial and meridional tris-chelate geometries;
the 12 Cd(II) centers associated with the four triangular faces of the truncated
tetrahedron have a meridional arrangement and the four “capping” metal centers are
facial. Remarkably, and as we saw with the dodecanuclear truncated-tetrahedral
complexes, all 16 metal centers have the same optical configuration, which appears to
be essential for the closed cage to form; thus the assembly has occurred with correct
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Figure 9.14 A view of the polyhedral metal core of
[Cd6(11-L7""")24] (ClO4)32; each edge of the polyhedron is spanned
by a bridging ligand, of which one example is included. The four
faces shaded gray are those notionally derived from truncating the
apices the parent tetrahedron.

control of 96 metal-ligand bonds. The crystal is racemic, containing equal numbers
of opposite enantiomers of the cage.

So far, the polyhedral cages that we have observed to date based on these bis-
bidentate pyrazolylpyridine ligands (M4L¢ tetrahedron, Figures 9.3 and 9.9; MglL,,
cube, Figure 9.10; M;,L;g truncated tetrahedron, Figure 9.12; M;¢L,, tetra-capped
truncated tetrahedron, Figure 9.14) all necessarily contain a 2M:3L ratio as a result
of combining octahedral metal ions (vertices) with bis-bidentate bridging ligands
(edges). Clearly there could be an infinite number of possible larger structures
which obey the same stoichiometric principle, although there must come a point
at which the entropic cost becomes prohibitive. The prevalence of T-symmetry
structures (observed for the MyLg, M1,L1g and My¢L,4 cages) is interesting; Cotton
et al. have pointed out that T-symmetric species may be derived in a wide variety of
ways by “downgrading” assemblies with tetrahedral, octahedral or icosahedral
symmetry by removal of mirror planes [38].

It is also important to emphasize the fact that crystals can grow under kinetic
control and the structures may not represent thermodynamic minima in
solution; there are many well-established examples in the field of self-assembly
of transition metal complexes where a mixture of interconverting species in
solution (a “dynamic combinatorial library”) generates a single (kinetic) product
on crystallization. We know for the smaller tetrahedral cages, from a combination
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Figure 9.15 A view of [Cd16(1-LP""")24](ClO4)3, showing all atoms
in the cage, with two of the bridging ligands colored red (Cd,
purple; N, blue).

of NMR and mass spectrometric studies, that the cage structures are retained in
solution [23-25]. For the larger cages, it becomes even more important to use
solution methods to confirm the existence of the cages in solution and electrospray
mass spectrometry is an ideal tool (a 'H NMR spectrum will not distinguish
effectively between different metal-ligand assemblies, especially those based on
diamagnetic metal cations where all of the signals of interest associated with the
ligands come in a narrow range). Examples of an electrospray mass spectrum of
one of the 12-nuclear cage complexes is shown in Figure 9.16; such spectra provide
clear proof that the cage structures are retained to some extent in solution. The
presence of smaller and simpler assemblies cannot be ruled out, however: a peak
corresponding to the presence of a M,L; assembly, for example, may arise from
fragmentation of a larger cage — or it may genuinely correspond to the presence of
a simple dinuclear complex as part of an equilibrium mixture. The presence of
alternative metal-ligand assemblies has been unequivocally established in one
case by isolation and structural characterization of both [Mg(L™"");,]'*" and
[Mg(L™P")o]'*" complexes from the same metal-ligand combination [34].
The possibility to exploit these polyhedral cages as hosts for, e.g., size- or
shape-selective anion binding will require kinetically inert cages which do not
dissociate in solution. So far this behavior has only been established unequivocally
for the series [M4L¢X]X; (M = Co, Zn; L=L1"F", L1273, X — BE,, Cl0,), in which
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Figure 9.16 Part of the electrospray mass spectrum of
[Cuqz (L") 15](C1O4) 24 showing the intact cage with loss of 5,
6, 7, 8 and 9 perchlorate anions.

the anion exerts a templating effect and remains tightly bound in the central cavity
even at elevated temperatures according to NMR spectra [23-25].

9.4
Mixed-ligand Complexes: Opportunities for New Structural Types

All of the above examples — and, indeed, most polynuclear coordination complexes
formed by self-assembly methods — contain a single type of ligand. Using a mixture of
ligands L* and L® in a reaction with a labile metal ion introduces a much higher
degree of complexity to the problem. In addition to the possibilities that could arise
from reaction of a metal ion with one ligand on its own, which (as we have seen above)
are extensive and unpredictable, there is the additional possibility of mixed-ligand
complexes occurring if there are any favorable interactions between L and L® which
make it likely that they will occur together in the same assembly. Notable examples of
reactions in which a metal ion reacts with a specific combination of different ligands
to generate a single mixed-ligand product are provided by (i) Lehn’s cylindrical stacks
which combine both linear bridging ligands along the edges and triangular tritopic
bridging ligands in the core [39] and (ii) mixed-ligand rectangular grid complexes
which form in preference to the homoleptic grids [40].

A simple illustration of the issues is provided by the bis-bidentate bridging ligands
L' and L? which contain two N,O-chelating pyrazolylphenolate units (Scheme 9.3).
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Theseligands both form simple dinuclear double helicates M,L, with M = Cuand Zn
in which each metal ion is four coordinate [41]. When M,(L"), and M,(L?), are mixed
in a 1:1 ratio in solution there are three possible outcomes. First, the homoleptic
complexes could remain as they are with no significant amounts of mixed-ligand
complexes forming; this might happen if there were any unfavorable interactions
between L' and L2. If there were no significant interactions between L' and L? then we
might expect a statistical mixture of M,(L"),, M5(L")(L?) and M,(L?), in a 1:2:1 ratio. If
there were an attractive interaction between L' and L? then the mixed-ligand system
would dominate and there would be relatively little of the homoleptic complexes. In
these cases, with both Cu(Il) and Zn(II), the mixed-ligand complexes M,(L")(L?)
dominate according to mass spectrometry and could be preferentially crystallized
(Figure 9.17) [42]. The Cu(II) complex is a conventional double helicate, but contains
in the solid state inter-ligand aromatic stacking interactions with the phenyl spacer of
one ligand sandwiched between the two pyrazolylphenolate termini of the other.
Since no such inter-ligand interactions were present in either of the homoleptic
complexes Cu, (L"), and Cu,(L?), and there is no obvious electronic reason why two
equivalents of Cu,(L")(L?) should be preferred over a mixture of the homoleptic
complexes, we suggest that this stacking plays a significant role in stabilizing the
mixed-ligand helicate. In contrast the mixed-ligand Zn(II) complex Zn,(L")(L?) is a
“mesocate” with the two ligands in a side-by-side arrangement and not helically
intertwined, unlike the parent helicates Zn,(L'), and Zn,(L?),. The reason for
preferential formation of the mixed-ligand Zn(II) complex compared with the
homoleptic complexes is not obvious.

Two examples of mixed-ligand complexes which combine tetradentate and
hexadentate bridging ligands show how new structural types, which are not
accessible from either ligand on its own, can be isolated. The bis-bidentate bridging
ligands form polyhedral arrays with metal cations in which the ligands span the
edges of the polyhedron; in contrast the tris-bidentate ligands coordinate to three
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Figure 9.17 Structures of the mixed-ligand complexes M(L") (L?):
(a) a double helicate with M = Cu; (b) a mesocate with M =2Zn
with the ligands in a “side-by-side” arrangement rather than
helically twisted around one another.

metal ions at a time, capping the faces of the polyhedron, as shown in [M,(tppb)4]**

[20,21]. A mixture of the bis- and tris-pyrazolylborate ligands [bppb]™ and [tppb]~
reacts with Mn(II) to form, in addition to homoleptic complexes, the mixed-ligand
trinuclear complex [Mns(tppb)(bppb)s;]**, a triangular complex with one face-
capping [tppb]~ ligand and three edge-bridging [bppb]™ ligands (Figure 9.18)
[43]. Clearly, such a structure could not arise in a homoleptic complex based on
these components.

A more spectacular example based on the same principles is provided by
reaction of M(BF,), (M=Cu, Zn, Cd) with a mixture of L™ (a three-armed
triangular ligand with a mesityl core) and 17", {Recall that use of L”*" alone
afforded the hexadecanuclear cages [My6(L"""),4**" with a 2:3 M:L ratio; we could
not (yet) isolate a homoleptic complex with L™ but it must have a 1:1 M:L ratio
with an octahedral metal cation}. The crystalline products from these reactions are
the mixed-ligand complexes [Mi,(u-LPP™);5(n3-L™%)](BF,)2s (Figures 9.19 and
9.20) which has a cuboctahedral metal framework containing eight triangular
and six square faces [37]. The complex lies on a C, axis. Four of the eight
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(a)

(@

Figure 9.18 (a) A sketch showing how one face-capping
(tris-bidentate) and three edge-bridging (bis-bidentate) ligands
can afford a trinuclear valence-satisfied complex based on six-
coordinate metal ions; (b) crystal structure of the complex cation
[Mn;(tppb) (bppb)s]** which conforms to this principle.

triangular faces are capped by a triply bridging ligand L™ and the remaining
vacant edges are spanned by twelve doubly bridging ligands L*". Numerous
counter-ions and solvent molecules occupy the open space in the center of the
complex. It is interesting that the 1:3 ratio of face capping:edge bridging ligands in
this complex is the same as was observed in the simpler complex [Mn;(tppb)
(bppb)s]**.

All 12 tris-chelate metal centers have meridional geometry and again all have the
same chirality, indicating that the same chiral configuration at each metal center is
necessary for the closed cage to form. The crystal is racemic. In this case electrospray
mass spectra on solutions of redissolved crystals show a clear sequence of peaks
corresponding to the intact mixed-ligand cage with loss of increasing numbers of
anions, but no peaks for the homoleptic cages which might also be expected. In other
words, the mixed-ligand complex is the only product, even in solution, implying a
cooperative interaction between the two types of ligand that renders formation of the
mixed-ligand cage more favorable than formation of distinct homoleptic complexes
with LPP? and 1™,

With hindsight, one can see how the formation of this complex conforms to the
simple requirement that the number of binding sites available from the ligand set
must exactly match those required by the set of metal ions, and also that the spatial
arrangement of ligand binding sites must match the stereoelectronic properties of
the metal ions. This principle has been termed “avoidance of valence frustration”
by Nitschke and coworkers [44]. Apart from that factor, which is important in all of
the complexes described, the prediction that such an elaborate mixed-ligand
assembly would form is clearly beyond our capabilities at the moment, particularly
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Figure9.19 (a) A sketch of a cuboctahedron, showing how it can
be delineated using four face capping ligands (shaded faces) and
12 edge-bridging ligands; (b) a view of the cuboctahedral metal
core of [Cuqz (1-LPP") 12 (13-L™%) 4] (BF 4) 24, Which conforms to this
principle (only one of each type of ligand is shown for clarity).

given the geometric flexibility of these ligands arising from the methylene spacers
that were employed for synthetic convenience. Isolation of such beautiful cages
must therefore — for the moment — rely to a large extent on serendipity. Having
isolated them, however, the opportunities that they offer for studying properties
such as host-guest chemistry and photophysical and chiroptical properties are
extensive.
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Periodic Nanostructures Based on Metal-Organic Frameworks
(MOFs): En Route to Zeolite-like Metal-Organic Frameworks
(ZMOFs)

Mohamed Eddaoudi and Jarrod F. Eubank

10.1
Introduction

The quest for solid-state materials possessing desired functionalities for specific
applications is ever increasing. The discovery of novel functional materials or new
functions for existing materials has been fundamental in their development for
application processes, in addition to the advances in synthetic strategies towards
such materials. However, the design of targeted functional solid-state materials for
desired applications remains a scientific challenge [1]. In recent years, the successful
introduction of new synthetic strategies, particularly the molecular building block
(MBB) approach, has offered great potential for the eventual design of solid-state
materials with targeted functions [2].

Porous or open-framework materials, such as zeolites and metal-organic
assemblies (MOAs), are one of the most prominent groups of functional solid-
state materials. They exhibit a broad range of properties that are ideal for critical
applications, such as ion exchange, gas storage, separations or even catalysis [3,4],
which depend greatly on the framework charge and composition, and also the
shape and dimensions of the pores. The potential scope of natural and synthetic
zeolites is well established; nevertheless, difficulties, such as expanding the pore
size above the 1 nm prison and/or decorating the pores with organic functionali-
ties, has restricted their application [5,6]. On the other hand, MOAs have bur-
geoned in recent years due, primarily, to their facile tunability (ease of modifica-
tion), mild synthesis, multifunctional capacity and inorganic-organic hybrid na-
ture [7], which allow the simple construction of functional materials, including
zeolite-like metal-organic frameworks (ZMOFs), from myriad metal ion and
organic linker combinations, to offer practically limitless properties for equally
boundless applications.

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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10.2
Historical Perspective

10.2.1
Metal-Cyanide Compounds

Metal-organic assemblies, themselves, are not new to the solid-state scientific com-
munity. As early as 1897, a nickel ammine cyanide compound was discovered by
Hofmann and found to crystallize around benzene as Ni(CN),-NH3-CsHg [8,9]. Its
ability to trap benzene led Hofmann to study the inclusion properties of this mate-
rial, which indicated its selectivity for other small aromatic molecules depending on
their size and shape [9,10]. Although a pivotal discovery, it was several years later
before the crystal structure was solved for Hofmann'’s clathrate by Powell and Rayner
[9,11]. They determined that the structure, Ni(NH3),Ni(CN)4-2CsHg, was extended
and consisted of alternating square-planar and octahedral Ni(II) cations bridged by
cyanide anions, NiC4 and NiNg (two axial ammonia molecules), resulting in layers of
square grid sheets (Figure 10.1). The axial ammonia molecules are pointed into the
interlayer spacing between sheets, where the benzene molecules are trapped per-
pendicular to the sheets.

Around the same time that Hofmann was developing his clathrates, interest in
another type of metal-cyanide compound, Prussian blue (PB) and its analogues, also
began to intensify [12]. Since its fortuitous discovery in 1704, the dye-related prop-
erties have resulted in numerous practical applications, which, combined with the
discovery that the framework could be dehydrated while maintaining its structural
integrity and could reversibly sorb small molecules, has attracted scientific interest
in this class of metal-cyanide materials. As a result, there were many attempts to
elucidate the chemical formula and metal oxidation state(s), including efforts to
synthesize crystals for solid-state structure studies. It was not until 1970 that Prus-
sian blue was determined to be a mixed-valence iron(IlI) hexacyanoferrate(II)
compound and the first crystal structure was reported two years later, revealing a

Figure 10.1 Crystal structure of Hofmann’s clathrate. Hydrogen
atoms have been omitted for clarity. Octahedral Ni=black,
square-planar Ni=gray, C=dark gray and N =light gray.
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Figure 10.2 Structure of Prussian blue. Hydrogen atoms have
been omitted for clarity. Fe(lll) =black, Fe(ll) =dark gray, CN
light gray and O = gray.

cubic structure with the general formula Fe [Fe(CN)¢]3-xH,O (x =14-16), where
defects in the structure are occupied by water molecules, resulting in Fe''C¢ and
Fe™N, 5O, 5 coordination (Figure 10.2).

The unique host—guest properties and application potential of Hofmann’s clath-
rates and Prussian blue have led to numerous attempts to target and construct
analogous materials of each type. As with the MOAs of today, it was seen early on
that these materials exhibited the potential for facile tunability based on substitution
of the metal ions and/or organic ligands. Such substitutions would, no doubt,
introduce novel properties to the materials while maintaining similar structural
characteristics associated with each material type.

Specifically, the inclusion capability and selectivity of Hofmann’s clathrate, along
with the then newly known crystal structure, sparked interest in the development of
similar materials. As early as the 1960s, researchers were attempting to substitute
the Ni(II) ions with other metals [13], which eventually resulted in the development
of a entire series of analogous compounds, aptly named Hofmann-type clathrates
after their originator [14]. These Hofmann-type clathrates were then given the
general formula M(NH;),M’(CN),-2G, where M =Cd, Co, Cu, Fe, Mn, Ni or Zn,
M’ =Ni, Pd, Pt and G = C,H;N, C,H,S, C¢Hg and C¢HsNH, [14]. Further studies
revealed that the square-planar M’ could be substituted with a tetrahedral metal ion,
such as Cd or Hg [15], to give new three-dimensional metal-cyanide structures that
were still capable of guest enclathration. Likewise, metal-substituted Prussian blue
analogues were synthesized and have since been assigned the general formula
M. M'(CN)g],, including numerous transition metal, mixed transition metal and
rare earth transition metal analogues with a range of properties, especially related to
magnetism [12].



254

10 Periodic Nanostructures Based on Metal-Organic Frameworks (MOFs)

It has also been shown that other amine organic ligands could be utilized to
modify the Hofmann-type structures by replacing the terminal ammonia ligands [9].
The most common of these alterations involves the use of diaminoalkanes, such as
ethylenediamine (NH,CH,CH,NH,) and trimethylenediamine (NH,CH,CH,CH,
NH,) [12], which are ditopic ligands intended to replace two terminal ammonia
ligands from neighboring metal-cyanide sheets, in effect pillaring the sheets and
creating a 3D structure. In most cases the Hofmann-type metal-cyanide layers are
maintained, merely the interlayer spacing and/or guest inclusion are altered. Longer
diamines, NH,(CH,),NH, (n=4-9), have been utilized to make modified Hof-
mann-type clathrates that can trap molecules larger than the typical small aromatic
guests [12]. Although the metal-cyanide inclusion compounds can readily trap
molecules, many are not stable upon loss of the guest molecules or heating
[9,12]. There have been many efforts to synthesize more stable derivatives with
unique properties or larger cavities, with limited success. The utilization of diami-
noalkanes to pillar the Hofmann-type clathrate metal-cyanide sheets does add to
their stability in some cases, but the ligands remain relatively flexible compared with
the rigid cyanide bridges and can result in chelation of the metal instead of pillaring,
and also collapse of the structure [9,12]. However, metal-cyanide chemistry has
continued to progress with efforts to use rigid pillars, linear metal spacers [16] and
even angular ditopic [17] or polytopic [18] amines to synthesize similar, and also
unique [19], architectures. In addition, there have been numerous efforts to assess
their potential for novel applications, including hydrogen storage [20].

10.2.2
Werner Complexes

Another series of solid-state organic—inorganic hybrid compounds that should not
be overlooked are the Werner complexes (Figure 10.3), represented by the general
formula MX,A,, where M =a divalent cation (Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Zn)
with octahedral coordination, X =an anionic ligand (Cl, Br~, I", CN™, NCO™,
NCS™, NO,, NO;3 ") and A =neutral pyridine-based ligands or o-arylalkylamines
[21]. Like the Hofmann-type clathrates and Prussian blue-type materials, Werner
complexes are inclusion compounds, having the ability to trap guest molecules due
to the inefficient packing of the complexes in the solid state. The diversity of
compositions allows for the inclusion of a variety of guest molecules, ranging from
simple noble gases to complex aromatic molecules. The generality of the Werner
complex formula, the scope of sorbed species and the occurrence of B-phases that
exhibit porosity upon loss of guest molecules are indicative of the versatility of
coordination chemistry and the utility of ligand substitution on the overall properties
of metal-organic materials.

Although these Werner complexes and the previously mentioned metal-cyanide
compounds have primarily focused on metals with octahedral coordination (and
square planar in Hofmann-type clathrates), with few exceptions, it is evident that a
variety of crystalline (periodic) inorganic—organic hybrid materials can be constructed.
In addition, the dual composition of this class of materials offers the potential to alter
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Figure 10.3 Typical MX;A, Werner complexes: (a) X=NCS™,
A= pyridine; (b) X=NCS™~, A=4-picoline; (c) X=NCS™,
A =3,5-lutidine; and (d) X=NCS™, A=4-phenylpyridine.

the organic and inorganic components. Thus, the ability to introduce new coordina-
tion modes and geometries of metals, in combination with predesigned ligands, can
only expand the scope and function of periodic hybrid materials.

