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PREFACE

At the 228th ACS Meeting in Philadelphia, Pennsylvania, August
22-26, 2004, a marathon symposium was held in the Inorganic Divi-
sion that ran four days from Sunday morning through Wednesday
afternoon. The title of the symposium, From the Template Effect to
Spontaneous Intermolecular Organization, A Celebration of Daryle
Busch’s First 50 years of Leadership, Teaching, Research, and Service,
only hints at the many contributions that Daryle H. Busch has made
over the last five decades and more. The symposium was largely or-
ganized by two of Busch’s former graduate students, Rebecca Roesner,
currently at Illinois Wesleyan University, and Elena V. Rybak-Akim-
ova, now at Tufts University, along with Kristin Bowman-James, a
former postdoctoral associate, currently at the University of Kansas. A
total of 49 of Daryle’s former students, postdoctoral associates, col-
leagues, and friends, including internationally recognized leaders in
their fields of research, presented talks at the symposium.

Since 1988, Daryle has held the Roy A. Roberts distinguished pro-
fessor of chemistry position. He is currently also the deputy director of
the Center for Environmentally Beneficial Catalysis at the University
of Kansas. Prior to his current position, Daryle was a faculty member
at The Ohio State University, where he held the rank of presidential
professor.

Daryle’s career has indeed been stellar. Seminal work early in his
career resulted in the founding of macrocyclic chemistry and the mo-
lecular template effect. He was also a pioneer in ligand reaction
chemistry and the burgeoning field of bioinorganic chemistry in the
1950s and 1960s. In the 1970s, he was the first to describe the phe-
nomenon now so important in supramolecular chemistry known as
preorganization. Throughout the years Daryle’s research has evolved
from the early foundations of basic transition metal coordination,
macrocyclic and bioinorganic chemistry that he provided to the com-
munity has evolved to a focus on homogeneous catalysis and green
chemistry in addition to his first love for bioinorganic and macrocyclic
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chemistry. Daryle has also worked closely with industry throughout
his career and holds twelve patents joint with five major industrial
companies and two universities. Perhaps one of his greatest contribu-
tions to science has been in education, where he has been a tremen-
dous role model for more than 200 PhDs and postdoctoral researchers.

The scope of the science presented in the four day symposium was
breathtaking, ranging from the first talks on bioinorganic aspects of
oxygen chemistry to anion coordination chemistry, self assembly, mo-
lecular devices and capsules, chemistry in supercritical fluids, biolog-
ical imaging, cluster chemistry, and even touched on industrial
academic liaisons. Many of the talks involved macrocyclic chemistry,
and served to illustrate the tremendous synthetic advances that the
field has made from the first simple monocyclic macrocycles to complex
molecular knots and Borromean rings, capsules, catenanes and knot-
axanes, a whole universe of elegantly interwoven molecules. Daryle
gave a memorable talk providing historical perspective on the conse-
quences of the kinetic and equilibrium template principles, which ul-
timately have led to this synthetic artwork, “From templates and
molecular organization to catalysis,” and illustrated the role that these
principles played in the evolution of his own research program.

The Symposium was truly a tribute to the elegant science of the
founding father of macrocyclic chemistry. As was evident by the par-
ticipants in the symposium, Daryle’s former students and postdoctoral
associates as well as colleagues and friends alike all have the utmost
regard and respect for Daryle both as a scientist and a human being.

As a consequence, we invited several speakers at the Symposium to
contribute to a thematic issue of Advances in Inorganic Chemistry on
Template Effects and Molecular Recognition. Kristin Bowman-James
was invited to be co-editor for this volume since she has been asso-
ciated with Daryle for many years. The authors were requested to
write short reviews on their current research activity as presented at
the symposium. This thematic issue contains eight contributions and
covers a wide range of topics. In the first contribution, Lindoy and co-
workers report on self-assembled metallo-supramolecular systems, in-
corporating P-diketonate motifs as structural elements. This is fol-
lowed by a contribution by Suh and Moon on coordination polymer
open frameworks constructed of macrocyclic complexes. Fabbrizzi and
co-workers report on molecular devices based on metallo-cyclam sub-
units, which is followed by an impressive contribution from Roesner,
Rybak-Akimova and co-worker on molecular recognition of neutral
and charged guests using metallomacrocyclic hosts. The co-editor and
co-workers report on supramolecular chemistry of environmentally
relevant anions, which is followed by a contribution by Dye and co-
workers on the role of cation complexants in the synthesis of alkalides
and electrides. Riley and Schall cover the interesting topic of struc-
ture-activity studies and the design of synthetic superoxide dismutase
(SOD) mimetics as therapeutics. Finally, the editor contributes with a
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report on the electronic tuning of the lability of inert Co(III) and Pt(II)
complexes.

We trust that every one will agree that the topics covered in this
thematic issue are all very stimulating and report the most recent
advances in inorganic chemistry accomplished in the area of template
effects and molecular recognition.