10.2.3
Expanded Nitrogen-donor Ligands

However, it was not until 1989 that the potential for design was visualized and
recognized for these inorganic—organic hybrid materials, when Hoskins and Robson
first reported the deliberate design and synthesis of a cubic diamond-like MOA
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Figure 10.4 (a) Hoskins’ and Robson’s
Cu-tetracyanotetraphenylmethane MOA (hydrogen atoms
have been omitted for clarity; Cu = black, C=dark gray,
N = light gray) with (b) cubic diamond topology.

constructed in situ from tetrahedral Cu(l) ions and 4,4’,4”,4"'-tetracyanotetraphe-
nylmethane molecules (Figure 10.4) [22]. They proposed that if tetrahedral centers
could be linked by molecular rods, an extended network could be constructed and
expected to have an enlarged open structure related to cubic diamond or hexagonal
Lonsdaleite that may be tailor-made (via variations in and modifications to the
tetrahedral centers and molecular rods) to exhibit interesting properties. In a later
publication, they elaborated on the subject, suggesting other possible molecular
rods and coordination modes that might also be utilized to target particular frame-
works, in addition to the potential for the resultant open materials to complement
zeolites for related applications [23].

The hypotheses and results of Hoskins and Robson mark the beginnings of the
molecular building block (MBB) approach, where the organic ligand and the metal
ion each serve as building blocks in situ. These building blocks can then combine in
numerous fashions to give a variety of architectures, depending on the size and
shape of the organic linker and the coordination environment and geometry of the
metal ion(s) [24]. These concepts opened the door to a new and interesting class of
solid-state materials.

A variety of molecular rods could be utilized to target analogous and unique
structures, but probably the most prominent example is 4,4'-bipyridine (bipy). Like
the cyanide anion of the metal-cyanides mentioned previously, bipy can act as a
linear ditopic ligand, possessing monodentate nitrogen donors at opposite ends of
the molecule. The increased length of bipy, compared with cyanide, should result in
larger cavities and thus more open structures.

The similarity of neutral bipy to the anionic cyanide linker suggests that structures
with network topologies analogous to Hofmann-type clathrates could be targeted
when coordinated to square-planar or octahedral metal ions in an MN, or MN,L,
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fashion, respectively, where L=axial terminal ligands; octahedral MN¢ building
blocks could lead to Prussian blue-type analogues. Indeed, the synthesis of materials
consisting of layered square grid networks, like that of Hofmann-type clathrates, has
been achieved by the combination of transition metal salts and bipy in various
solvents, although anionic terminal ligands or guests are necessary to balance the
charge of the cationic metals (i.e. neutral or cationic metal-bipy coordination poly-
mers or frameworks) [25]. Likewise, cationic Prussion Blue-related octahedral
assemblies have been synthesized from bipy and octahedral metal ions [26] and,
as predicted, coordination to a tetrahedral metal center (MN,) results in the forma-
tion of materials with frameworks related to the cubic diamond net [27].

In addition to structures composed of square grid sheets and linearly connected
octahedra, a variety of networks have been synthesized from bipy and single metal
ions depending on several factors, including the metal:ligand ratio, counter ions,
guests and the coordination environment and geometry of the metal. Since bipy is a
simple linear linker, the determination of each structure’s network topology is
directly governed by the coordination environment and geometry of the metal ion.
A diversity of 3D structures can be targeted, including those analogous to the Si net
in o-ThSi, [28], and also additional 2D [29,30], 1D [27,30,31] and discrete [32]
topologies.

Other linear ditopic nitrogen-donor organic ligands (Figure 10.5), such as pyr-
azine, 1,2-bis(2-pyridyl)ethylene, 1,2-bis(4-pyridyl)ethane and many others, have
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Figure 10.5 Nitrogen-donor organic ligands: (a) linear
4,4'-bipyridine; (b) 3-connector 2,4,6-tris (4-pyridyl)-1,3,5-triazine;
(c) 4-connector 5,10,15,20-tetrakis (4-pyridyl) porphyrin; and (d) 6-
connector 1,2,3,4,5,6-hexakis (imidazol-1-ylmethyl)benzene.
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also been utilized to target compounds with analogous and novel topologies [33]. The
coordination of these ligands to metal ions results in structures that have topologies
ranging from discrete molecular squares [34] to 3D nets [35,36].

The success of the development of open metal-organic structures based on bipy-
like ligands has led to the utilization of polytopic nitrogen-donor ligands for similar
purposes. Although ditopic bipy merely serves as a linear spacer between metal ion
nodes in the networks, other ditopic nitrogen donor ligands have been targeted with
specific built-in angular nature to orient the metal ions at specific angles and target
novel structures [37-39], including metal-organic frameworks with a sodalite-like
topology [40]. In addition, nitrogen-donor ligands have been utilized with the
potential to act as 3-, 4- or 6-connected linkers [41-43] (Figure 10.5). These non-linear
ligands can then serve as additional nodes when coordinated to the metal ions,
allowing for the synthesis of analogous and novel topologies when compared with
bipy, depending on the size and shape of the ligand (limited only by the synthesis
capabilities of the organic chemist) and the coordination environment and geometry
of the metal ion [38].

Although recent developments have led to porous bipy-based MOAs [44], these
materials typically remain unstable and collapse upon exchange or removal of
guests and have been plagued by interpenetration [24]. Many of the bipy-like
ligands are fairly rigid; however, lack of permanent porosity has traditionally been
correlated with the flexible nature of the M—N coordination angles, which usually
results in more flexible frameworks and limits their utility as porous materials
[45].

10.2.4
Carboxylate-based Ligands

The quest for hybrid materials with large cavities and permanent porosity has led to
the exploration for new coordination modes via carboxylate-based ligands to con-
struct MOAs. Unlike the neutral bipy-like ligands, these anions can counter the
cationic charge of the metal ions [45]. In addition, organic synthesis offers a vast
repertoire of carboxylate-based ligands, many analogous in size and shape to the
previously utilized nitrogen-donor molecules (Figure 10.6).

Due to the flexible nature of the monodentate coordination of nitrogen-donor
ligands and, subsequently, the decreased predictability of the final structure, car-
boxylate ligands began to be explored as potentially multidentate moieties [24]. The
ability of the carboxylate functionalities to bind metal ions in a bis-monodentate
fashion (Figure 10.7) and form metal—carboxylate clusters has long been known [46],
but only recently have researchers begun to target these clusters in the formation of
extended MOAs from multi-carboxylate ligands [45].

Since they possess multiple metal-oxygen coordination bonds that result in the
generation of rigid nodes with fixed geometry, these metal-carboxylate clusters are
ideal molecular building blocks well suited for the construction of MOAs [45]. One of
the most commonly used metal-carboxylate MBBs is the so-called paddlewheel
cluster [M,(CO,)4L,, where L=ancillary ligands] [47]. This dinuclear MBB is
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Figure 10.6 Carboxylate-based organic ligands: (a) linear
4,4'-biphenyldicarboxylic acid; (b) 3-connector 2,4,6-tris (4-
carboxyphenyl)triazine; (c) 4-connector 5,10,15,20-tetrakis (4-
carboxyphenyl)porphyrin; and (d) 6-connector mellitic acid.
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Figure 10.7 Common coordination modes in (a) bipy-like ligands
and (b) carboxylate-based ligands.

most often targeted as a molecular square for building block purposes [7a,48,49]
(Figure 10.8), but can be utilized as a linear spacer via the axial positions when
equatorial carboxylates are terminal [48,49] or as an octahedral MBB if all the metal
coordination sites are saturated with organic linkers [49]. However, there are a
variety of other metal—carboxylate clusters that can be targeted as MBBs to construct
stabile materials, including other dinuclear [50], trinuclear [M30(CO,)¢L3, basic
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(@)

(c)

Figure 10.8 Common metal-carboxylate clusters and the resulting
molecular building block(s): (a) paddlewheel can act as a linear
(not shown), square or octahedral building block; (b) basic
chromium acetate forms a trigonal prism building block; and (c)
basic zinc acetate serves an octahedral building block.

chromium acetate] [51] and tetranuclear [M,O(CO,), basic zinc acetate] clusters
[52], through either ligand exchange or cluster generation in situ.

The ability to target, i.e. consistently generate in situ, these MBBs has attracted
much attention since it provides the material designer with a prospective method to
construct systematically functionalized porous materials. In general, if a given MBB
can be targeted, the utilization of expanded or functionalized ligands can be used in
conjunction with that MBB to construct analogous frameworks with varied
pore size, shape and functionality [7c]. The viability and versatility of this metal—
carboxylate approach has been proven many times over and has led to the burgeon-
ing of this field when permanent porosity was finally achieved and proven for this
class of materials in 1998 [53].
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The metal-carboxylate cluster approach is exemplified through the basic zinc
acetate MBB and its subsequent use in the construction of MOF-5 and numerous
other extended CaBg analogues with unprecedented lower densities than encoun-
tered in any crystalline material [7b]. In addition, metal-carboxylate cluster MBBs
have been utilized to synthesize homochiral MOFs for enantioselective separation
and catalysis [51c]. Porous materials with some of the highest capacities for storage
of carbon dioxide [54] and hydrogen [55] and the highest observed surface areas on
any porous materials, up to about five times higher than the most open inorganic
zeolite [51h,56]. In addition, rational synthesis of numerous MOAs [57] with various
other predicted architectures [58,59] are on the rise. Although clear progress has
been achieved in the design of MOAs using metal-carboxylates, the attainment of
frameworks with default topologies is still predominant. Hence, new strategies are
necessary to complement those already established in order to permit access to more
complex structures.

10.3
Single-metal lon-based Molecular Building Blocks

Combined with the desirable properties (inorganic—organic hybrid, mild synthe-
sis, facile tunability and multifunctional capacity) and aesthetic architectures of
the metal-organic materials themselves, the success of the MBB approach has
promoted a surge not only in the synthesis of metal-organic assemblies, but also
in the development of strategies toward the eventual design of desired functional
porous materials for specific applications. As mentioned earlier, the utilization of
metal-carboxylate clusters is one route to generate stability and target non-default
structures, but methods that generate rigid MBBs from single-metal ions have
not been realized. In the past, the use of single-metal ions and simple organic
linkers as building blocks has consistently led to the construction of default
structures depending on the shape(s) of the building blocks [57], which is sup-
ported by the synthesis of 2D square grid Hofmann-type clathrates and square
grid and diamond nets from bipy-based ligands. These default structures are
typically obtained due to the flexibility and lability of the (single-metal)-ligand
coordination. Our group has recently developed and established a design strategy
that involves a single-metal ion-based MBB approach that promotes the rational
construction of atypical MOAs by forcing rigidity and directionality through
control of the metal coordination sphere and judicious selection of suitable
organic ligands [60].

Our group, among others, has utilized hetero-coordination of multifunctional
organic molecules that combine both nitrogen donors and carboxylate groups with
great success in the design and synthesis of novel functional materials [61], and our
approach involves prior judicious selection of these would-be ligands based on the
quantity and relative position of the functional groups on the molecule depending on
the desired angle and target structure [60]. An aromatic ring must contain the
nitrogen atoms and at least one nitrogen atom must have a carboxylic acid located
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Figure 10.9 Possible variations of the MN ) (CO5) (x4 coor-
dination, where M is any metal with coordination of 6-8, x=
number of N,O-hetero-chelating moieties, y =the number of
ancillary nitrogen-donors and z=the number of ancillary car-
boxylicacids: (a)x=1,y=1,z=0; (b) x=1,y=0,z=1; (c) x=2,
y=2z=0. The ancillary group position depends on the desired
angle and target structure.

one carbon away. This a-position allows for N, O-hetero-chelation to the metal ion. As
part of the aromatic ring, the nitrogen atoms direct the framework topology, while
the carboxylate groups secure the geometry of the metal by locking it into its position
through the formation of rigid five-membered rings. In addition to having one
hetero-chelating moiety, the organic molecule must also be polytopic, possessing at
least one ancillary coordinating moiety, i.e. an additional carboxylate, nitrogen atom or
hetero-chelate (Figure 10.9). The ability of a ligand to saturate the coordination sphere
of the selected metal ion is also ideal, as this precludes coordination of any solvent,
template or other guest molecules and allows directionality to be induced entirely
dependent on the organic linker.

The use of potentially 6-8-coordinate metal ions allows the targeting of numerous
structures, depending on the ligand shape and multiplicity of functionalities; this
gives MN ;1 1)(CO3) (x4, where M is any metal with coordination of 6-8, x =the
number of N,O-hetero-chelating moieties, y=the number of ancillary nitrogen-
donors and z = the number of ancillary carboxylic acids. Each hetero-coordinated
single-metal ion can be rendered rigid and directional while simultaneously its
coordination sphere is saturated via the coordination of the hetero-chelate and/or
secondary functionalities of the ligands. The relative position of the ancillary func-
tional group on the organic molecule dictates the directionality and plays a vital role
in providing the angles necessary to target particular structures.

10.3.1
Discrete, 2D and 3D Metal-Organic Assemblies

Our design strategy has proven effective in synthesizing metal-organic polyhedra.
The first example was a metal-organic cube using Ni(NOs),-6H,O and 4,5-
imidazoledicarboxylic acid (H;ImDC) [62]. H;ImDC possesses concurrently the
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In(NO3)3-2H,0

Figure 10.10 The metal-organic cube is constructed from 12
ImDC ligands and eight octahedral single-indium ion MBBs.

initial N,O-hetero-chelating moiety and an additional N,O-hetero-chelate. The
HsImDC molecules are doubly deprotonated in situ and three HImDC?™ anions
coordinate each Ni** cation in a facial (fac) manner to complete the Ni(II) octahedral
coordination sphere (Figure 10.10). Each ligand chelates two metal ions at a large
angle, which allows the ligand to function as the edges of the cube while the
fac-NiN3(CO,); MBB occupies the vertices. As the metal-organic cube consists of
12 doubly deprotonated ligands and only eight divalent nickel ions, cationic amines
used in the solvothermal synthesis conditions fill the inter-cube space and neutralize
the anionic polyhedra, [Nig(HImDC)y,}®-[(H,TMDP),J*"-(DMF),-(EtOH),- (H,0)s.

The versatility of this approach was realized when we were able to synthesize
supramolecular isomers using 2,5-pyridinedicarboxylic acid (H,PDC) [63]. H,PDC
possesses concurrently the initial N,O-hetero-chelating moiety and an additional
carboxylic acid in the 5-position, which can provide a 120° angle upon coordination.
The angularity of this ligand can then be used to target discrete metal-organic
octahedra or 2D metal-organic frameworks with Kagomé lattice topology, which
are based on 4-connected vertices (Figure 10.11). Indeed, the H,PDC molecules can
be doubly deprotonated in situ and four PDC*™ anions can coordinate each metal
cation [MN,(CO,)4, MBB] to generate the 4-connected nodes necessary [MN,(CO,),

PR =X

i+ [DfNO:;)}‘?HEO

N

g
}

Figure 10.11 H,PDC and In(NO3)3-2H,0 were reacted in the
presence of different SDAs to give a MOF with Kagomé lattice or
metal—-organic octahedra.
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vertex]. As the coordination of four PDC?*™ ligands to a single divalent or trivalent
metal ion {[M"(PDC),]*", [M"(PDC),]' "} will yield an anionic framework, cationic
structure directing agents (SDAs) can be utilized to direct the formation of the
material.

In fact, the solvothermal reaction of H,PDC and In(NO3);-2H,0 in the presence
of the SDA 4,4'-trimethylenedipiperidine (TMDP) yields a MOF with the Kagomé
lattice topology, [In(PDC),],, -(HTMDP)*-EtOH-H,0 [63]. In this case, the single
trivalent indium ions are 6-coordinate, each chelated by two ligands and coordi-
nated through the ancillary carboxylates in a monodentate fashion by two addi-
tional ligands to give an InN,(CO,), MBB, which can be simplified as a quasi-
planar cis-InN,(CO,), building unit. The anionic framework is neutralized by the
protonation of the organic amine SDA, which occupies the hexagonal channels
and interlayer space between the 2D Kagomé sheets along with guest solvent
molecules.

The reaction of the same reactants in the presence of a different SDA, 1,2-
diaminocyclohexane (DACH), results in the synthesis of an MOA consisting of
discrete MLy, metal-organic octahedra and guests of the formula [Ing(PDC);,]®
[(H,DACH),]*"[(H30),]*"-(DMF)s-(EtOH)s [63]. Here, the single trivalent indium
ions are actually 7-coordinate, each chelated by two ligands and one ancillary car-
boxylate in a monodentate fashion in the same manner as in the Kagomé lattice, but
the ancillary carboxylate of one ligand binds in a bidentate fashion to the In(III)
center. The coordination still gives an InN,(CO,), MBB, as the points of extension
are considered to be the carboxylate carbon atoms rather than the coordinated
oxygen atoms, but the building unit is now quasi-pyramidal, trans- InN,(CO,),. As
with the metal-organic cube, these polyhedra are anionic and the amine SDA
molecules serve to neutralize the negative charge and actually link the octahedra
together through N—H- - -O hydrogen bonds to form a 3D network.

Thus, this method has proven effective in targeting and synthesizing discrete
metal-organic polyhedra, metal-organic frameworks with Kagomé lattice topology
and potentially 3D MOAs. One can envision using the same route to target other
unique metal-organic assemblies from 6-, 7- or 8-coordinate single metal ions,
including those with discrete, 2D and 3D architectures. Of great interest would be
MOFs with zeolite-like topologies, due to the vast application potential of such
materials associated with their porous and ionic nature.

10.3.2
Zeolite-like Metal-Organic Frameworks (ZMOFs)

Our single-metal ion-based MBB approach can also be applied to the decoration and/
or expansion of tetrahedral-based zeolite-like nets [64] by lengthening the edges of
the net with a longer functional organic linker [5,6], similar to the previously men-
tioned enlargement of metal-cyanide compounds by using an extended organic
linker such as bipy. In effect, the organic ligand will serve as a functionalized multi-
atom substitute for the single oxygen atoms that bridge the tetrahedral (T) silicon
and/or aluminum atoms in traditional inorganic zeolites. However, the organic
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ligand (L) must be judiciously selected to contain two functionalities (at least one N,
O-hetero-chelate) that can provide an M-L-M angle comparable to the average
T-O-T angle (~145°) found in typical zeolites [65]. In addition, higher coordination
(6-8) metal ions are utilized instead of tetrahedral ions, so the ligands must coordi-
nate to the metal in a manner that gives an MBB that can act as a tetrahedral building
unit (TBU). Thus, for 6-coordinate metals there must be an MN4(CO,), or
MN,(CO,), coordination environment and MN4(CO,), or MN,(CO,)s MBBs for
8-coordinate metals that all result in MN, or MN,(CO,), TBUs, respectively.

According to these criteria, the aforementioned organic molecule, H3ImDC, is
well suited to target metal-organic frameworks with zeolite-like topologies. This
ligand concurrently possesses two N,O-hetero-chelating moieties with a potential
M-L-M angle of 145°. When doubly deprotonated in situ, the HImDC?*~ anions can
coordinate two divalent or trivalent metal cations at the appropriate angle (directed
by the M—N coordination) and four ligands saturate each metal ion in the proposed
manner to complete the respective coordination sphere and give an anionic zeolite-
like metal-organic framework (ZMOF). This anionic nature allows for the utiliza-
tion of different cationic SDAs and exploration of applications akin to inorganic
zeolites.

As expected, solvothermal reaction of In(NO3);-2H,0 and H3ImDC in the pres-
ence of different SDAs yields metal-organic frameworks with different zeolite-like
topologies, specifically sod (sodalite) and rho [59,65]. Predictably, the expansion of the
oxygen atom bridge in existing zeolite topologies to the larger HImDC? linker
results in the two ZMOFs, sod-ZMOF and rho-ZMOF, that are up to eight times
larger than their inorganic analogues. These new ZMOF materials offer great po-
tential for numerous applications, combining the unique properties of both MOFs
and zeolites, in addition to novel properties.

10.3.2.1 sod-ZMOF
The solvothermal reaction of H,PDC and In(NO3);-2H,0 in the presence of the
imidazole (HIm) yields a MOF with a zeolite SOD-like topology, sod-ZMOF
(Figure 10.12). In the crystal structure of sod-ZMOF, each single indium ion is
chelated by two HImDC?™ ligands and coordinated by the ancillary nitrogen donor
of two more HImDC”™ ligands, resulting in 6-coordinate In(III) ions that form
InN4(CO,), MBBs. Since the nitrogen atoms direct the topology, this MBB can be
regarded as an InN, TBU. When the structure is reduced to the simplified InNy
TBUs, it can be viewed a 3D periodic array of large truncated octahedral cages,
analogous to B-cages found in numerous inorganic zeolites. These f-cages connect
to neighboring cages through common four- and six-membered rings, which results
in an overall structure based on the edge expansion of the inorganic sodalite net.
The presence of four HImDC?™ ligands around each trivalent indium ion results
in an anionic framework that is neutralized by the SDA molecules, [In
(HImDC),], [(H'HIm)]*-(DMF),-(CH3CN).(H,0),. Therefore, sod-ZMOF repre-
sents the first example of an MOF with an anionic framework based on the sod
topology, although a few examples of neutral or cationic sodalite-like MOFs have
been synthesized previously [57].

265
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(@)

(b)

Figure 10.12 (a) sod-ZMOF is composed of
6-coordinated MBBs, which also can be viewed
as 4-connected TBUs. (b) Optical image ob-
tained on an Olympus MIC-D optical micro-
scope of as-synthesized sod-ZMOF crystals.

(c) A fragment of the sod-ZMOF single-crystal
structure, where the large light-gray spheres

represent the largest sphere that would fit in the
B-cavities without touching the van der Waals
atoms of the framework and the p-cages of the
sodalite network connect through common four-
(shown) and six-membered rings. Hydrogen
atoms have been omitted for clarity; In=black,
C=dark gray, O = gray, N =light gray.

10.3.2.2 rho-ZMOF

The same starting materials can be solvothermally reacted in the presence of a
different SDA, 1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-a]pyrimidine (HPP), to
yield a MOF with rho topology (Figure 10.13). In this case, each single indium
ion is 8-coordinate, saturated by the chelation of four HImDC?~ ligands to give
InN,4(CO,), MBBs. As with sod-ZMOF, the nitrogen atoms of the ligand direct the
topology and, although two additional a-carboxylates coordinate the metal ion,
result in a 4-connected InN, TBU. When the structure is simplified as connected
InN, TBUs, it is evident that four-, six- and eight-membered rings fuse together to
form a-cages that are linked via double eight-membered rings (D8Rs) in a 3D
periodic array to create first material ever to contain an organic component
and have a zeolite rho-like topology [59]. The purity of the as-synthesized material
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Figure 10.13 (a) The angle in the ImDC ligand.  touching the van der Waals atoms of the

(b) rho-ZMOF is composed of 8-coordinated framework and the a-cages of the rho network
MBBs, which can be viewed as 4-connected connect through double eight-membered rings.
TBUs. (c) A fragment of rho-ZMOF, where the ~ Hydrogen atoms have been omitted for clarity;
large light-gray spheres represent the largest In=black, C=dark gray, O =gray, N =light
sphere that would fit in the a-cavities without  gray.

was confirmed by similarities between the experimental and simulated XRPDs
(Figure 10.14).

Again, the presence of four HImDC?™ ligands around each trivalent indium
ion results in the formation of an anionic framework that is neutralized by
the SDA molecules, in this case 24 doubly protonated HPP molecules per
unit cell, [Ingg(HIMDC)gg),**-[(H';HPP),4]*®*"-(DMF)36-(H;0)19,. The H,HPP
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Figure 10.14 Experimental and simulated powder X-ray diffraction patterns for rho-ZMOF.

molecules occupy part of the open space in the a-cage cavities and the smaller
D8R cages, in addition to the guest solvent molecules. The space occupied by
guest molecules represents 56% of the cell volume or 16 718 A® per unit cell and
the as-synthesized compound is insoluble in water and common organic
solvents.

The D8R cages of rho-ZMOF actually represent the largest apertures (~8 A) of the
framework for potential diffusion of small molecules. These pores serve as open-
ings to the extra-large a-cage cavities, which have an internal diameter of 18.2 A.
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Figure 10.15 Nitrogen gas sorption isotherm for rho-ZMOF at 78 K.
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The extra-large cavities and the anionic nature of rho-ZMOF make it ideal for
applications involving cationic exchange, interesting considering that there are
very few examples of anionic MOFs and the encapsulation of large molecules, an
area where previous anionic porous materials, such as inorganic zeolites, have been
limited [3].

Cation Exchange As stated previously, rho-ZMOF is an anionic framework; each o-
cage is neutralized by 24 doubly protonated HPP molecules. In addition, the large
apertures and robust nature (stable up to ~260°C) of this material, suggest the
potential to perform cationic exchange readily. Na* exchange can be achieved at

Na-rho-ZMOF
Na-rho-ZMOF+AQ

Na-rho-ZMOF+AO+Na

0.0 F . . .

300 400 500 600 700 800
Wavelength (nm)

Figure 10.16 Optical images obtained on an Olympus MIC-D
optical microscope of as-synthesized rho-ZMOF crystals (light
gray = colorless) and rho-ZMOF crystals after AO exchange (dark
gray = red) through the D8R windows. UV/Vis spectra of rho-
ZMOF exchange derivatives.
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room temperature, when 48 sodium ions replace the H',HPP molecules, which is
confirmed by elemental microanalysis and atomic absorption studies. The crystal-
linity and structural integrity of rho-ZMOF are retained after Na* exchange, as
indicated by similarities in the XRPD patterns. Cation exchange had never been
successfully achieved in MOFs prior to this example, especially not in an aqueous
environment, without dissociation of the framework [59].

The sodium-exchanged rho-ZMOF, Na-rho-ZMOF, can be fully evacuated at
100°C, including guest water molecules. Sorption studies were conducted on the
as-synthesized material and the sodium-exchanged derivative, revealing that both
have type I nitrogen sorption isotherms (Figure 10.15). The isotherms are fully
reversible, suggesting that the material contains homogeneous micropores; the
apparent Langmuir surface area was estimated as 1067 m”g ™.

(Host-Guest)-Guest Sensing Just as Na' ions exchange cationic H',;HPP mole-
cules out of the rho-ZMOF cavities, other cationic organic molecules can also be
utilized. There are numerous examples of cationic fluorophores, such as acridine
orange (AO), which can be used to probe the physical properties of the rho-ZMOF
interior. AO is also an excellent choice since it is smaller than the D8R aperture of
rho-ZMOF and can diffuse freely into the o-cages (Figure 10.16).

The extra-large o-cage cavities allow not only the encapsulation of cationic mo-
lecules, but also additional neutral guest molecules. As AO is sensitive to its local
environment, it can be utilized to sense a variety of neutral molecules, such as
methylxanthines or DNA nucleoside bases. These results demonstrate the ability of
anionic ZMOFs to serve as a (host-guest)—guest sensor with the ZMOF providing
a periodic porous substrate for fluorescent cations which can then serve as the
sensor unit.

10.4
Conclusion

Although serendipity will continue to aid in the advancement of science, the growing
need for materials with specific functions will, no doubt, lead to an increased thrust
for design strategies and methods. History has provided fundamental discoveries
and principles that persist in modern solid-state materials development, such as the
molecular building block approach. Our contribution has focused primarily on the
utilization of single-metal ions as viable MBBs, depending upon the judicious
selection of the organic ligands.

We have already proven the ability of this method to synthesize unique discrete,
2D and 3D metal-organic assemblies with targeted architectures, including the first
anionic MOFs with zeolite-like topologies and properties, from higher coordination
metals and ligands with specific angles and functionalities. One can envision how
the single-metal ion-based MBB approach offers a rational route towards design and
will, no doubt, aid the quest for novel functional materials.
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Polyoxometalate Nanocapsules: from Structure to Function

Charalampos Moiras and Leroy Cronin

11.1
Introduction

The assembly of nanoscale capsules or cages using metal coordination represents
one of the most interesting and challenging areas of chemical nanoscience today.
This is because these capsules are composed of many discrete metal- and ligand-
based building blocks which have the ability to self-assemble into a single gigantic [1],
even protein-sized [2], species, often rapidly and in high yield; most of these have very
high symmetry [3], rendering them aesthetically extremely appealing. However, the
interest in these systems goes far beyond aesthetics since understanding of the
principles and mechanism for the assembly process which leads to their formation
will allow systems to be designed from first principles. In this chapter we discuss how
polyoxometalate-based molecular capsules and cages are defining a new class of
capsules and nanospaces [4]. Nanoscale polyoxometalate clusters (POMs) provide an
arguably unrivalled structural diversity of molecules displaying a wide range of
important physical properties and nuclearities; these cover the range from 6 to 368
metal ions in a single molecule and are assembled under “one-pot” reaction
conditions. At the extreme, these cluster molecules are truly macromolecular,
rivaling the size of proteins, and are thought to be formed by a self-assembly process
(Figure 11.1) [5]. The clusters are based on metal-oxide building blocks with the
general formula MO, (where M is Mo, W, Vand sometimes Nb and x can be 4, 5, 6 or
7). POM-based materials have many interesting physical properties which result
from their versatile structures, the ability to delocalize electrons over the surface of
the clusters, the ability to incorporate heteroanions, electrophiles and ligands and to
encapsulate guest molecules within a metal-oxide-based cage. POM clusters have
been shown to exhibit superacidity and catalytic activity [6], photochemical activity [7],
ionic conductivity [7] and reversible redox behavior [8]. Therefore, there are many
potential applications for this class of molecules [4-8].

Organic Nanostructures. Edited by Jerry L. Atwood and Jonathan W. Steed
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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5.6 nm

Figure 11.1 Representations of the structures of and {Moyse}/{Mo3eg} clusters. These clusters
some POM clusters, all synthesized under “one- are compared (to scale) with the protein human
pot—one-step” reaction conditions (space filling: carbonic anhydrase Il (a medium-sized protein
Mo large gray spheres, O smaller gray spheres) with 260 residues, MW 29.6 kDa) to demonstrate
from the well-known and studied {M,}/{M;5} their macro dimensions.

Keggin—Dawson ions to the {Mo;s4}/{Mo13,}

Importantly, the assembly of coordination cages involving metal ligand coordi-
nation to mediate the self-assembly process depends critically on the building
blocks chosen and their respective reactivities. One very important route to the
formation of metallosupramolecular architectures involves the selection of build-
ing blocks that (1) are preorganized, (2) are kinetically stable, (3) incorporate
reactive coordination sites and (4) are complementary. For instance, the exhaustive



11.2 Background and Classes of Polyoxometalates

study of the molybdenum, tungsten and vanadium oxide systems, i.e. polyoxo-
metalate clusters, has emerged as one of very important and versatile building block
source in molecular self-assembly [4,5].

11.2
Background and Classes of Polyoxometalates

The large number of structural types in polyoxometalate chemistry [4,5] can be
broadly split into three classes:

1. Heteropolyanions are metal-oxide clusters that include heteroanions such as
SO,*" and PO,> . These represent by far the most explored subset of POM
clusters, with over 5000 papers being reported on these compounds during the last
4 years alone. There is great emphasis on catalysis in this literature, of which the
Keggin [XM,0,¢] and the Wells—Dawson [X,M30s4] (Where M=W or Mo) anions
are fundamental examples. Their popularity, reflected in an enormous volume of
literature over several decades, can be attributed to a large extent to the ease of their
synthesis or commercial availability, but most importantly to the stability of these
clusters. In particular W-based POMs are very stable and this has been exploited to
develop W-based Keggin ions with vacancies that can be systematically linked
using electrophiles to larger aggregates [4,5].

2. Isopolyanions are composed of a metal-oxide framework, but without the internal
heteroatom/heteroanion. As a result, they are often much more unstable than
their heteropolyanion counterparts. However, they also have interesting physical
properties, such as high charges and strongly basic oxygen surfaces, which means
that they are attractive units for use as building blocks [9].

3. Mo-blue and Mo-brown reduced Mo-based POM clusters are related to molybde-
num blue-type species, which was first reported by Scheele in 1783 [10]. Their
composition was largely unknown until Miiller et al. reported, in 1995, the
synthesis and structural characterization of a very high nuclearity cluster {Mo;s4}
crystallized from a solution of Mo-blue, which has a ring topology [11]. The
interest generated by this result is partly due to its high nuclearity and partly
because of the size of this cluster; with an outer diameter of ca. 34 A, an inner
diameter of 25 A and a thickness of 14 A, it is a truly nanoscopic molecule. Using
reaction conditions of pH = 1, with a concentration of Na,MoO, of ca. 0.5 Mand a
degree of reduction of between 1 and 20%, the solution yields the “giant-wheel”
[M01540462H14(H20)70]"*~ in over 80% yield in 24h [12]. The building up
principle does not stop there: a series of mixed-valence Mo-blue (containing
delocalized MoV—MoVI) clusters (e.g. [MOZSGEu80776H20(HZO)162]207 = {Mogse})
[13] have been reported and also a class of spherical Mo-brown (containingloca-
lized Mo'—Mo"units) clusters (e.g.[M0V172M0V600372(MeC02)30(H20)72]42_ =
{Mos3,}) [14] and the highest nuclearity cluster so far found, a “lemon” cluster
([HxM036501032(H20)240(SO04)4s] ™~ = {Moses}) [2] (Figure 11.2).
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Figure 11.2 Structures of the {Moy3,} =[Mo"';, building blocks found in these clusters are shown
MoV600372(MeC02)30(HZO)72]42’, {Moyse} =  below also as polyhedral plots whereby the metal
[Mo,56EusO776H20(H20)162]*°~ and {Moses} = is at the center of the polyhedron and the oxygen
[HXM036801032(H20)24O(SO4)48]48’ clusters ligands form the vertexes.

shown with polyhedral plots. The transferable

11.3
Wells—-Dawson {M;3Os,} Capsules

The Wells—Dawson cluster type can be considered to be an {M150s4}™ " cluster that
often incorporates either one or two templating anionic units e.g. PO,*“and SO,>™ [5],
so the cluster can be formulated as ([M;3054(X0,),]™"; M=Mo or W, X=a main
group element, n = 3 or 4) (Figure 11.3). The {M;40s4}"" can be considered to have a
hydrophilic cavity and can incorporate many types of different anions; traditionally
these have been either PO,*>~ or SO,*~ [4,5]. By incorporating electronically interest-
ing anions such as sulfite, it is possible to engineer several types of cluster cage

Figure 11.3 Ball and stick representations of (a) {M130s4}" ",
(b) [M015054(SO3)2]* ™ and (c) [Mo15054(SO4)2]* . The M atoms
are shown as small gray spheres and the O atoms as dark gray
spheres. The S and O atoms of the SO; and SO, groups are shown
in space filling mode.
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whereby the anions can themselves interact with each other or undergo reactions
inside the cluster cage. This sulfite-containing cluster can be formulated [15] as
[Mo015054(SOs),]* ™~ and the sulfites as positioned within the cluster cage such that they
are located only 3.2 A apart from each other inside the cluster shell (this is 0.4 A less
than the 3.6 A expected from non-bonded S- - -S interactions but still longer than the
2.2 A found in S,04° ") and could indicate a strong interaction between the two sulfur
atoms; this was also suggested by DFT calculations [15]. In the limit it was thought that
engineering such capsules may allow the oxidation of sulfite to yield dithionate S04~
anions (note: sulfur is the only main group element to form X,04"~ analogues with
X—X single bonds), e.g.

2803~ — S,0% +2e”

Thus, engineering an intramolecular S- - -S interaction within the Dawson {Mo"";g}
matrix is interesting since the formation of a dithionate anion would release two
electrons to reduce the surrounding polyoxomolybdate shell to the mixed-valence
reduction state {MOVIl(,Mon}, with its characteristic blue color. Although switching
has not yet been achieved, the sulfite-based clusters are thermochromic between 77
and 500 K [15].

By altering the synthetic conditions, it is also possible to obtain a sulfite-based
polyoxotungstate, oc-[W18054(SO3)2]47 [16], which is isostructural with o-[Mo1gOsy4
(SO3),]* [14], and [W""15054(SO3)2(H,0),]® ™ [16]. The latter is described as a “Trojan
horse” in which a structural rearrangement allows the two embedded pyramidal sulfite
(SO5°") anions to release up to four electrons (analogous to the “soldiers” hidden
inside the “Trojan horse”) to the surface of the cluster generating the sulfate-based,
deep-blue, mixed-valence cluster [W15054(SO4),]>” upon heating (Figure 11.4). The
sulfite anions adopt a radically different orientation in [W"¥';5056(SO3)2(H20),* ",

W W
0]

[WY'16056(S'V03)2(H20)28 —>» [VVV[14WV4054(SV|O4)2]8'
A ca. 400°C + 2 Hgo

Figure 11.4 Scheme showing the change in the metal oxo
framework on one half of the cluster upon oxidation of the internal
SO5%" ligand to SO,>~ (shown by the movement of each of the
number oxygen atoms on the left to the end position on the right),
which is commensurate with the reduction of the cluster shell by
four electrons, giving rise to the deep-blue material from the
colorless crystals.
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whereby they each only ligate to seven metal centers: three from the cap and four (outof
six) from the “belt” of the cluster framework.

The orientation for the sulfite anions within the cluster type is somewhat like the
coordination mode for the tetrahedral templates (XO4'") in conventional Dawson
[M15054(X04),]* ", i.e. one of the oxo ligand bridges three capping W centers, and the
remaining oxo ligands each bridge two of the “belt” W centers. Nevertheless, this
leaves two “belt” W atoms uncoordinated to the template SO; moiety as SO; has one
oxo ligand less than XO,. Hence it can be seen that the sulfite ions are grafted on to the
bottom side of the cluster, which resembles a “basket” with four “uncoordinated”
“belt” metal centers on the top part and now has alower C,, symmetry compared with
the cluster 0-[Mo;3054(SO3),]*~, which has a Ds;, symmetry. To compensate for the
coordination, these unique “uncoordinated” “belt” W centers (four for the whole
cluster) each have two terminal ligands, rather than one as found for the remaining
metal centers in the cluster. These are in addition to the four other p, bridging oxo
(0?7) ligands between metal centers and complete a slightly distorted octahedral
coordination geometry for each of the four “uncoordinated” “belt” metal centers
concerned. Single-crystal structure analysis revealed that two of the four unique
metal centers each have two W=0 terminals (W—O ~ 1.7 A) and the other two each
have one W=0 terminal and one W—OH, terminal (W—O ~ 1.7 and 2.2 A, respec-
tively). Furthermore, it is interesting that the unique “belt” p, bridging oxo ligands
between the pair “uncoordinated” “belt” W atoms now bends in towards the cluster,
rather than outwards as normal, and is located ca. 2.9 A distant from the sulfur center
of the SO; moiety, whereas the two sulfur centers are positioned 3.6 A apart at
opposite sides of the cluster shell. In this respect, the mechanism for the reduction of
the cluster shell requires an interaction between the sulfur atom and the special belt
oxo ligand, which then react to form two sulfate anions located within the {Ws}
cluster shell.

In summary, compounds [Mo15054(SO3),]*™ and [W15056(SO3)2(H,0),]*~ dem-
onstrate unprecedented electronic properties, thermochromism and a unique elec-
tron-transfer reaction, in which, when heated, a structural rearrangement allows the
two embedded pyramidal sulfite (S'VO5*") anions to release up to four electrons to
the surface of the cluster, generating the sulfate-based, deep-blue, mixed-valence
cluster [W18054(SO4)2]87. Although electron-transfer reactions and structural
rearrangements are known for HPOMs, these electron transfer reactions are
“confined” within a molecular nanocage whereby the electrons are “released” from
the core of the cluster. Moreover, this property is really intriguing, from the point of
view of nanoscience, and [W13056(SO3)2(HZO)2]8’ can be considered to be a proto-
type nanodevice which responds according to a stimulus.

11.4
Isopolyoxometalate Nanoclusters

Going one step further, someone could realize the fact that porosity, separation and
ion transportation effects start being a noteworthy feature of the POM capsules.
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(b)

Figure 11.5 (a) Comparative illustration of polyhedral representation of the six W units that
the {Ws¢} cluster framework [H1,W360120]'>~  provide the “crown” coordinating O atoms.
and the 18-crown-6 structure (show to scale).  (b) The same ball and stick/polyhedral structure
W and O atoms shown as light and dark but this time showing the complexed potassium
spheres, respectively, with the crown ether ion and the ligated water molecules within
superimposed on O atoms forming the the cavity representing the overall

“cavity” of the cluster. The ball and stick {(Hzo)4KC[H12W360120]}”7 complex.

structure is also superimposed on the
space-filling CPK representation, along with a

The {W3}-based cluster with the formula {(H,0)4Ky, W360120]}'!~ includes the
threefold symmetric cluster anion [Hy,W360150]"> (Figure 11.5) [17]. The cluster
anion complexes a potassium ion at the center of the {W3¢} cluster in an Og
coordination environment. The {W3¢} structure consists of three {W;;} subunits;
these subunits contain a ring of six basal W positions, an additional W position in the
center of this ring and four apical W positions in a butterfly configuration. Every W
position around the cluster center has a distorted WOg octahedral coordination
geometry with one terminal W=0 moiety [d(W=0) ~ 1.70 A] extending towards the
cluster center where the Kion is located; this arrangement maps extremely well on to
the structure of the crown ether [18]crown-6.

The implications for the development of this system in a similar fashion to the
crown ethers is interesting, especially the possibilities for discrimination and sensing
of metal ions using this cluster framework [18]. The crown ether-like properties for
the {W34} cluster can be realized in the presence of other cations such as K™, Rb™,
Cs™,NH," and Sr**, and it was determined that these ions can bind to the cluster and
their structures crystallographically determined (Table 11.1).

As can be seen in the table, the found average oxygen-metal distances in the {W3}
host-guest complexes 1-5 are very close to the distances shown in the corresponding
18-crown-6 complexes. The metal cations in the synthesized compounds show
different distances to the equatorial plane of the cluster framework which reflect
the different sizes of their ionic radii. Although there are some great similarities
between the {Wsc} system and 18-crown-6, there are some features that are not
common to both systems. First, the six-coordinated oxygen atoms on {W3s} are not
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Table 11.1 Comparison of acquired metal-oxygen distances and
displacements of metal ions to the cavity center in the {W3¢}
cluster and the corresponding figures for the 18-crown-6 ether
(e.s.d.s are all with 0.02 A).

Average metal-oxygen Distance from cavity center (i\)
distance (A)
Cation lonic radius (A) {W3¢} cluster 18-Crown-6 {W3¢} cluster 18-Crown-6

K" 1.38 2.80 2.80 0.70 0
Rb* 1.52 2.87 2.95 0.84 0.93
Cs™ 1.67 3.16 3.18 1.61 1.47
Sr*t 1.18 2.70 2.73 0.53 0
Ba’" 1.35 2.82 2.82 0.73 0

planar, whereas those on 18-crown-6 can adopt a planar conformation. Further, the
{W=0}¢ donor groups of the {W3¢} crown are rigid, unlike in 18-crown-6, which is
much more flexible. This means that 18-crown-6 can deform to form metal com-
plexes with smallions suchas Na*, Ca®*, lanthanide ions and d-transition metal ions.
This is because 18-crown-6, along with other similar crown ethers, is able to distort
and wrap itself around these smaller metal cations in an attempt to maximize the
electrostatic interactions. This increases the strain of the ligand, which makes these
complexes less stable than those with metal cations of optimal spatial fit. However,
the {W3¢} framework, due to its high rigidity, simply cannot change conformation in
such a way as to bind these metal cations. This is partly confirmed by the observation
that the diameter of the central cavity present in the family of {Wse} clusters
presented here is very well defined and rigid.

11.5
Keplerate Clusters

Reduced polyoxomolybdate clusters represent one of the most interesting cluster
classes for nanoscience as these clusters adopt ring and spherical shapes comprising
pentagonal {(Mo)Mos} building blocks [5]. In particular, the spherical icosahedral
{Mo;3,} Keplerate cluster as been described as an inorganic superfullerene due to its
symmetry and large nanoscale size [19]. The discovery of such a cluster, particularly as
itis spherical, water soluble and has such alarge cavity, probably represents one of the
most significant findings in recent years [20], especially since this discovery has gone
on to reveal a whole family of related Keplerates. Within this family [20-33], all the
spherical and approximately icosahedral clusters have the form [{(pent),(link);o}],
e.g. like [{(Mo)(MosO41(H,0)6}12{M0,04(ligand) }30]"~ with binuclear linkers where
the 12 central pentagonal units span an icosahedron and the linkers form a distorted
truncated icosahedron; the highly charged capsule with sulfate ligands and n=72
was used very successfully. For instance, the truly nanoscale capsules (inner cavity
diameter ca. 2.5 nm) allow different types of encapsulations, e.g. of well-structured
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Figure 11.6 A polyhedral representation of the {Mo3,} Keplerate
cluster. The pentagonal {Mog} building blocks and the {Mo,}
building blocks can be seen. The bridgehead atom of the XO,
bridge of the {Mo,} groups can be seen as black spheres.

large water assemblies (up to 100 molecules) with an “onion”-like layer structure
enforced by the outer shell (Figure 11.6) [21]. Most importantly, the capsules have 20
well-defined pores and the internal shell functionalities can be tuned precisely since
the nature of the bidentate ligands can be varied. In the special case of binuclear
Mo",04*" linkers the pores are {MoyOo} rings with a crown ether function
(diameters 0.6-0.8 nm) which can be reversibly closed, e.g. by guanidinium cations
interacting noncovalently with the rings via formation of hydrogen bonds [22]. In a
related smaller capsule with mononuclear linkers, the {MosOg} pores can become
closed/complexed correspondingly by smaller potassium ions [23].

The most intriguing and exciting property of the highly negatively charged capsules
is that they can mediate cation transfer from the solution to the inner nanocavity.
Indeed, reaction of the above-mentioned highly charged capsule with different
substrates/cations such as Na™, Cs*, Ce**, C(NH,);" and OC(NH,)NH; " in aqueous
solution leads to formations/assemblies which exhibit well-defined cation separations
at, above or below the capsules channel-landscapes (“nano-ion chromatograph”
behavior) [24]. Taking this one step further, a temperature-dependent equilibrium
process that involves the uptake /release of Li* ions through the capsule pores has been
observed: the porous capsule behaves as a semipermeable inorganic membrane open
for H,O and small cations [25,26]. Furthermore, the 20 pores of the same capsule
“shut” by protonated urea as “stoppers” can be opened in solution, thus allowing
calcium(II) ion uptake while later closing occurs again (Figure 11.7) [27]. Remarkably,
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Figure 11.7 Space-filling representation demonstrating a simplified view of the Ca>" ion
uptake based on the capsule [{(Mo)(MosO41(H20) e} 12{M0,04(SO4)}30]”> . Initially the
pores are closed, but treating a solution of the capsule with Ca®" ions leads to cation
uptake (left) while in the final product the pores again are closed (right; Mo, dark gray,
O, medium gray, C, black, N/O(urea), light gray, Ca®*, light gray spheres).

“pore gating” — just modeling biological ion transport — can illustratively be
demonstrated: after initial cation uptake, subsequent cations are found hydrated
above the pores due to a decrease of negative capsule charge [28].

This type of nanocapsules proved their efficiency in cation separation processes
also in the presence of heavier metal atoms, such as Pr’" [29]. The interesting
phenomenon of metal cations such as Pr’" entering into channels and the inner
capsule, thereby constituting a novel situation with a metal center in two different
environments corresponding to a coordination chemistry under confined conditions
or, in other words, cation transfer in a controlled and specific fashion, has been
reported. The reported findings open up perspectives for a special type of en
capsulation chemistry, i.e. coordination chemistry under confined conditions. This
can be extended to (1) a variety of ligands like the present one, (2) different capsule
charges, (3) different types of porosity, (4) different solvent molecules like water and
(5) different metal centers. In addition, the presence of cations such as Pr** in two
different coordination geometries gives a unique opportunity to study the ligand
influence on the electronic structure of rare earth compounds.

Furthermore, nanocapsules have given us also the opportunity to study the
structures of the simplest chemical reagent we have in our hands, namely pure
H,O0. Even though it is the simplest chemically known compound, it gives rise to a
plethora of structural motifs which are difficult to study [30]. The use of nanocapsules
as “crystallization flasks” has given the advantage of isolating different kinds of water
structures, while the same system can also be studied as a probe to investigate
“complex system” behavior in general, and further, a “new state of inorganic ions”
involved in the formation of a novel type of aggregates [31], even allowing the control
of the aggregate size by the change in the cluster charge. It is even possible to
incorporate large cluster guests, e.g. {PMo1,040)°, within the Fe-substituted
Keplerate cluster {Moy,Feso}, where the Keplerate host acts rather like a prison,
totally encompassing the guest or, more precisely, a hostage molecule to give
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Figure 11.8 (a) Structure of {Mo3,}C[{Mo13,}. The hostage is
shown in polyhedral form and the {Mos,Feso} is shown as the
framework with the {Fe} positions shown as white spheres linking
the 12 {(Mo"")Mo"'s} pentagons, and the Keggin nucleus in
polyhedral representation.

the compound [PM012040{(M0vr)MOVIs}leeIHOZSZ(Hzo)102(CH3COO)15].N120H20
(Figure 11.8) [32,33].

11.6
Surface-Encapsulated Clusters (SECs): Organic Nanostructures with Inorganic Cores

In an effort to combine inorganic polyoxometalates and organic materials chemis-
try, cationic surfactants have been applied to improve the surface properties of
POMs. The resulting surfactant-encapsulated complexes (SECs) are compatible
with organic matrixes, improve the stability of the encapsulated cluster against
fragmentation, enhance the solubility in nonpolar, aprotic organic solvents and
neutralize their charge, thus leading to discrete, electrostatically neutral assem-
blies, while altering the surface chemical properties in a predictable manner.
Importantly, the basic physical and chemical properties of the polyoxometalates are
retained [34] while the coexistence of hydrophobic alkyl chains and hydrophilic
clusters in SECs gives them an amphiphilic character. Recently, it has been reported
that this amphiphilic character is also exhibited in a solution environment and
an unusual vesicular assembly of (DODA),H [Eu(H,0),SiW;,039] (DODA =
dimethyldioctadecylammonium) has been observed [35]. An even larger aggregation
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Figure 11.9 {M0132} SEC cluster (DODA)40(NH4)2 [(Hzo),,M01320372(CH3C02)30 (H20)72]
showing the inorganic core and the “soft” organic outer shell.

has been reported recently, the “onion”-like structure (DODA),SiW1,040 [36] and
(DODA).4o(NH,), [ (H;0),Mo13,0375(CH3CO5)30 (H,0)72] [37,38] (Figure 11.9) and
also (DODA)»o(NH,) [H3Mos;Vs(NO)sO153(H,0)15] [39], where the spherical species
can provide a similar microenvironment to vesicles, which makes these assemblies
suitable carriers to perform the catalytic and pharmacological functions of polyox-
ometalates. Moreover, the ability of polyoxometalates to undergo multiple reduction/
oxidation steps may be exploited in information storage devices or optical switches.
The possibility of fabricating well-defined two-dimensional arrays is an important step
towards this goal.

The above-mentioned findings and suggestions reveal the feasibility of utilizing
SECs as polyoxometalate-containing amphiphiles to construct regular assemblies
from solution, help us to comprehend the catalyzing reactions of polyoxometalates in
organic media, promote the effective interaction with organic molecules of biological
interest and enhance, potentially, the interaction with biological media. However, the
origin of the assembly process and whether it is a general behavior of SECs in solution
are both still the subject of much debate and study.
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1.7
Perspectives

It is clear that polyoxometalate-based building blocks can provide routes to the
designed assembly of nanoscale capsules using coordinative interactions. This in
turnisleading to and defining new areas of chemistry, i.e. under confined conditions,
with parallels to processes/situations in biological cells regarding cell response and
ion transport and even the possibility of engineering systems which exhibit complex
and maybe adaptive behavior allowing chemical emergence. One tantalizing objec-
tive is the observation of evolving and dissipative inorganic systems. Generally,
matter can be studied under confined conditions while the discovery of new systems
resulting from encapsulation reveals new phenomena not observable in the bulk.
This includes “confined water” with and without electrolytes and also spectacular
chemical reactions. The presence of well-defined cavities/nanospaces and gated
pores allows specific interactions of the capsules with their environments and
subsequent uptake and selective binding of guests, since the architectures of the
inner cluster walls can be “programmed/redesigned”. Therefore, the design and
synthetic approaches to polyoxometalates and the fact that these clusters can be
constructed over multiple length scales, along with their almost unmatched range of
physical properties, mean that they are serious candidates to be used as the functional
part of any nano-device. The challenge now is to design individual POM cluster
molecules that can interact both with each other and with the macroscale, in a desired
fashion in response to inputs and environmental effects, so a functioning molecular
system is really constructed. These capsule systems are truly fascinating and the
future is exciting, since great leaps in understanding the principles that underpin the
assembly mechanisms of such capsules allow the designed construction of extremely
complex and specifically interacting systems — and this in the broadest sense is
“bringing inorganic chemistry to life”.
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12
Nano-capsules Assembled by the Hydrophobic Effect
Bruce C. Gibb

12.1
Introduction

Compartmentalization is a key feature of living systems, helping to control in a
temporal manner both where a particular molecule can be found, its concentration
and what it can react with. This is in contrast to contemporary solution-based
chemistry, where solvent, temperature and reactant concentrations offer some
degree of control, but by and large random collision reigns. Moving from
solution-based chemistry to systems that are compartmentalized in some manner
therefore offers many exciting possibilities. Greater reaction control is one obvious
example [1-5], but the complexity of biosystems undoubtedly harbors many as yet
unknown “systems chemistry” phenomena that will only be pinpointed with the aid
of model systems less complex than biochemical networks.

Compartments, of course, come in many shapes and sizes. They can be composed
of a single shell-like molecule [6-9], but more often are engendered by the self-
assembly of molecular subunits [10]. The nature of the subunits themselves
determines what drives their assembly, whether the inner domain is similar or
completely different from the outer domain, how thick the partition is (a few atoms, a
bilayer, multiple bilayers?) and how permeable the shell or membrane is. Our focus
here is a compartmentalization driven by the hydrophobic effect [11,12]. However, in
contrast to “fluid” assemblies such as liposomes and micelles composed of many
hundreds or thousands of copies of the subunits, the assemblies in question are
dimerizations; dimers of bowl-shaped molecules called cavitands that are extremely
well defined structurally (Figure 12.1). These assemblies also differ from micelles
and liposomes in as much as a templating guest (or guests) is required to trigger
assembly of the nano-capsule. Many analogous self-assembling systems have been
reported previously, but the driving forces for their formation have been highly
directional non-covalent forces such as hydrogen bonding [13-17] or metal
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Figure 12.1 Cartoon of the dimerization of two cavitand molecules around a guest.

coordination [4,18-20]. Hence, the system in question offers a unique perspective on
how the hydrophobic effect drives assembly and may shed light on biologically
relevant assemblies such as protein quaternary structure.

12.2
Synthesis of a Water-soluble, Deep-cavity Cavitand

The structure of the water-soluble cavitand used to form the dimeric nano-capsules
(1) is shown in Scheme 12.1. The synthesis is accomplished in seven steps, only two
of which require purification by chromatography [21]. It begins with formation of the
resorcinarene 2, a reaction that can be performed easily on the hundreds of grams
scale [22]. This resorcinarene is then converted to cavitand 3 by bridging using 3,5-
dibromobenzal bromide; a compound available in near quantitative yields by treating
the commercially available 3,5-dibromobenzaldehyde with BBr;. Cavitand 3 is
awkward to purify so without purification it is protected as its tetrabenzyl ether 4.
The 40% yield for the two steps understates the efficiency of the initial stereoselective
bridging that forms four stereogenic centers and eight covalent bonds. Thus,
assuming quantitative protection, a 40% yield corresponds to an average 89% yield
for each bond formed and an average diastereoselectivity of 80% for each stereogenic
center. Subsequently, octabromide 4 is treated with commercially available 3,5-
dihydroxybenzyl alcohol to yield, after an eight-fold Ullmann ether reaction, cavitand
5. Again, the 40% yield for this reaction understates the efficiency of this process;
each aryl ether bond is formed in an average 89%. Finally, removal of the benzyl
groups and oxidation give octa-acid cavitand 1 in quantitative yield.

12.2.1
Structure of the Cavitand (What It Is and What It Is Not)

A space-filling model of cavitand 1 is shown in Figure 12.2a. The molecule is in
essence a curved amphiphile. It has a hydrophobic concave surface and a hydrophilic
convex surface. The former defines a pseudo-conical cavity approximately 1 nm in
diameter and 1 nm in depth, whereas the latter is decorated with eight carboxylic acid
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Figure 12.2 Space-filling models of (a) the octa-carboxylate of cavitand 1 and (b) B-cyclodextrin.

groups. This functionality bestows cavitand 1 with sparing water solubility at pH 7,
but considerable solubility in basic solutions. Three other structural features should
be mentioned. First, what is parochially termed the third row of aromatic rings —
those introduced during the Ullmann ether reaction — define a wide hydrophobic
rim. It is this rim that acts as an interface between the subunits of the nanocapsule.
Second, the cavitand has only one significant portal. There is a small hole at the base
of the cavity, but models suggest that it can only act as a portal for small diatoms
traveling along the C, axis of the host. Essentially the cavity is closed at its base. Third,
there are two kinds of H atoms that point into the cavity: the benzal (or acetal)
hydrogens near the base of the cavity and what are termed the endo hydrogens
(Figure 12.2a). Both are sensitive to guest binding, especially if the guest is
halogenated (the guest will form hydrogen bonds with the benzal hydrogens) or a
capsule is formed (the endo atoms become part of the interface).

Compare these structural features with -cyclodextrin (Figure 12.2b). Like cavitand
1, B-cyclodextrin has a cavity about 1 nm wide. At this point, however, the similarities
end. The truncated conical cavities of cyclodextrins are so foreshortened that they are
essentially tori; they are open at both ends, giving them a bangle-like structure that
automatically diminishes the significance of dissociative mechanisms of guest
exchange. Furthermore, both rims of the cyclodextrins are decorated with hydroxy
groups. Hence, cyclodextrins are predisposed [23] to form 1:1 complexes in aqueous
solution [24], and persuading them to do otherwise requires either a guest of specific
shape and rigidity or modification to the cyclodextrins themselves. In summary,
although both are water-soluble hosts with cavities about 1 nm in diameter, there are
few structural features common to cavitand 1 and B-cyclodextrin.

12.2.2
Assembly Properties of the Cavitand

Atrelatively low concentrations (~1 mM), NMR spectroscopy confirms that cavitand
1 is monomeric [21]. Thus, the 'H NMR spectrum of the host in sodium tetraborate
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buffer shows sharp signals for each H atom, while diffusion rate measurements [25]
with pulse gradient spin echo (PGSE) NMR reveals a molecule about 8 nm® in
volume. In contrast, at higher concentrations (~20 mM), the 'H NMR spectrum of
the host shows exceptionally broad signals indicative of aggregation. This result was,
to a degree, expected. One of the central theses of this program is to determine
the degree of predisposition [23] required for a molecule to assemble via the
hydrophobic effect and we had assumed that, without highly complementary and
preorganized guests (templates), assembly to a well-defined dimer would not occur.
Our line of thinking was as follows: if an interface between subunits involves highly
directional noncovalent forces such as hydrogen bonds or metal coordination, the
precise form of the assembled product is intimately tied to its enthalpy of formation.
But what if the interfacial forces are weak and non-directional, such as the pre-
supposed n—r stacking and C—H- - -7 interactions in the dimer of 1 (Figure 12.3)?
[26]. In other words, what if the assembly is instead driven by entropy? Can the
hydrophobic effect lead to discrete assemblies of molecules possessing relatively
small and topologically mundane interfaces? The analogy from Nature is, of course,
protein quaternary structure [27], with the most exquisite examples perhaps being
viral capsids [28]. By and large. however, the protein—protein interfaces (or hot-spots)
are of the order of 600 A? and highly complementary in terms of both their shape
and distribution of functionality.[29] In contrast, the rim of cavitand 1 amounts
to between 100 and 200 A” of rather flat, uninspiring interface. As it transpires,
our concerns were unfounded: cavitand 1 is highly predisposed — verging on
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Figure 12.3 Schematic of the capsule interface. It is presumed
that the two hemispheres can readily rotate around their common
C, axis. If the two hemispheres are in register, face-to-face n—n-
stacking dominates (left), whereas when out of register by 45° two
kinds of C-H- - - interactions are possible.
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Figure 12.4 Self-assembly of 1 and encapsulation of estradiol (6).

“trigger happy” — to undergo assembly. It surpassed our initial expectations with
consummate ease.

Our first encapsulation targets were steroids, primarily because molecules such as
estradiol (6, Figure 12.4) appeared to be complementary in shape to the capsule, in
addition to being hydrophobic. Additionally, however, their low symmetry (C;) would
help in confirming assembly [21]. As expected then, when estradiol was sonicated
with a solution of cavitand 1, the steroid was quickly taken up into solution.

.u' i‘| I i.,L J \ i'-: /;l l.,.J.-'i. \ |
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Figure 12.5 Selected region of the 'H NMR spectrum of cavitand
1 (lower trace) and its 2:1 complex with estradiol 6 (upper trace).
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NMR spectroscopy clearly showed capsule formation (Figure 12.5). Because the A
and D rings of the steroid are aromatic and aliphatic, respectively, encapsulation
resulted in two magnetically dissimilar “hemispheres”. Consequently, as the ex-
change between free and bound guest was slow on the NMR time-scale, this led to a
doubling of all signals from H atoms proximal to the guest, including the endo
hydrogens (orange, Figure 12.5). In addition, though, the H atoms that were
enantiotopic in the achiral free host (e.g. blue in Figure 12.5) became diastereotopic
in the chiral complex. Consequently, these signals were doubled again. Encapsula-
tion was also evident in the position of the bound guest signals. As expected, these
were shifted upfield relative to their free position (in DMSO) because they experience
magnetic shielding from the shell of the host. In particular, those guest atoms that
were necessarily positioned towards the “poles” of each hemisphere underwent the
largest shifts. Finally, capsule formation was also evident from NOESY NMR
experiments. These revealed not only NOE interactions between the interface
hydrogens of the two hemispheres, but also interactions between each end of the
guest and the inward pointing benzal hydrogens of the host.

Estradiol was not actually the best guest for the capsule. Of the eight steroids
examined, dehydroisoandrosterone (7) fitted best. In competition experiments it
displaced estradiol, presumably because its more voluminous A-ring and C-18
methyl group filled the cavity of 1 better than an aromatic ring. One of the poorest
guests examined was cholesterol (8), which although solubilized by the cavitand, did
not yield a kinetically stable (500 MHz NMR time-scale) capsule. Models indicate that
with its long C-17 chain, this guest was slightly too large for the capsule. As a result,
the two hemispheres could not clamp down on one another to form a tight, desolvated

interface.

Having demonstrated successful capsule formation, our next task was to deter-
mine how preorganized the guest needed to be to form a well-defined capsule. We
opted to dive in at the deep-end and study straight-chain alkanes [30]. How less
preorganized can you get! The availability of a large number of alkanes in this
homologous series offered a detailed analysis of the assembly properties of the
cavitand and the carrying capacity of the capsule; the macro-scale equivalent to seeing
how many methylene groups can be fitted into a cavity is the use by some car
manufacturers of cubes of a defined size to estimate the volume of a trunk (boot). We
examined the potential guests pentane through octadecane. Only the latter appeared
not to form a stable complex with 1. For the other molecules, the 'H NMR spectra
indicated that the smaller guests formed complexes with a host to guest ratioof 1: 1,
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Table 12.1 Summary of the complexes formed by 1 with straight-chain alkanes.

Ternary Quaternary Molecular formula Percentage
Guest complex? complex? of contents occupancy”
Pentane Vv X CioHas 43
Hexane 4 X Ci,Hyg 50
Heptane V4 X Ci4H3, 57
Octane 4 V4 CgH15/C16H36 33/65
Nonane X V4 CoHyo 36
Decane X Vv CioHaa 40
Undecane X V4 Cy11Hyy 43
Dodecane X Vv Cy2Hag 47
Tridecane X V4 Cy3Hyg 50
Tetradecane X V4 Ci4H3g 54
Pentadecane X Vv Ci5H;, 58
Hexadecane X V4 Ci6H3q 62
Heptadecane X Vv Cy7H36 65

“These values assume a capsule volume of ~500 A*. However, defining what is termed usable
space is highly subjective. Given free reign, workers in the laboratory have estimated cavity
volumes from 400 to 700 A%, 500 A® therefore is therefore on the conservative side of the average
value obtained (600 A%).

whereas larger guests formed 2:1 entities. However, PGSE experiments revealed that
the former had a stoichiometry of 2:2 rather than 1:1. In other words, small guests
such as pentane formed quaternary capsular complexes with two entrapped guests.
Table 12.1 summarizes the complexes formed and the percentage occupancy in each
complex. From an admittedly biased standpoint, the fact that guests as small as
pentane template capsule formation is remarkable; two small molecules, occupying
less than half the volume of the capsule, are capable of templating its formation. Even
though only weak C—H- - - and/or n—n stacking forces exist within the interface
(Figure 12.3) and between hosts and guests, a kinetically stable complex is formed.

Octane is a unique guest; on the cusp between ternary and quaternary complexes it
forms both. Although it was not possible to “visualize” these two complexes directly
with NMR, it was possible to infer this by examining shift data for the endo hydrogens
of the host as a function of total guest volume. With the exception of octane, all the
host-guest complexes formed two distinct trends for the ternary and quaternary
entities. If it was assumed that octane formed a ternary comple, its shift data suggest
a much larger guest, whereas if a quaternary complex was assumed, the shift
corresponded to a much smaller guest. This observation is best explained by
simultaneously invoking both ternary and quaternary complexes. As a result of this
duality, octane covers the gamut of binding in terms of the total volume of the guest(s)
or the percentage occupancy.

CPK models demonstrated that guests larger than roughly decane cannot reside in
the capsule in a fully extended conformation, a point previously noted by Rebek and
coworkers for analogous hydrogen bonded capsules [31,32] where long alkanes
preferentially adopt helical conformations. We therefore used NOESY NMR to look
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Figure 12.6 Section of the NOESY NMR spectrum of the dodecane complex with cavitand 1.

for tell-tail signs that the guests inside the capsule formed by 1 also adopted preferred
conformations. These studies revealed that only for guests larger than dodecane were
1,3 and 1,4 interactions indicative of helical structure observed (Figure 12.6), but the
latter were rather weak, suggesting that a helical conformation was at best only
marginally preferred. What is the difference between the capsules here and the
related capsules of Rebek and coworkers? We suspect that the capsule 1, is slightly
wider and therefore is not an ideal template for promoting helix formation.

12.2.3
Photophysics and Photochemistry Within Nano-capsules

We will return to the properties of these capsules and how the hydrophobic effect can
promote unusual binding phenomena and separations. In the interim, itis also worth
highlighting our collaboration with Ramamurthy’s and Turro’s groups, where we
examine how photochemical or photophysical processes carried out inside the
capsule differ from their counterparts in free solution. These experiments not only
reveal how photochemical processes can be made more selective and suggest new
ways in which organic chemistry can be brought into aqueous solution, but also shine
light on the relatively unexplored phenomenon of external or concave templation.
This type of templation, where the template is the host rather than the more typical
guest, lags behind its more familiar counterpart because of the size requirement of
the template; they need to be large enough to encapsulate interesting guests. That
said, they should not be so large that guests never encounter the walls of the reaction
vessel, for in an extreme case of a capsule filled with many guests, the center of these
will resemble the liquid or solution state.
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Scheme 12.2 Oxidation of 1-methylcyclohexene with singlet oxygen.

We have published on how the capsule formed by 1 can (1) redirect the Norrish
Type I reactivity of dibenzyl ketones to give rearrangement products not observed in
solution [33], (2) template the formation of the notoriously difficult to observe
anthracene excimer [34] and (3) constrain the photo-Fries reactivity of naphthyl
esters to one product instead of the more normal nine [35].

Most recently, we have reported on the reaction between singlet oxygen (10,) and
encapsulated alkenes [36]. In solution, the regioselectivity of this reaction is poor for
substrates with multiple allylic hydrogens (Scheme 12.2) and so we wished to
examine whether encapsulation could enhance selectivity. In addition, however, this
particular reaction also raises the bar in terms of (encapsulated) reaction complexity.
Is a water-soluble sensitizer required or can one be bound within a capsule? Also, can
oxygen enter the capsule(s) containing the substrate (and sensitizer)? As it transpires,
oxygen migration is not an issue, whether the sensitizer is water-soluble Rose Bengal
or encapsulated dimethylbenzil (DMB) (Scheme 12.3). In either case, substrate
encapsulation leads to highly regioselective reaction, although the reaction kinetics
are slower if the sensitizer is encapsulated.

Whereas only one copy of DMB fits within the capsule formed by 1, two copies of
substrates such as 1-methylcyclohexene (MCH) occupy the host. NMR demonstrated
that all of the methylcycloalkenes examined adopted one principal orientation
in which the methyl group fills the tapering end of a cavity (Scheme 12.3). NMR
also showed that mixing solutions of the two kinds of capsules did not result in
guest exchange and the formation of capsules containing one DMB molecule and
one substrate.

Scheme 12.3 Capsular control of the oxidation of 1-methylcyclohexene.
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With this information athand, we examined the outcome of irradiating (at 310 nm)
the mixed solutions. That upon excitation encapsulated DMB generated 10, was
evident from the characteristic phosphorescence emission of 'O, at 1270 nm. An
analysis of the quenching of the DMB as a function of [O,] gave a rate for this
“bimolecular” energy transfer one order of magnitude less than for diffusion, but
four orders of magnitude greater than the rate of energy transfer to O, from biacetyl
triplet encapsulated in a covalent capsule [37]. Furthermore, kinetic traces of the
phosphorescence of DMB and 'O, monitored at 560 and 1270 nm, respectively,
revealed a 30-us lag (rise time) between excitation of DMB and maximal 'O,
phosphorescence, indicating that oxygen is not automatically present in the DMB
capsule, but has to work its way in to undergo excitation. Once excited, however, the
10, is free to enter other capsules and if one of these contains substrate, only one of
the three allylic positions (the 3-position) undergoes hydrogen abstraction. Conse-
quently, excellentyields of the corresponding tertiary hydroperoxide are obtained. We
do not know the full details of this mechanism of attack and indeed there are still
many things that we do not understand about the overall system. However, it is
evident that capsule 1, can successfully bring about fairly complex reactions in which
a reagent can move between two different capsules. We are therefore interested in
examining further this approach to organic chemistry in water.

12.2.4
Hydrocarbon Gas Separation Using Nano-capsules

We finish this short review by returning to hydrocarbon binding within 1, with a
twist, a twist that highlights the remarkable ability of 1 to self-assemble into discrete
capsules and illustrates a unique way to separate hydrocarbon gases [38].

Our first attempt to bind hydrocarbon gases simply involved the bubbling of
butane gas through a buffered, aqueous solution of 1. Peak shifts for the endo and
benzal hydrogen signals that point into the cavity indicated complexation, but there
was only a broad signal in the high-field region of the NMR spectrum that could be
attributed to bound guest (Figure 12.7a and b). However, these bound guest signals
sharpened when the excess butane was allowed to escape from solution (Figure
12.7¢). Integration of this kinetically stable complex confirmed a 1:1 ratio of host to
guest, but it again took a PGSE experiment to reveal that the stoichiometry was 2:2
and that we were dealing with a stable capsular complex.

If binding is fairly strong, then it should be possible to extract a gas directly from
the gas phase. This was shown in a subsequent experiment in which without agitation
the quaternary butane complex formed spontaneously. Likewise, propane was also
shown to template the formation of the capsule via direct extraction from the gas
phase. In contrast to butane and propane, PSGE experiments reveal that ethane only
formed a1:1 complex. Apparently, the templation limit for the capsule is propane, at
least in solutions devoid of salts known to increase the hydrophobic effect. In
solutions of 14 mM NaCl, butane binding has been observed to be nearly two orders
of magnitude greater than in NaCl-free solutions [39]. Hence ethane may ultimately
be able to template the formation of the capsule. That point aside, that propane can
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Figure 12.7 'H NMR spectra of (a) the free host, highlighting the
signals from the endo and benzal hydrogens, (b) the 2: 2 complex
formed between 1 and excess butane and (c) the 2: 2 complex of 1
and butane formed by extraction of the hydrocarbon gas directly
from the gas phase.

template capsule formation is surprising. When we originally set out to synthesize
cavitand 1, we did not assume that its assembly would be templated by something as
small as propane, a guest that results in complexes with an occupancy of 28%. There
could be a host deformation that tempers this low value somewhat, but if the pocket is
reduced in volume then the pressure of the contents increases; which is problematic
because assuming a maximal cavity, (ndve) calculations treating the guest as ideal give
an internal pressure of 100 atm!

In these experiments, it was noted that propane binding was weaker than that of
butane. Consequently, we decided to determine whether an aqueous solution of 1
could be used to separate these gases. We formed a mixture of the two hydrocarbons
and exposed a large excess (to give relatively rapid uptake in the absence of agitation)
to an aqueous solution of the host. As expected, NMR revealed that only the butane
complex was formed, giving a gas phase mixture enriched in propane. As hydrocar-
bon gases cannot yet be separated by membrane technologies, capsule 1, suggests
some interesting alternative strategies.

12.3
Conclusions

We have been surprised by the predisposition of cavitand 1 to self-assemble into a
dimeric capsule. Two anthracene molecules can template capsule formation packing
the cavity to about an 80% occupancy ratio; two propane molecules (~28% occupancy)
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can do likewise. The tenacity of the hydrophobic effect is sufficient to allow the
capsule to act as an external template and bring about unusual reactions and prevent
the capsule from “blowing its own top” when filled with hydrocarbon gas. Never-
theless, these capsular assemblies are dynamic, reversibly formed entities. An
interjection is required at this point. What do we mean by the hydrophobic effect?
There are, after all, several flavors. Our early thermodynamic analyses suggest a non-
classical hydrophobic effect (AH® negative, AS° small) driving the formation of 1:1
complexes and a classic hydrophobic (A H° small, AS° positive) effect driving capsule
capping. Furthermore, it seems that generally K; < K;). More studies are needed to
confirm these points, but with an assembly primarily driven by entropy we should
repeat the question posed earlier: how can the hydrophobic effect lead to discrete
assemblies with molecules with relatively small and topologically mundane inter-
faces? Towards answering these and other questions, we are continuing to investi-
gate the subtleties behind these assemblies and the properties of the resulting
complexes.
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13
Opportunities in Nanotechnology via Organic Solid-state
Reactivity: Nanostructured Co-crystals and Molecular Capsules

Dejan-Kresimir Bucar, Tamara D. Hamilton, and Leonard R. MacGillivray

13.1
Introduction

Organic reactions are generally carried out in solution (i.e. liquid phase) [1]. However,
avariety of organic reactions (e.g. oxidation, elimination, photoreactions) occur in the
solid state, providing regio- and enantioselective access to molecular products in high
yields [2]. Photoinduced solid-state reactions [3] were discovered at the beginning of
the last century. In the early 1900s, Riiber discovered that cinnamylidineacetic acid
and cinnamylidinemalonic acid photodimerize to give cyclobutanes upon UV
irradiation [4]. Two decades later, Stobbe’s and de Jong’s groups discovered that
different polymorphs of cinnamic acid yield two different photoproducts upon UV
irradiation [5]. This surprising observation was attributed to crystal-packing effects of
cinnamic acid molecules in the different polymorphs. The mechanistic details of
such solid-state reactions were, at that point, not well understood, but their intriguing
nature provoked further studies to elucidate mechanisms.

In the 1960s, Schmidt accomplished crystallographic and photochemical studies
of a wide range of cinnamic acids. Schmidt recognized the structural requirements
for [2 + 2] photodimerizations to proceed in the solid state. Schmidt proposed that
two C=C bonds should be aligned parallel and separated by <4.2 A to react [6]. These
requirements are known as the topochemical postulates. Although the topochemical
postulates are extremely valuable for predicting whether a photodimerization will
occur, frustrating effects of close packing [7] have largely thwarted efforts to synthe-
size molecules in solids using the carbon—carbon (C—C) bond-forming reaction with
synthetic freedoms (e.g. control of product size) experienced in solution.

13.2
Template-controlled [2 + 2] Photodimerization in the Solid State

In recent years, we have introduced a method to control [2 + 2] photodimerizations in
the solid state using molecular templates [8]. We have employed this method as a
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means to circumvent the effects of close packing [7]. We have shown that ditopic
molecules (e.g. resorcinol, 1,8-naphthalenedicarboxylic acid), in the form of linear
templates, can preorganize olefins in positions suitable for the photoreaction. The
templates organize the olefins via hydrogen bonds into positions largely independent
of long-range packing (Scheme 13.1). Thus, we have shown that co-crystallization of
resorcinol (res) with trans-1,2-bis(4-pyridyl)ethylene (4,4’-bpe) produces a discrete,
four-component hydrogen-bonded assembly, 2(res)-2(4,4-bpe), in which two C=C
bonds are arranged for a [2 4 2] photodimerization (Figure 13.1a). UV irradiation of
the solid produced rctt-1,2,3,4-tetrakis(4-pyridyl)cyclobutane (4,4'-tpcb) (where rcit
reference,cis,trans,trans) stereospecifically and in 100% yield (Figure 13.1b) [8].
The photoproduct was isolated via basic extraction. Later, we showed that that
this supramolecular approach to control solid-state reactivity is tolerant to mole-
cular size by enabling the construction of complex molecular targets (e.g.
ladderanes) [9].

Having developed a means to achieve control of the [2 + 2] photodimerization in
the solid state, we now discuss, in this chapter, how the field of solid-state reactivity
provides opportunities for emerging studies in the area of nanotechnology. In

(a) (@)

(b)

Figure 13.1 X-ray crystal structures of (a) 2(res)-2(4,4'-bpe) and (b) 2(res)-2(4,4'-tpcb).



13.3 Nanostructured Co-crystals

particular, we will first describe how the template approach has led us to a method that
facilitates the construction of nanostructured organic co-crystals using sonochem-
istry [10]. We will show how sonocrystallization produces nanostructured co-crystals
that exhibit a rare phenomenon known as single crystal-to-single crystal (SCSC)
reactivity. Second, we will demonstrate how the photoproducts of the template
method can be used, following the solid-state syntheses, as organic building units of
self-assembled molecular capsules [11,12].

133
Nanostructured Co-crystals

Upon UV irradiation of crystalline (res)-2(4,4’-bpe), each C-atom of the C=C bond of
the olefin undergoes a change in position to form the cyclobutane ring. Such
movement is invariably accompanied by the accumulation of strain and stress in
the solid [13]. The accumulation of strain and stress can, and most often does, result
in a collapse of the crystal lattice. The collapse will cause the single crystals to turn
opaque and crack. We determined that macrosized single crystals of (res)-2(4,4’-bpe)
crack upon photoreaction (Figure 13.2) [10]. Examples of solid-state reactions in
which the integrity of single crystals remain virtually unchanged are rare. In such an
SCSC reaction [13], the product forms homogeneously within the solid phase of the
reactant.

SCSC reactions are intriguing to study for two general reasons [13]. First, SCSC
reactions provide an ability to study reaction mechanisms and pathways by monitor-
ing areaction via single-crystal X-ray diffraction. Second, such solids have potential to
be incorporated into solid-state devices (e.g. ultra-high-density data storage). The
rareness of SCSC reactivity combined with the promise in materials science has
created a need to generate materials that undergo SCSC reactions by design.
Approaches to achieve SCSCreactivity of the [2 + 2] photodimerization have involved
either adjusting the UV source for tail-end absorption of the reactant or, as will be
discussed in more detail here, the use of crystals of nanometer-scale dimensions [13a].

Figure 13.2 SEM micrographs of macro-sized co-crystals of (res)-
2(4,4'-bpe) (a) before and (b) after photoreaction. Adapted from
Ref. [10] with permission from the American Chemical Society.
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In our laboratory, we have used the tail-end UV absorption method to achieve SCSC
reactivity within our templated solids. We have shown, for example, that SCSC
reactivity can be achieved with 2-(1,8-naphthalenedicarboxylic acid)-2(3,4'-bpe) [14].
Studies on similar template-based co-crystals, however, have demonstrated that the
tail-end method does not ensure SCSC reactivity [10]. To circumvent this problem, we
aimed to achieve SCSC reactivity using co-crystals of nanometer-scale dimensions.

13.3.1
Organic Nanocrystals and Single Crystal-to-single Crystal Reactivity

Organic nanocrystals have attracted much attention owing to potential applications in
electronics, biotechnology and catalysis [15-20]. The increasing interest in the
properties of organic nanocrystals has led to numerous methods to synthesize such
materials (e.g. sonication, microemulsion, vapor condensation). In this context,
Nakanishi and coworkers have described a method to fabricate organic nanocrystals
under relatively mild conditions. The method is based on reprecipitating an organic
molecule during a solvent-exchange process [21-25]. They also demonstrated that the
[2 + 2] photodimerization can proceed in an SCSC fashion by reducing the crystal
size to nanometer-scale dimensions [26]. In particular, pure diolefin crystals of nano-
and micrometer dimensions were fabricated via the reprecipitation method. The
single crystals were shown to generate a polycyclobutane through an SCSC transfor-
mation. Macroscopic single crystals of the diolefin failed to undergo SCSC reaction
and collapsed during the photoreaction. From these studies, we anticipated that an
SCSC|2 + 2] photoreaction involving our photoactive co-crystals could be achieved by
decreasing the crystal size to nanometer-scale dimensions.

Our first experiment to prepare nanometer-sized co-crystals of 2(res)-2(4,4'-bpe)
using the reprecipitation method did not succeed [10]. In particular, an ethanolic
solution of res and 4,4-bpe was injected into water and vigorously stirred. As
expected, the ethanolic solution created a cloudy suspension owing to precipitation
of 2(res)-2(4,4'-bpe), which is poorly soluble in water. SEM images revealed particles
of primarily micrometer dimensions (i.e. >5 pm). The majority of the particles were
non-uniform in shape and exhibited uneven edges and irregular, flake-like morphol-
ogies (Figure 13.3a). The formation of the particles was attributed to an inherent
mismatch in the solubilities of the molecular components of the co-crystal.
UV irradiation resulted in cracking and destruction of the crystalline solids
(Figure 13.3b).

To overcome the limitations of the reprecipitation method, we turned to sono-
crystallization [27]. In particular, we combined low-intensity ultrasonic radiation
using a water-bath with reprecipitation to synthesize nano- and micrometer-sized co-
crystals of 2(res)-2(4,4’-bpe) [10]. In a typical experiment, ultrasonic radiation was
immediately applied to a cloudy low-temperature (approximately 10 °C) suspension
of res, 4,4'-bpe, ethanol and water obtained after concomitant addition of ethanol
solutions of res and 4,4'-bpe into water using a microsyringe. SEM images revealed
the formation of well-defined crystals of uniform shape and a size distribution [28] of
500 nm-8 pm (Figure 13.4a). Upon UV irradiation, single crystals of 2(res)-2(4,4'tpcb)
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20 Jm 1
Figure 13.3 SEM images of co-crystals of (res)-2(4,4’-bpe) via the
reprecipitation method (a) before and (b) after photoreaction.
Adapted from Ref. [10] with permission from the American
Chemical Society.

Figure 13.4 SEM images of nanostructured (res)-2(4,4'-bpe)
(a) before and (b) after photoreaction. Arrows show cracks in large
macrocrystals and circles show intact co-crystals. Adapted from
Ref. [10] with permission from the American Chemical Society.

ofless than 2 pm underwent an SCSC transformation, whereas the larger macrosized
crystals cracked (Figure 13.4b). We attributed the formation of the nanostructured co-
crystals of 2(res)-2(4,4-bpe) to effects of cavitation. The process is associated with high
temperatures (i.e. up to 5000°C) and pressures (i.e. 1000 atm), which result in the
formation, growth and rapid collapse of bubbles in a liquid environment [29].
Moreover, we attributed the generation of the nanostructured materials to cavitation
being able to rapidly solubilize the components of 2(res)-2(4,4'-bpe) [30] and, at the
same time, provide a mechanism for fast precipitation and formation of the solids.

13.4
Self-assembled Capsules Based on Ligands from the Solid State

In recent years, widespread attention has been devoted to self-assembled metal-
organic frameworks with structures that conform to polygons and polyhedra [31]. The
internal cavities of such discrete frameworks are studied for applications in areas
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such as logic gates, nano-sized reaction vessels and delivery systems [31]. We have
shown that the photoproducts of template-controlled reactions in the solid state can
be used to generate metal-organic polygons and polyhedra [11,12]. We determined
that rctt-1,2-bis(2-pyridyl)-3,4-bis(4-pyridyl)cyclobutane (2,4’-tpcb) can be an organic
connector of both a polygon [11a] and polyhedron [11b]. We have also shown that rctt-
1,2-bis(2-pyridyl)-3,4-bis(3-pyridyl)cyclobutane (2,3'-tpcb) can act as a connector of a
polyhedron [11c]. It is instructive to note that Nature employs a conceptually similar
approach to construct polyhedral hosts (i.e. viruses). Specifically, the linear structure
of deoxyribonucleic acid (DNA) directs the formation of organic subunits (i.e.
proteins) that, in a second step, form a functional, self-assembled structure [32].
For 2,4'-tpcb and 2,3'-tpcb, each cyclobutane possessed a chelating unit based on the
2-pyridyl group and two monodentate units based on either the 4- or 3-pyridyl group
(Figure 13.5). Both cyclobutanes were synthesized in the solid state using a resorcinol
stereospecifically, in quantitative yield and gram amounts [11].

Our first report described the ability of 2,4’-tpcb to self-assemble with Cu(II) ions
toformahexanuclear polyhedron informa trigonal antiprism in [Cug(2,4-tpcb)¢(H,0)]
[CO4)1, (Figure 13.6). The hexanuclear assembly, [Cug(2,4-tpcb)e(H,0)6]'*", formed
upon reaction of 2,4’-tpcb and Cu(ClOy),-6H,0 [11a]. The six Cu(II) ions occupied the
vertices of the antiprism. Each Cu(Il) ion was coordinated by a 2-pyridyl chelating unit,
two 4-pyridyl monodentate units and a water molecule to form a nearly square-prism
coordination environment. Consequently, the 4-pyridyl groups corresponded to the
edges of the antiprism and the 2-pyridyl groups corresponded to the corners. As a result
ofthe assembly process, a cylindrical cavity thatencapsulated two C1O, ™ anions formed.

We also determined that 2,4’-tpcb serves as a building unit of a metal-organic
polygon. Reaction of copper(Il) hexafluoroacetylacetonate (hfac) with 2,4'-tpcb

N >
— N
Ny 4 A / N\ template 0,
N— crystal
— . \
2,4’ -bpe a -tpm
1 > 2

template
crystal

Figure 13.5 Polydentate ligands derived from the solid state that
support metal-organic polygons and polyhedra: (a) 2,3"-tpcb and
(b) 2,4'-tpcb.
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(b)

Figure 13.6 X-ray structure of [Cug(2,4-tpcb)s(H,0)e] > (a)
encapsulated ClO, ™ ions and (b) topology of the trigonal
antiprism based on the Cu(Il) ions (Cu(ll) ions are displayed using
the ball-and-stick model and the ClO,~ ions using the space-fill
model).

produced a tetranuclear metal-organic polygon [Cuy(2,4’-tpcb),(hfac)g], with a
geometry that conformed to a rhombus (Figure 13.7). In contrast to the polyhedron,
each metal atom adopted an octahedral coordination environment. The 4-pyridyl
groups provided the edges of the polygon. The cavity of the polygon was too small to
accommodate an organic molecule as a guest. This was the first example in which
an organic connector unit supported the structures of both and polyhedron and
polygon [32].

(a) o (b)

Figure 13.7 X-ray structure of [Cu,(2,4-tpcb),(hfac)g]: (a) stick
view and (b) topology of the polygon based on the Cu(ll) ions and
cyclobutane rings [Cu(ll) ions are displayed using the ball-and-
stick model].

3N
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Figure 13.8 X-ray crystal structure of [Cus(2,3'-tpcb)4(H,0)45"
showing: (a) encapsulated NO; ™ ion, (b) topology of the
tetrahedron based on the Cu(ll) ions and (c) placement of the
Cu(ll) ions and cyclobutane rings showing how the directionality
of the 3-pyridyl groups precludes mirror symmetry [Cu(ll) ions are
displayed using the ball-and-stick model and the NO3 ™ ions using
the space-fill model].

To build on our observation involving the polyhedron [Cug(2,4-tpcb)(H;0)¢]"*",

we anticipated that a second polyhedron could form using the related isomer 2,3'-
tpcb. We expected that the exchange of the 4-pyridyl group with a 3-pyridyl group
would produce a smaller polyhedron owing to a decrease in the angle of the
coordination-vector (Figure 13.5). Reaction of 2,3'-tpcb with Cu(lI) ions afforded
the tetranuclear polyhedron [Cuy(2,3'-tpcb)4(H,0),*" with a structure that con-
formed to a tetrahedron (Figure 13.8) [11c]. As expected, the polyhedron based on
2,3'-tpcb was smaller than that based on 2,4’-tpcb, with the inner cavity hosting only a
single NO;~ ion as a guest. To our surprise, however, the tetrahedron exhibited a
chiral topology [12]. The polyhedron displayed approximate D, symmetry. The
chirality was a result of the geometric fit of the metal and organic components
along the surface of the capsule. As with the trigonal antiprism, the Cu(lI) ions
occupied the vertices of the tetrahedron. Each Cu(II) ion adopted an approximately
square pyramidal coordination environment.

13.5
Summary and Outlook

In this chapter, we have described a method to direct reactivity in the organic solid
state using molecular templates. We have shown how nanostructured co-crystals of
the template-based materials can be synthesized using sonochemistry. We have also
shown how the nanostructured solids support SCSC reactivity involving the [2 4 2]
photodimerization. The use of sonochemistry overcomes difficulties of controlled
nucleation and crystal growth, presumably caused by mismatching of the solubilities
of the components of a co-crystal. We have also demonstrated how the molecules
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synthesized using templates in the solid state can be used as organic building blocks
of self-assembled capsules. The method has provided a route to molecular capsules
akin to the approach employed by Nature. Collectively, the studies involving the
nanostructured co-crystals and the molecular capsules provide opportunities for
studies in nanotechnology via templated reactions directed in organic solids.
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14
Organic Nanocapsules
Scott J. Dalgarno, Nicholas P. Power, and Jerry L. Atwood

14.1
Introduction

By exploiting the principles of supramolecular chemistry, nature has mastered the
ability to form remarkably complex molecular capsules on a widely varied scale. This
chapter is focused on reviewing the principles upon which molecular capsules are
constructed at all length scales. Research in our group has involved: (1) the synthesis
of new building blocks for capsules; (2) the engineering of functionality into such
capsules; (3) the extension of length scales from the nano- to the micro-level,
providing robust capsules; and (4) the understanding of the structural relationship
of spheres (capsules) to tubes. Success in these endeavors will afford nanocpasules
for applications in drug delivery and catalysis. The increased understanding of the
principles governing the assembly of larger capsules will provide insight into aspects
of living systems.

Dimeric capsules held together by covalent bonds were prepared in the 1980s by
Collet [1] and Cram et al. [2], and self-assembled dimeric capsules were reported by
Conn and Rebek [3] and others [4-8] in the 1990s. Dimeric capsules generally possess
an internal volume in the range 100-300 A*. Monomeric capsules have also been
characterized [9]. In this chapter, we will summarize the development of larger
capsules, capsules which may be measured on the nano-length scale, capsules
possessing an internal volume exceeding 800 A*.

14.2
First Generation Nanocapsules

In 1997, we discovered a spherical assembly consisting of [(C-methylresorcin[4]
arene)s(H,0)g], 1. This assembly (Figure 14.1), with an enclosed volume of 1375 A?,
was characterized by a single-crystal X-ray diffraction study and was found to be stable
in non-polar solvents [10]. The evidence that 1 maintains the capsule structure in
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Figure 14.1 (A) The near-spherical nanocapsule assembly, 1,
based on C-methylresorcin[4]arene and water, formed from wet
nitrobenzene [10]. The capsule is composed of six resorcin[4]
arenes and eight structural water molecules. (B) The hydrogen
bonding pattern representing the Archimedean solid, the snub
cube.

solution was obtained from both one- and two-dimensional 'H NMR studies. The
spectrum of 1 in benzene-d, at increasing concentrations shows resonances attrib-
uted to the chiral and achiral calixarenes as well as the eight water molecules. These
observations, coupled with the molecular mass determination in benzene (7066 g
mol ), [11], provide convincing evidence supporting the nanocapsule structure of 1
in solution. Many subsequent studies have supported this initial conclusion of
solution stability for the nanocapsule [12,13].

We were also able to link the geometry of the nanocapsule 1 to the Archimedean
solid known as the snub cube (Figure 14.1B). In a review, we have set forth structural
classifications and general principles for the design of nanocapsules based, in part,
on the solid geometry ideas of Plato and Archimedes [14]. Indeed, we have used the
well-known solid geometry principles embodied in Platonic and Archimedean solids
to design new, large spherical container assemblies. A recent success involved the
construction and characterization of an icosahedron made up of p-sufonatocalix[4]
arenes, pyridine N-oxide, metal ions and water [15].

The discovery of the link between the solid geometry principles of Plato and
Archimedes and the chemical assembly of small building blocks into large supra-
molecular structures was important. Specifically, the discovery that members of the
resorcin[4]arene family self-assemble to form the capsule shown as 1 in Figure 14.1
prompted our research group to examine the topologies of related spherical hosts
with a view to understanding their structures on the basis of symmetry. In addition to
providing a basis for classification, it was anticipated that such an approach would
allow one to identify similarities at the structural level, which, at the chemical level,
may not seem obvious and may be used to design large, spherical host assemblies
similar to 1.



14.2 First Generation Nanocapsules

Our group has now described the results of this analysis which we regard as the
development of a general strategy for the construction of spherical molecular hosts.
In these reports we began by presenting the idea of self-assembly in the context of
spherical hosts and then, after summarizing the Platonic and Archimedean solids,
we provided examples of cubic symmetry-based hosts, from both the laboratory and
nature, with structures that conform to these polyhedra.

To construct a spherical host from two subunits (n = 2), each unit must cover half
of the sufrace of the sphere. This can only be achieved if the subunits exhibit
cruvature and they are placed such that their centroids lie at a maximum distance
from each other. These criteria place two points along the surface of a sphere
separated by a distance equal to the diameter of the shell. As a consequence of this
arrangement, there exist two structure types: one with two identical subunits attached
at the equator and one belonging to the point group D,; which is topologically
equivalent to a tennis ball.

To construct a spherical host from three subunits (n=3), each must cover one-
third of the surface of the sphere. Following the design conditions described
previously, placing three identical subunits along the surface of a sphere results in
an arrangement in which their centroids constitute the vertices of an equilateral
triangle. As aresult, there is only one structure type, that belonging to D3j,. Each of the
subunits must exhibit curvature.

For n=4, positioning four points along the surface of a sphere such that they lie a
maximum distance from each other places the points at the vertices of a tetrahedron.
This is the first case in which joining the points via line segments gives rise to a closed
surface container. The container, a tetrahedron, is comprised of four identical
subunits, in the form of equilateral triangles where surface curvature is supplied
by edge-sharing of regular polygons rather than by the subunits themselves.

The Platonic solids comprise a family of five convex uniform polyhedra which
possess cubic symmetry and are made of the same regular polygons (equilateral
triangle, square, pentagon) arranged in space such that the vertices, edges and three
coordinate directions of each solid are equivalent. That there is a finite number of
such polyhedra is due to the fact that there exists a limited nuber of ways in which
identical regular polygons may be adjoined to construct a convex corner. There are
thus only five such isometric polyhedra, all of which are achiral.

In addition to the Platonic solids, there exists a family of 13 convex uniform
polyhedra known as the Archimedean solids. Each member of this family is made up
of atleast two different regular polygons and may be derived from at least one Platonic
solid through either truncation or twisting of faces. In the case of the latter, two chiral
members, the snub cube and the snub dodecahedron, are realized. The remaining
Archimedean solids are achiral.

It is important to realize the limitations of the Platonic and Archimedean solid
models for supramolecular assemblies. For the snub dodecahedron, a total of 60
triangles are called for, but triangles can be simply the result of hydrogen bonds from
adjacent triangles or pentagons. For example, the snub cube in Figure 14.1 is
composed of 32 triangles and six squares, with the triangles being represented by
water molecules and the squares, resorcin[4]arenes. However, in nanocapsule 1 only
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eight of the 32 triangles contain water molecules, as one can observe from the
shading. Therefore, in the search for the snub dodecahedron, the ratio of water to calix
[S]arene pentacarboxylic acid cannot be higher than 60:12 and it is likely to be lower.

14.3
Second Generation Nanocapsules

In the theme of control of the guest species by external forces, a discovery was made
which relates to the p-sulfonatocalix[4]arene capsules first reported in 1999 [15]. In
the solid state, truncated cone-shaped p-sulfonatocalix[4]arene, 2, favors the forma-
tion of infinite bilayer structures in which neighboring calixarenes are orientated in
an up—down fashion relative to one another (Figure 14.2) [16]. However, it is possible
to circumvent the formation of such bilayer structures under controlled conditions
for a ternary system containing pyridine N-oxide (PNO), a lanthanide(III) nitrate salt
and the pentasodium salt of p-sulfonatocalix[4]arene, Nas2 (Figure 14.3) [15].

Parallel (up—up) packing of neighboring calixarenes imparts significant curvature
to the overall assembly, resulting in the formation of either spheroidal or tubular
arrays. The spheroidal array consists of 12 calixarenes arranged at the vertexes of an
icosahedron (Figure 14.3). Indeed, this is the most symmetrical way in which to
arrange 12 like objects efficiently about a Platonic/Archimedean solid. The calixar-
enes enclose a central core comprised of two sodium ions and 30 water molecules that
form an extensively hydrogen-bonded regime within the capsule [15]. Since icosahe-
dra are unable to pack closely in three dimensions by sharing vertexes, edges or faces,
the near spheroids do not form a close-packed arrangement in the extended solid. The
spheroidal structure is based on a C-shaped dimer, consisting of two molecules of 2
linked to a common trivalent lanthanide ion by way of metal-sulfonate coordination.
Furthermore, each of the calixarene cavities contains a PNO molecule, which is also
coordinated to the bridging lanthanide ion. Each component of the dimer forms part
of a separate spheroid and neighboring superstructures can therefore be considered
to be multiply bridged by means of first and second sphere coordination of lanthanide
ions.

/é-

'

R o

Figure 14.2 Schematic of p-sulfonatocalix[4]arene, 2, and an
example of a favorable bilayer anti-parallel arrangement found in
the solid state [16].
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Figure 14.3 Arrangement of 12 p-sulfonatocalix[4]arene
molecules at the vertexes of an icosahedron to form a compact
spherical assembly [15].

We have now shown that replacement of PNO by 18-crown-6 in the above-
mentioned ternary system results in a remarkably dissimilar spheroidal array
consisting of 12 calixarenes arranged at the vertexes of a cuboctahedron (Figure 14.4)
[17,18]. We attribute the formation of this new type of spheroid to the constraint
placed upon facing calixarenes of neighboring spheres by their shared 18-crown-6
guests. The relative rigidity of the shared crown ether guest forces facing calixarenes
of the {2-crown ether-2} dimer to be eclipsed relative to one another, whereas the
{2-PNO-lanthanide-PNO-2} dimer is bridged by multisphere coordination (as the
C-shaped dimer). We believe that a discrete spheroidal entity comprising 12
molecules of 2 would favor placement of the components at the vertexes of an
icosahedron, since this arrangement is the most compact of the 12-vertex Platonic
and Archimedean solids. However, when the spheres are arranged to form a three-
dimensional solid, either cubic or hexagonal close-packed arrangements of the
multicomponent entities should be favored. Therefore, we understand that the
extended structure has arranged itself such that the spheres are situated along
vectors representing the vertexes of either a cuboctahedron (Archimedean solid,
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(a) (b)

(d)

Figure 14.4 Guests external to the 12-calixarene assemblies
based on 2 determine the packing and symmetry of the capsule
[17,18]. (a) Icosahedral nanocapsules linked by C-shaped dimers.

(b) Packing of icosahedra in an anti-prismatic fashion. (c) Linking
of cuboctahedral arrays by {2—crown ether—2} linkages. (d) Cubic
close packing of neighboring cuboctahedra.

cubic close-packed) or a triangular orthobicupola (Johnson solid capable of hexagonal
close packing by vertex—vertex alignment).

The internal volume of the icosahedral arrangement is calculated to be 975 A®,
whereas the cuboctahderal geometry (Figure 14.4) contains a volume of 1260 A?. This
represents an increase of about 30% in enclosed volume upon reorganization from
icosahedral to cuboctaheral packing. This disparate packing of calixarenes has a
dramatic effect on both the chemical composition and nature of the outer shell. The
calixarenes are arranged such that the shell of each sphere contains six pores in which
disordered water molecules are situated. These pores have a van der Waals diameter
of 4.2 A and are arranged at the vertexes of an octahedron centered at the core of the
capsule. This arrangement can be thought of as a channel for the communication of
molecular material between the hydrophilic interior of the capsule, through the
hydrophobic shell, to the hydrophilic exterior [17,18]. The amount of ‘chemical space’
enclosed by either of the two capsules is about 1000 A%, As discussed above, this space
(in the icosahedral case) houses 30 water molecules and two sodium ions. However,
the van der Waals volume of these capsules is about 11000 A* (this calculation is
based on the approximate nanocapsule diameter). The second generation capsules
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are differentiated from 1, the first generation capsules, by several factors. First, the
supramolecular forces used to hold together capsule 1 together are hydrogen bonds,
while a combination of van der Waals forces, n-stacking interactions and metal ion
coordinate covalent bonds is employed for the p-sulfonatocalix[4]arenes of the second
generation. Second, the surface which encloses the chemical space is essentially one
atom thick for 1, while it is the thickness of the p-sulfonatocalix[4]arene building
block in the second generation nanocapsules (hence the 11000 A® volume of the
assembly with only 1000 A? of space within). Third, the contents of the capsule are
rather completely ordered for the second generation capsules (by the hydrogen bonds
from the enclosed water to the phenolic oxygen atom hydrogen bond acceptors at the
base of the p-sulfonatocalix[4]arene), but the contents are completely disordered for 1
(because of the lack of any directional bonding force connecting the skeleton of the
assembly to the contents therein).

An important outgrowth of the work described above was the discovery of a method
of control of molecular architecture such thatin one example a spherical assembly (an
icosahedron, a Platonic solid) was converted into a tubular structure [15]. This will be
discussed along with other similar examples at the end of the chapter. It is important
to emphasize that the second generation nanocapsule can be formed from a wide
range of metal ions, both 3+ (lanthanides) and 24 (cadmium), and the stoichiometry
of the reaction mixture controls the architecture of the final product, sphere or tubule.

14.4
Third Generation Nanocapsules
In 1999 there was a report [19] of a large supramolecular assembly related to our

resorcin[4]arene work. The synthesis of C-isobutylpyrogallol[4]arene (Figure 14.5A),
3, was accomplished under mild conditions [19]. However, the authors reported that
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Figure 14.5 (A) Schematic of C-isobutylpyrogallol[4]arene. (B)
Self-assembled capsule of C-isobutylpyrogallol[4]arene, as
crystallized from acetonitrile [19].
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they obtained the self-assembled hexamer of 3 only one time out of many attempts
(Figure 14.5B). Further, this lack of reproducibility was used as evidence that the
hexamer is unstable compared with our [(C-methylresorcin[4]arene)s(H,0)sg], 1 [10].
This did not seem credible, since the hexamer appears to be held together by 72
hydrogen bonds, 48 of which are intermolecular. This means that the assembly is
bound together by eight intermolecular hydrogen bonds per bonded entity. Capsule 1
is bound together by 36 intermolecular hydrogen bonds or 2.6 per bonded molecule.
For comparsion, the tennis ball of Rebek’s group [20] is bound together by four
hydrogen bonds per bonded molecule. It seemed to us that the pyrogallol[4]arene
hexamer should be more, not less, stable than our [(C-methylresorcin-[4]arene)
(H,0)s] capsule in the same solvents.

We therefore synthesized a variety of pyrogallol[4]arenes by the acid-catalyzed
condensation of pyrogallol with appropriate aldehydes [21-23]. The yields are high,
approaching quantitative, and although pyrogallol[4]arenes can often be crystallized
in bilayer motifs [24], we obtained X-ray structural data for the hexamer 3 with
R =ethyl, propyl, isobutyl, butyl, hexyl and others. The hexamer for R =butyl is
shown in Figure 14.6 and the formation of this nanocapsule is fairly reproducible
[24]. We have obtained various hexamer from a variety of solvents, including Et,O

oy

s

Figure 14.6 Structure of the hexameric C-butylpyrogallol[4]arene nanocapsule [24].
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with nitrobenzene and, surprisingly, methanol. We have also studied these pyrogallol
[4]arenes by NMR techniques in a variety of solvents in order to assess their stability
and their binding properties (as have others) [25-27]. The volume available for guests
is ~1500 A%, so the range of guests available for study is vast [25].

In a preliminary test of the stability of the C-isobutylpyrogallol[4]arene hexamer,
crystals of the compound were slurried in water and sonicated for 30 min. The solid
was then collected on a frit and dried under vacuum. The powder pattern of
the compound after the water treatment was the same as that before the treatment
(in each case, the characteristic low angle peak of the hexamer was observed). The
C-isobutylpyrogallol[4]arene hexamer is insoluble in water and the water does not
degrade the spherical structure.

A key feature of biological systems is the encapsulation of entities within a
structure. A spherical virus is a beautifully complex example of this enclosure of
chemical space [28]. Until now, such biological capsules have been beyond the
synthetic grasp of the chemist because of the vast size and complexity of the enclosure.
A further complication which has not often been addressed in the chemical literature
of cell mimics is the very high level of organization found on the interior of enclosures
of biological importance.

Indeed, once the enclosure of space has been accomplished, the organization of
the guests contained within becomes a key issue. Rebek and coworkers have used
steric constraints to organize two guests within a tubular dimer [29], but for those
assemblies with large enclosed volumes, both discrete and infinite, the guests are
most often disordered [14,17-19,21-24]. The one example of significant order within
such an enclosure is the polar core consisting of 30 water molecules and two sodium
ions in the second generation 12-p-sulfonatocalix[4]arene assembly [15].

In the first structurally authenticated hexamers (generally represented by 3), it was
not possible to determine any geometric information relating to the included guest
molecules. We have subsequently shown that the guest molecules trapped within the
host container may adjust their spatial orientation in response to interactions
between adjacent nanocapsules. Remarkably, functionalizing the outer shell of the
nanocapsule with different alkyl chains leads to highly specific solid-state packing
arrangements, which in turn influence the organization of the guest molecules
within the capsules. In the course of this work, it was discovered that the nano-
capsules may be synthesized reproducibly in quantitative yields under normal
laboratory conditions by crystallization from ethyl acetate [21]. TG-IR analysis of
the R = heptyl capsules revealed that ethyl acetate molecules are released from the
crystalline material at two distinct stages during gradual heating of a dried sample: a
weight loss of 7.5% (70-105 °C) corresponds to the loss of only the six ethyl acetate
molecules external to the cavity; a further weight loss of 8% immediately prior to
decomposition (225-275 °C) corresponds to the loss of both bound ethyl acetate and
water molecules from the cavity. In comparison, TG-IR analysis of the monomer
rather than the capsule shows no significant weight loss above the boiling point of the
solvent, until rapid decomposition occurs at 290°C. Consistent with the TG-IR
studies, the crystal structure of the R = heptyl capsule shows that six ethyl acetate
molecules enshroud a disordered water molecule within the host assembly.
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With respect to crystal packing, the cases when R = pentyl and heptyl afford simple
hexagonal and hexagonal-closest packing arrays, respectively, with capsules separat-
ed by their lipophilic tails. However, for R = hexyl the nanocapsules are not forced
away from one another by the hexyl tails, but rather congregate to form hydrogen-
bonded nanorods (Figure 14.7). Four OH groups on opposite sides of each capsule
form hydrogen bonds with two adjacent capsules. Consequently, the walls of the
individual nanocapsules are disrupted, which translates through to the packing of the
guest species within the capsule.

The distorted intermolecular hydrogen bonding within the host walls enables four
of the ethyl acetate guest molecules to undergo hydrogen bonding to the nanocapsule
wall through their carbonyl functionalities. The nanocapsules for R = pentyl and
heptyl feature ordered arrays of ethyl acetate molecules enshrouding a water
molecule [21]. The methyl groups are orientated towards the base of the pyrogal-
lol[4]arene macrocycles and the single water molecule resides at the center of the
enclosed space. When the neighboring nanocapsules communicate with each other
through the hydrogen bonding interactions observed in the R = hexyl nanocapsule
(Figure 14.7), the four ethyl acetate guest molecules hydrogen bonded to the inside of
the nanocapsule wall reorient with their ethyl groups in the base of the macrocycle
(Figure 14.8). The two remaining ethyl acetate guests position their methyl groups
down into the cleft of the macrocycle. It was not possible to locate the exact position of
the water molecule inside the nanocapsules owing to extensive disorder. However,
the difference in guest interactions is clearly a consequence of communication or
lack thereof between the host walls of neighboring nanocapsules. This initial
result opens the way to control guest orientation by forces external to the capsules.

In an extension to this work, we have been examining the encapsulation of probe
molecules in these large assemblies with a view to reporting on the nature of the
“inner phase” of these large assemblies [30—34]. We found that sonication of a hot
saturated acetonitrile solution of C-hexylpyrogallol[4]arene and excess pyrenebutyric
acid (PBA) [30] afforded dark single crystals (crystals of solvent containing capsules
are colorless) [24] that were studied using X-ray crystallography. These studies
showed the capsule to encase two pyrene butyric acid molecules that were “bound”

L/
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Figure 14.7 Some of the hydrogen bonding interactions found
between nanocapsule walls when C-hexylpyrogallol[4]arene is
crystallized from ethyl acetate [21].
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Figure 14.8 Guest molecules within nanocapsules orient
differently depending on the environment external to the overall
assembly [21]. In (a) the methyl group of the ethyl acetate is
inserted into the pyrogallol[4]arene cavity, whereas in (b) the
orientation is reversed, with methyl group insertion observed.

to the capsule wall by n-stacking and CH- - -m interactions (Figure 14.9). In order to
examine whether the assembly was stable in solution, single crystals were dissolved
in a non-polar medium (hexane) and the stability of the assembly was followed by
spectrofluorimetry in the presence of an appropriate quencher (dimethylaniline).
Unfortunately, it was not possible to deconvolute fully the interactions between the

Figure 14.9 Part of the single crystal X-ray structure of the
C-hexylpyrogallol[4]arene hexameric nanocapsule shrouding two
pyrene butyric acid molecules [30]. The guests are found to stick to
the wall through n-stacking and CH- - -7 interactions and are well
separated (by around 8 A) by the butyric acid side-chains and co-
encapsulated acetonitrile molecules.
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butyric acid functionality of the PBA and the capsule seam hydroxyl groups due to
extensive disorder within the large assembly. This was also impeded by the fact that
single crystals of these materials are typically small and weakly diffracting. However,
both analytical techniques support the retention of the guest-containing assembly
and other polyaromatic probes were examined for similar behavior. Perylene, benzo
[a]pyrene and pentacene have also been successfully encapsulated, although without
appropriate side-chain functionality it appears that these probes are not retained even
in non-polar media [31]. This feature may also be responsible for lower capsule
population that precludes structural characterization due to weak diffraction and
high levels of disorder. Through computational studies on a “half-capsule” in the
presence of a guest, we believe these guest species to be too large to form the favorable
interactions described above for PBA and initial spectrofluorimetry studies appear to
show that the probes are rapidly released upon crystal dissolution [32]. In this regard,

Sonication in acetonitrile
slow evaporation

Y

slow evaporation o

Exo (X-ray structure)

Figure 14.10 Schematic of the formation of C-hexylpyrogallol[4]
arene assemblies with the probe ADMA residing either endo and
exo to the nanocapsule motif [33,34]. In the exo case, the probe
forms channels within the structure, pushing neighboring
nanocapsules apart.
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we are currently exploring the side-chain functionality as a method of capsule
stabilization.

When a probe incorporating a “built-in” quencher, 4-[3-(9-anthryl)propyl]-N,N-
dimethylaniline (ADMA), was employed, two very different situations arose with
respect to guest interaction with the pyrogallol[4]arene nanocapsules [33,34]. In the
majority of cases it was possible to obtain crystals of the probe-containing capsules,
but on rare occasions it was possible to obtain crystals of different morphology, all of
which were studied using single-crystal X-ray crystallography. The inner phase of the
capsule-containing probes was not determinable, which is likely due to the reasons
outlined above, but for the different morphology crystals the probe was found to
reside exo to the capsule and was also found to push the capsules apart through the
formation of channels of ADMA in the solid state (Figure 14.10) [33]. Both assemblies
were followed by spectrofluorimetry [in tetrahydrofuran (THF)], showing distinc-
tively different spectra. In order to determine whether aggregates of the exo probe
structure were present in the solution phase, the solution was sonicated to release the
guest from the arrangement, producing a characteristic spectrum of the free probe in
THE. Various other probe molecules containing quenchers are also being explored
for similar behavior.

14.5
Fourth Generation Nanocapsules

The fourth generation of capsules is somewhat related to the previously reported
capsule formulated as [(C-methylresorcin[4]arene)s(H,O)g]. Capsule 1 possesses an
excess of four hydrogen bond donors, but these donors are positioned such that they
project outward from the surface of the enclosure [10]. In this orientation they are
incapable of effecting organization of the guests within the capsule. In a similar
fashion, all the hydrogen bond donors in [(pyrogallol[4]arene)¢] are typically used in
completing the hydrogen bond pattern that forms the capsule; the guests within are
generally not ordered, except in those cases described above for third generation
capsules [21]. It was reasoned that a number of mixed systems consisting of different
ratios of pyrogallol and resorcinol subunits might form a capsule (or different
capsules) with the desired property of excess of hydrogen bond donors (Figure 14.11).
Furthermore, such an asembly may offer the possibility to orient guest species
through some of the hydrogen donors that would not be involved in self-comple-
mentary hydrogen-bonding. The mixed possibilities are shown as 4-7 (Figure 14.11).
A modified synthesis of hybrid macrocycle 4 was performed according to the
syntheses of resorcin[4]arene and pyrogallol[4]arene and upon recrystallization from
diethyl ether (Et,0), the remarkable structure shown in Figure 14.12 results [35]. The
hexamer of 4 takes the shape of a trigonal antiprism with the centers of 4 at the
corners of the trigonal antiprism. This assembly, with six hydrogen bond donors
positioned toward the interior of the capsule and possesses an internal volume of
860 A*. The six Et,0 molecules on the interior of the capsule are ordered by six
additional hydrogen bond donors. In addition, there are six more hydrogen bond
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Figure 14.11 Schematic of the mixed resorcinol/pyrogallol[4]
arenes formed by performing the literature cyclization in the
presence of both subunits [35].

Figure 14.12 The hexameric capsule based on the hybrid
macrocycle 4. (a) The guest diethyl ether molecules and those
residing in the shell of the capsule are shown. (D) A trigonal anti-
prism. (C) The trigonal anti-prismatic arrangement of guest Et,O
molecules within the capsule and the communication between
solvent molecules through the shell [35].
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Table 14.1 The mixture of hybrid compounds from the reaction
shown in Figure 14.11 [35]. Compounds 3-7 are macrocycles as
previously defined. Compounds 8-11 are non-cyclized pyrogallol-
and/or resorcinol-containing products.

Compound %
3 5
4 30
5,6 33
7 18
Resorcin[4]arene 3
8 5
9 4
10 3
11 1

donors oriented toward the outside and these donors bind six additional Et,O
molecules on the outside of the hexamer, further sealing the capsule. It is worth
noting that there is empty volume at the center of the antiprism. This space is about
80 A%, enough to accommodate an additional guest of appropriate size and hydro-
phobicity. However, there is also the possibility that this space could be taken by a
larger hydrogen bond-accepting guest; for example, it should be possible to bind five
Et,0 and one larger guest.

The mixed macrocycles possess remarkable recognition behaviour. In the initial
synthesis of 4, electrospray mass spectrometry revealed that the first precipitate
contains at least 10 different compounds with the macrocycles in approximately the
percentages shown in Table 14.1.

By simple probability, it would be unlikely that one would be able to isolate only a
single compound from the list in Table 14.1 by crystallization alone. Although this is
the case, macrocycle 4 continually crystallizes as a hexameric capsule and therefore
must possess enough self-complementarity to afford a mono-composite species. The
shape of the resulting capsule is more elliptical when compared with the third
generation pyrogallol[4]arene capsules and this is a direct consequence of the hybrid
nature of the material and the guest species in the capsule. The pursuit of other
capsules from hybrid resorcin/pyrogallol[4]arene monomers is under way, as such
assemblies do offer directional hydrogen bonding to the capsule interior, a feature we
consider important for the future use of such assemblies in areas outlined earlier in
the chapter.

14.6
Fifth Generation Nanocapsules

The fifth genearation of capsules is based on hydrogen-bonding templates as
theoretical binding sites for metal centers, the idea of which was driven by the
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formation of a copper—cyclodextrin complex [36]. In this regard, the hydrogen-
bonded hexamer was considered for complexation (or retro-insertion) with copper
and gallium centers and the results of these complexation studies are outlined below,
with remarkable results.

Initial results were obtained from the combination of C-propan-3-olpyrogallol[4]
arene with 4 equivalents of Cu(NO3), in an acetone—water solution which gave, on
standing, single red crystals of [Cuy4(H;0)x(Ca0H40016)s(acetone),] [37]. Charac-
terization by single-crystal X-ray diffraction and MALDI-TOF MS revealed that the
metal-organic analogue was a combination of 30 components, where six cavitands
had all of their available 48 upper rim phenoxy protons replaced with a concomitant
square-planar coordination of 24 Cu®" ions to form 96 new Cu—O bonds and the
remaining 24 phenoxy protons involved in intramolecular hydrogen bonding
(Figure 14.13).

The distances between the oxygens of the hydrogen-bonded capsule and those of
the copper capsule are equitable (differing by only 0.002 A, Figure 14.13), as are the
overall size, shape, symmetry and hence volume for these comparative nanocapsules.
This clearly showed that the hydrogen-bonded template as a whole was an excellent
example of predicting metal-organic analogues. Although this was the case, we were
unable to say whether the metal-organic capsule formation process was due to either
a templation effect of the metal centers or perhaps a pre-assembled system prior to
metal addition.

Our recent studies in this area have given further insight into the mechanism of
formation of these nanocapsules. Reaction of C-alkylpyrogallol[4]arenes (C,—Cj3
alkyl chains) with excess Cu(NOs), in methanol resulted in the instantaneous
formation of fine brown precipitates [38]. These precipitates were readily soluble
in most organic solvents, however, and it was possible to obtain the single-crystal
structure of the C-propylpyrogallol[4]arene metal capsule by crystal growth from an
acetone solution (although the crystals were weakly diffracting, it was possible to

A4

17.781
Figure 14.13 Comparison between the hydrogen-bonded (left)

and copper bound (right) nanocapsules showing similarities in
structure, shape and size of each assembly. Distances shown are
in angstroms [37].
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Figure 14.14 (A) Partial crystal structure of the copper C-
propylpyrogallol[4]arene. (B) MALDI-TOF mass spectrum of the
aforementioned complex showing the bimodal distribution, due
to different populations of guest species [38].

obtain a partial structure confirming capsule formation, Figure 14.14A). Analysis
using MALDI-TOF MS on the copper nanocapsule precipitates displayed a broad
bimodal distribution for each material [38], where the main peaks from either end of
the distribution display a consistent mass difference of 633-635 atomic mass units,
thereby reflecting the mass difference between a full (empty copper capsule + either
20 MeOH, 35 H,0 or any combination of both) and an empty copper capsule (i.e. one
in which there are no apical ligands on the metal centers and no guest species) as
shown in Figure 14.14B.

As described for the third generation capsules, ethyl acetate was found to be an
excellent solvent for the growth of single crystals of the C-alkylpyrogallol[4]arenes
(where alkyl chains range from butyl to undecyl) [21,22]. With longer chains at the
lower rim, dodecyl and tridecyl, crystallization from this solvent afforded bilayer
structures, indicating that van der Waals forces overcome capsule formation in the
solid state at this point. Despite this, a combination of a methanolic solution of these
pyrogallol[4]arenes and excess Cu(NOj3), in methanol also resulted in the instanta-
neous formation of a brown precipitate, which was confirmed by MALDI-TOF MS to
Dbe the relevant copper nanocapsules. This experiment demonstrated that templation
by the hydrogen-bonded hexamers was not a requirement and actually may not play
any role whatsoever in the formation of the copper nanocapsule analogues [38].

This was given further credence by reacting a 1:1 mixture of PgCq and PgCy; as
previously described with excess Cu(NOs),, again resulting in the instantaneous
formation of a brown precipitate [38]. Avram and Cohen had previously reported that
there was a degree of self-association among mixtures of C-alkylpyrogallol[4]arenes
over an initial 24-h period, after which time a mixed formation of hexameric
hydrogen-bonded capsules resulted [39]. The results from our MALDI-TOF MS
experiments, however, displayed an instantaneous formation of a statistical mixture
of all permutations of metal-organic nanocapsules that could possibly result from
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Figure 14.15 MALDI-TOF MS displaying statistical permutations
of metal-organic nanocapsules formed from the reaction of
copper nitrate and a 1:1 mixture of C-hexyl- and undecylpyrogallol
[4]arenes. Peaks A-G reflect PgCq:PgCy ratios of 6:0, 5:1, 4:2, 3:3,
2:4, 1:5 and 0:6, respectively [38].

the mixture of two pyrogallol[4]arenes, as shown in Figure 14.15 [38]. This suggests a
very rapid and indiscriminate reaction of the Cu”" ions with the pyrogallol[4]arenes,
thereby showing no inclination to fit within a preordered templation sequence of the
hydrogen-bonded hexameric nanocapsules.

In our exploration of other metals that may react to form similar metal-organic
nanostructures based on hydrogen-bonded assemblies, gallium nitrate was consid-
ered an interesting alternative. The reaction of C-propylpyrogallol[4]arene with 4
equivalents of Ga(NO3); in acetone—water gave single crystals over a matter of hours.
Structural analysis revealed the metal-organic capsule [Gajz(Hz0)24(Ca0H40012)6(a-
cetone)g(Hso)s] which was assembled from a total of 18 components, i.e. six cavitands
and 12 Ga®" ions, as opposed to the expected 24 metal ions in the copper-seamed
capsules (Figure 14.16) [40].

With the formation of 48 equatorial Ga—O bonds and the concomitant replacement
of 36 protons, there remains a further 36 phenoxy protons which participate in
hydrogen bonding, 20 of which are intramolecular and the remaining 16 interact with
H,0 in hydrogen bonds that seal up potential surface voids. The vast difference in the
hydrogen bonding, induced by the metal centers, results in the formation of a
distorted “rugby ball”-like structure, as shown in Figure 14.16. The axial positions of
the Ga>" ions are coordinated with 24 H,O molecules, 12 of which are ligated from
the capsules innards, resulting in the ordering of the nanocapsule interior, which
eight acetone and 20 water molecules, six of which are non-coordinated waters
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Figure 14.16 The metal-organic nanocapsule formed by reaction
of C-propylpyrogallol[4]arene with gallium nitrate. Note the
distorted “rugby ball”-like shape of the nanocapsule in addition to
the presence of surface water molecules (shown as dark spheres)
[40].

involved in two hydrogen-bonded chains (H,0)s. A variety of other C-alkylpyrogallol
[4]arenes have been utilized for capsule formation with Ga*" ions from an acetoni-
trile—water solvent system [41]. Although in some cases the crystals proved to be
unstable to solvent loss once removed from the mother liquor, a suitably stable single
crystal for X-ray diffraction formed from C-pentylpyrogallol[4]arene, but in general
the interior of these capsules is less well ordered compared with the acetone—water
system.

Given the instantaneous nature of the formation of copper pyrogallol[4]arene
nanocapsules, we investigated the possibility of exploiting the voids found in
the surfaces of the gallium nanocapsules, as shown in Figure 14.16. Gallium C-
proylpyrogallol[4]arene capsules were suspended in an acetone-methanol solution
and addition of methanolic Cu(NO;), resulted in immediate dissolution of the
crystals and a color change from blue—green to red—brown, but notably no precipitate
formation. Slow evaporation of the solution gave single red crystals that were
analyzed using a synchrotron radiation source, affording the expected “stitched up”
nanocapsule (Figure 14.17) [38].

The structure could be solved using either copper or gallium (which is not
unsurprising given their proximity in the Periodic Table) and inductively coupled
plasma (ICP) analysis was employed to determine the Cu:Ga ratio in the sample.
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Figure 14.17 (A) The theoretical open binding sites in the gallium
nanocapsule shown in Figure 14.16 that are available to copper
centers (surface water molecules omitted for clarity). (B) The
crystal structure of the mixed metal nanocapsule formed after
copper addition [38].

Surprisingly, this was found to be 2:1 (i.e. 16:8 in a nanocapsule), indicating that not
only had the Cu centers seamed the surface voids, but also that they expelled and
replaced four Ga*" ions, presumably one from each preformed gallium nanocapsule
“face”. We postulate that the copper exerts a structural correction to the distorted
gallium nanocapsule, thus resulting in the expulsion of one gallium center from each
array and its replacement by a Cu®+ ion [38].

In a similar approach to that used to form the copper nanocapsules, i.e. using
hydrogen-bonded arrangements as theoretical blue prints, a search of the Cambridge
Structural Database (CSD) revealed a dimeric C-propylpyrogallol[4]arene capsule,
reported by Rebek and coworkers [42], which is asymmetric and which possesses a
complex polar belt of hydrogen bonds that appeared suitable for metal retro-inser-
tion. Given that a square-planar or octahedral metal center would preclude complex
formation with this capsule based on the angles associated with the oxygen atoms of
the macrocycles, we investigated zinc (amongst other suitable metals) as a potential
complexing agent.

Initial studies with this system found that combination of C-propylpyrogallol[4]
arene in pyridine (color change from clear to dark) with 4 equivalents of Zn(NOs),
resulted in the growth of colored single crystals of the complex [Zng(C-propylpyr-
ogallol[4]arene),(pyridine)s C pyridine] over time (Figure 14.18A) [43]. Characteri-
zation by X-ray diffraction and MALDI-TOF MS showed a dimeric metal organic
capsule composed of 10 components, two cavitands which have had 16 of their 24
protons replaced by the concomitant coordination of eight Zn*" ions, an encapsu-
lated guest pyridine molecule (disordered due to molecular rotation) and eight axial
solvent ligands. Each of the zinc centers is pentacoordinate with four phenoxy groups
(arranged in a distorted plane) and an axial pyridine, all of which affords a distorted
square-pyramidal configuration (Figure 14.18B).
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(€) ()

Figure 14.18 Octametallated dimeric capsules formed by reaction
of zinc pyridine complexes with C-propylpyrogallol[4]arene. (A) The
pyridine-containing capsule in space filling representation. (B)
Alternative view of (A) showing pyridine ligation at zinc centers [43].
(C) Space filling model of encapsulated 3-methylpyridine. (D)
DMSO ligation at zinc centers demonstrating ligand exchange [44].

As pyridine appeared to play a crucial role in the dimeric metal-seamed capsule
formation, the complex [Zn(NO;),(pyridine);] was dissolved in MeOH and mixed
with a methanolic solution of C-propylpyrogallol[4]arene, giving an instantaneous
yellow precipitate which was analyzed and confirmed to be the target metal-organic
dimer. This concomitantly allowed for facile variation of guest species and metal
ligands including 3-picoline [44], 4-picoline, 4-ethylpyridine and 1-methylimidazole
[45]. For purposes of crystallization, the most suitable solvent was found to be DMSO,
which also readily exchanged with the heterocycle as a ligand, with complete
exchange being achieved via dialysis (Figure 14.18 C and D) [44].

Both 'H and *C NMR analysis demonstrated the influences of a “tight” or
confined space on the guest, a feature that was immediately noticeable by significant
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upfield shifts for the guest relative to those of the free molecule, a feature that has also
been observed for carcerands [46]. For encapsulated 3-picoline, the methyl group
experiences a Ad greater than 4 ppm, reflecting the strong CH---n interaction
between host and guest, while the remaining Ad values for the guests aromatic
protons reflect their equatorial positioning within the dimeric capsule, although
these are still significant [44]. This correlates with the crystal structure in which the
3-picoline methyl group is shown to be clearly positioned in close proximity to the
arene moiety of the capsule (Figure 14.18).

It was observed that upon ligand replacement of DM SO, the ! NMR upfield shift
for the encapsulated guest was sensitive to change. This is most likely a consequence
of the electropositive metal centers supplementing for the loss of electron density by
drawing from the aryl rings, thus affecting host-guest interactions. A series of
titration studies were initiated by the reintroduction of free 3-picoline to a DMSO-d,
solution of the DMSO-ligated metal-organic dimer, where the guest shows a
downfield signal shift by each of its protons (Figure 14.19). This reflects a change
in electron density distribution throughout the capsule, which of course would have
an influence on the guest’s mobility and CH- - & interactions.

MALDI-TOF MS analysis on the [Zng(C-propylpyrogallol[4]arene),(pyridine)s C
pyridine] complex revealed two significant peaks corresponding to the zinc dimeric
capsules that are either occupied or vacuous. Notably, this is the third capsular system
in which we have recently observed significant void space, ~ 80 A® in the fourth
generation capsules and ~1500 and ~140A> for the copper and zinc capsules
described in this section. We are now looking at exploiting these large voids for

-1.8- =
L
e
™
-1.9 4 "
h=] -
2 -
S "
H .
(=] € 2.0 1 II'
g "
- “© > [ m  [3-Me-pyridine] |
2 21 ]
g 2 £
=2 u
u
u
22 )
T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0

3-MePy / mmol

Figure 14.19 Titration plot of ligand concentration versus methyl
shift of encapsulated 3-picoline guest, showing an increase in &
owing to the exchange of DMSO for electron donating 3-picoline
ligands on zinc centers [44].



14.7 Sixth Generation Nanocapsules

molecular entrapment that may be deemed indiscriminate within steric considera-
tions for example.

14.7
Sixth Generation Nanocapsules

The largest closed capsule structurally characterized thus far is the hexamer 3 with an
enclosed volume of ~1500 A® [25]. It is anticipated that it may well be possible to
enclose (without molecule-sized pores) up to ~2500 A® of chemical space. To enclose
completely even more space, one will most likely need larger synthons given that the
bulding blocks we have described are highly self-complementary and routinely form
those assemblies outlined above. Our first attempts in the area of larger capsules have
involved using alkyl chains of varying length and functionality radiating from the
hydrogen-bonded and metal-organic nanocapsules. As mentioned above, pyrogallol
[4]arenes have been shown to crystallize in either bilayer or hexameric nanocapsule
motifs, depending on the crystallization solvent employed [19,21-24,30,33,38].
Although this is the case, little was known of the aggregation and supermolecular
assembly of these solution stable entities. To our surprise, a wide variety of packing
motifs have been observed for hexameric nanocapsules in the solid state [21,22,24].
Of particular interest is the long-chain motif shown in Figure 14.20 [22]. The alkyl
chains effectively pack only in two dimensions, leaving the third dimension free for
solvent inclusion. This provided the clue that such simple capsules might indeed
form the building blocks for even larger structures. We recently shed light on this
behavior through the use of dynamic light scattering (DLS), transmission and
scanning electron microscopy (TEM and SEM, respectively) and atomic force
microscopy (AFM) techniques to find very large structures/aggregates that are
~80-500 nm in size/diameter (Figure 14.21) [47].

Figure 14.20 Packing of C-nonylpyrogallol[4]arene nanocapsules.
Note that the alkyl chains pack in a two-dimensional like
arrangement, exposing hydrogen-bonded faces of the
nanocapsules in the third dimension [22].
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Figure 14.21 Various TEM (A-G, K, L) and SEM (H-J) images
showing the large spherical and tubular aggregates formed from
hydrogen-bonded and metal-organic nanocapsules [47].
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Through the use of DLS, the large supermolecular aggregates were observed for
different hydrogen-bonded pyrogallol[4]arene hexamers under dilute conditions (typi-
cal concentration ~10 > M). Given the stability and recurring nature of the aggregates
in solvents other than water, TEM, SEM and AFM were further used to examine the
particles formed, the results of which were unexpected [47]. Evaporation of a ~10* M
acetone solution of the hydrogen-bonded C-isobutylpyrogallol[4]arene hexamer under
ambient conditions afforded large, spherical aggregates that were observed by TEM
(Figure 14.21A). The aggregates were found to be spherical, of uniform shape and with
wide-ranging diameters (92 + 42 nm) when formed from acetone solutions. Further-
more, the spherical aggregates were (on occasion) found to be linked by interesting
tubular architectures as shown in Figure 14.21B. The rate of evaporation was found to
play a role in aggregate formation. By employing higher boiling solvents in sample
preparation, the number of observed aggregates was reduced and this process also
typically led to alternative crystal growth as observed via TEM studies. Similar
observations were seen for other solvent systems such as methylene chloride, acetoni-
trile and chloroform with the visualization of stacked aggregates in the last two systems
(Figure 14.21C and D). AFM further corroborated the presence of large spherical
aggregates, with similar-sized particles being observed using this additional technique.

Given that lipophilic calix[4]arenes have been shown to form solid lipid nanopar-
ticles that collapse upon solvent removal [48], coupled with the fact that pyrogallol[4]
arenes can form such bilayer arrangements [38], it was necessary to determine
whether the submicron aggregates were formed from hydrogen-bonded layers or
hexamers. In order to probe this, analogous metal-coordinated capsules (fifth
generation gallium hexamers that are incapable of disassembly in the solvent systems
employed) were studied using TEM. The results of these studies on this system were
spherical aggregates with dimensions comparable to those of the hydrogen-bonded
analogues. The images produced were significantly darker, presumably due to the
high content of gallium in the resultant superstructures (Figure 14.21K and L). This
compelling evidence suggests that the spherical aggregates are indeed composed of
many discrete hexamer building blocks (or hydrogen-bonded analogues) and are not
a bilayer-related motif.

In general, the tubular connectors were of smaller diameter than the spherical
aggregates, which were often found at the tubule ends. These tubules were found to
exist in both smooth and rugged morphologies with lengths approaching 1 um
(Figure 14.21E-]). Examination of the smooth and rugged tubes using TEM and
SEM, respectively, showed hemispherical swellings that appeared to be spherical
aggregates budding from the tubular architectures (Figure 14.21E, F, H-]). These
budding aggregates are spread randomly across the length of the tubes and are of
comparable diameter. When observing the freshly deposited submicron spheres and
tubes using TEM, bands of dark material could be seen to travel the length of the
tubular structures (Figure 14.21G). Additional observations showed that spheres
connected to tubes had electron dark regions. Upon exposure to the beam, this region
diffused from the sphere along the tube as a dark band. Such dark band movement
may be attributable to the energy of the electron beam that could cause regional
heating, thereby forcing the trapped solvent to undergo translation due to a
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(B)

Figure 14.22 Schematic of many nanocapsules arranged into
spherical and tubular aggregates (see inset experimental figure)
[47].

temperature gradient. This phenomenon was only observed on freshly prepared
TEM samples that had residual solvent present, and samples re-examined after a
number of days showed no sign of such band movement.

By conducting in situ experiments with crystals of pyrogallol[4]arene hexamers
with the electron beam (TEM), we were able to discover a direct route to the tubular
and spherical aggregates. Using this method, we discovered that as the TEM beam is
entrained upon these single crystals, spherical and at times tubular aggregates would
also form as the crystalline material decomposes.

Figure 14.22 provides a model of the submicron sphere and tube based on the
association of pyrogallol[4]arene nanocapsules. By altering the length of the alkyl
chains radiating from the lower rims of the pyrogallol[4]arenes, we aim to introduce
further control over the aggregation properties of these nanocapsules to afford larger
or desirable nanoparticles for future application.

14.8
From Spheres to Tubes

Spheres and tubes are intimately related, an excellent example of which is fullerene
Ceo and single-walled carbon nanotubes [49,50]. Indeed, these two materials have
attracted much interest and it is surprising that much less effort has been invested in
developing the synthesis of alternative multicomponent organic nanospheres and
tubules. Only a limited number of purely organic nanotubes that have large internal
channel volumes have been reported to date, the majority of which are formed
through the self-assembly of cyclic oligomers composed of peptides [51], ureas [52] or
carbohydrates [53]. However, an important example to be highlighted is the back-to-
back solid-state assembly of calix[4Jhydroquinone, resulting in a multicomponent
organic nanotube [54] which is stabilized by n-stacking interactions between adjacent
calixarenes and which was used to form ultrathin silver nanowires.
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As mentioned in the section on second generation capsules, it was shown that
deviation from the typical anti-parallel bilayer arrangement of p-sulfonatocalix[4]
arene (Figure 14.2) to form a nanoscale icosahedral arrangement (Figure 14.3)
could be achieved through variation of the stoichiometries of the calixarene, pyridine
N-oxide and metal cation [15]. In addition to forming a near-spheroidal icosahedral
arrangement, the C-shaped dimer used to form this assembly can also be tailored into
nanotubules which contain additional PNO as a spacer molecule. The diameter of
these tubules is similar to that of the icosahedral arrangement and the core is
composed of hydrated sodium and lanthanum cations.

More recently, and in relation to the first generation of capsules, Rissanen and
co-workers showed that C-methylresorcin[4]arene can be co-crystallized such that

MeCN

©© MeCN + H,O,
10 min sonication

X

X =H, pyrene
X = Br, 1-bromopyrene

Figure 14.23 The conditions required to form either
nanocapsules or nanotubular arrays of C-hexylpyrogallol[4]arene.
In the latter, pyrene or 1-bromopyrene acts as a type of molecular
glue on the exterior of the nanotubular assembly, interacting
through many van der Waals interactions [56].
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the molecule forms a back-to-back nanotubular arrangement, which contains a small
core that is capable of solvent exchange [55]. This is the second example in which a
molecule used to form a nanocapsule can be manipulated into a nanotubular array,
although in this case the orientation of the host molecule is reversed, i.e. back-to-back
rather than face-to-face as in 1, and differs from the p-sulfonatocalix[4]arene examples
in which the orientation is the same (both are parallel packing).

We have recently reported the third such example of nanocapsule to nanotube
conversion, which is also the second example of packing retention. C-Hexylpyrogallol
[4]arene, when co-crystallized in the presence of pyrene or 1-bromopyrene from a hot
sonicated acetonitrile-water solution and followed by cooling and slow evapora-
tion, forms large single crystals that were structurally analyzed to be pyrogallol[4]
arene-based nanotubes. The pyrogallol[4]arene in the nanotube arrays form cyclic
or disk-like tetramers through hydrogen bonds. These tetramers are found to link
together in a tubular fashion through additional hydrogen-bond interactions,
with each tetramer being rotated by approximately 45° relative to an axis running
down the nanotube array, all of which shrouds alternating microenvironments
of water and acetonitrile that form numerous hydrogen bonds on the interior [56].
In relation to the third generation capsules based on pyrogallol[4]arenes, these
tetramers have a diameter nearly identical with that of the corresponding
C-hexylpyrogallol[4]arene nanocapsule when crystallized from acetonitrile, thereby
demonstrating structural retention (Figure 14.23). The pyrene or 1-bromopyrene
co-crystallizing species are crucial for nanotube formation, as they interact through
numerous van der Waals forces on the exterior of the assemblies behaving like a
type of “molecular glue”.

It is apparent from these series of results that when a near-spherical calixarene-
based nanocapsule is obtained, there should be a strong possibility of isolating the
related nanotubular array in either a similar or reversed packing mode. The same
should also be true vice versa, although this may require a degree of experimentation
to achieve.

14.9
Conclusions

We have described a number of generations of organic nanocapsules, and also
metal-organic analogues, and have shown that rational design often leads to elegant
nanostructures. We have demonstrated the encapsulation of probe molecules in
stable hydrogen-bonded hexameric nanocapsules and significant advancements have
been made in the area of metal-organic capsules using non-covalent assemblies as
theoretical templates. This has been a particularly fruitful approach and the ability to
sense ligands on metal centers, while also trapping chosen chemical species
indiscriminately (using copper pyrogallol[4]arene nanocapsules, for example) is a
very interesting opportunity to explore further this rapidly expanding and burgeon-
ing field of capsule chemistry. It may also be true that a series of metal-organic
nanotubular arrays will also be realized, but it is likely that only after significant
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control is gained over structures such as those described in this chapter will function
follow levels of rational design. Some of the above strategies may perhaps be
applicable to other systems that contain similar functional properties to some of
the macrocycles described herein.
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