Rudi van Eldik
University of Erlangen-Niirnberg
Germany

Kristin Bowman-James
University of Kansas, Lawrence
USA

July 2006



SELF-ASSEMBLED METALLO-SUPRAMOLECULAR
SYSTEMS INCORPORATING B-DIKETONE MOTIFS AS
STRUCTURAL ELEMENTS

DAVID J. BRAY, JACK K. CLEGG, LEONARD F. LINDOY and
DAVID SCHILTER

Centre for Heavy Metals Research, School of Chemistry, University of Sydney, NSW 2006, Australia

I. Introduction 1
II. Simple pB-Diketone Ligands and Their Complexes 2
ITII. Supramolecular Systems Incorporating B-Diketone Motifs 6
A. B-Diketone Derivatives Substituted at Their ‘Central’ Carbon Atom 6

B. ‘End-Linked’ g-Diketone Derivatives 17

IV. Concluding Remarks 33
References 33

I. Introduction

Molecular self-assembly is a widespread phenomenon in both chem-
istry and biochemistry. Yet it was not until recent decades that the rise
of supramolecular chemistry has resulted in the designed self-assem-
bly of an extremely diverse array of synthetic supramolecular archi-
tectures (I—4). The incorporation of metals into the latter has, in many
instances, enhanced both the form and function of the resulting as-
semblies. Typically, both the design of the organic components and the
choice of the associated metal ion have been key elements in the
strategy employed to achieve a given supramolecular structure (5).
Overall, the metallo-supramolecular field continues to produce a range
of novel materials — often of nanometer dimensions — many of which
are endowed with unusual properties. The latter include novel redox-
active, photoactive, conductive (including superconductive), catalytic
and non-linear optical properties. The ability to act as synthetic zeo-
lite-like materials is also characteristic of particular structural types.

It has long been documented that p-diketone ligands are versatile
metal coordinating agents and have played a significant role in coor-
dination chemistry for over a century (6—13). Indeed, the metal ion
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complexation chemistry of simple B-diketone ligands represents one of
the most studied areas of coordination chemistry.

The B-diketone motif is attractive for incorporation into metallo-
supramolecular structures. First, it has the potential to be readily
derivatized using well-established procedures. Thus, the electronic
and steric nature of this ligand type may be varied in a rational man-
ner to probe structure/function relationships as well as to ‘tune’ fea-
tures of interest. Second, B-diketones have been shown to readily form
complexes with a wide range of metals from across the Periodic Table.
This prior research provides a rich resource upon which the design of
more elaborate metal-ligand systems might be based. Indeed, exam-
ples of elaborated B-diketone derivatives being employed for the for-
mation of metal ion directed assemblies, with in many cases the metals
serving as both structural and functional elements, have been re-
ported; these include both di- and polynuclear discrete species as well
as non-discrete polynuclear structures — the latter falling into the
category of framework materials. Nevertheless, the incorporation of -
diketone motifs into larger metallo-supramolecular systems has re-
ceived somewhat less attention than for other classical coordination
entities such as, for example, di- and polypyridine ligand systems (14).

In the discussion now presented, aspects of the prior work concerned
with the synthesis and properties of metal-containing molecular ar-
chitectures incorporating p-diketonate motifs will be reviewed, along
with an account of our own recent investigations in this expanding
area. Emphasis in the discussion has been given to systems in which
the use of designed metal-ion-directed assembly has been employed for
constructing new supramolecular entities.

II.  Simple p-Diketone Ligands and Their Complexes

In order to provide a relevant background for the discussions in
following sections, it is appropriate that an outline of some aspects of
‘simple’ metal B-diketonate chemistry now be presented. The simplest
B-diketone ligand is 2,4-pentanedione (acetylacetone, acacH). Mildly
basic conditions induce deprotonation of this species and the resulting
2,4-pentanedionate anion readily complexes a range of metal ions,
usually (but not exclusively) (15,16) yielding a six-membered chelate
ring (Fig. 1); parallel behavior is observed for a wide range of other
B-diketone derivatives.

B-Diketones such as acacH show a tendency to form neutral com-
plexes — with the geometry adopted normally reflecting the preferred
geometry of the metal ion involved. For example, copper(Il) forms
square planar complexes of the type M(B-diketonato)y 1 (17—19). On
the other hand, with acacH, cobalt(II) and nickel(II) form oxygen-
bridged tetrameric and trimeric octahedral complexes of types
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Fic. 1. Metal complexation by 2,4-pentanedione (acetylacetone, acacH).

[Coy(acac)s] and [Nis(acac)gl, respectively (19,20). However, in the case
of cobalt(Il), tetrahedral complexes can also result if a bulky B-dik-
etonate ion is used. Chromium(III), manganese(IIl), iron(III) and co-
balt(III) yield discrete octahedral complexes of the form [M(p-
diketonato)s] (19,21-29), as do several other trivalent metal ions in-
cluding ruthenium, rhodium, aluminum, gallium and the lanthanides
(although the lanthanide ions also form charged anionic species of the
type [M(acac)4] ).

The ability to form higher coordinate species can be tuned through
variation of the terminal R groups on the p-diketone (30). For example,
it has been shown that the stepwise incorporation of electron-with-
drawing trifluoromethyl groups serves to increase the affinity of the
central metal ion for further ligation (37). Thus, the hexafluorinated
analogue of 2,4-pentanedionate (1,1,1,5,5,5-hexafluoro-2,4-pentaned-
ionate, hfac) has been documented to give the anionic copper(Il) com-
plex 2, incorporating three such ligands (32).

A range of mixed-ligand complexes given by M(B-diketonato)sL.,
(where, M = Co, Ni, Cu, Zn, n = 1 or 2, and L is a simple monodentate
ligand such as an amine, alcohol, ether or water) are known
(19,33—39). In some instances these species may be generated directly
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from the corresponding coordinatively less-saturated precursor com-
plex. Behavior such as this has been especially well documented for
bis-p-diketonato complexes of copper(Il) (36,40). When one axial site is
occupied, as occurs in VO(acac)s, the expected 1:1 adducts are formed,;
in this case products of type [VO(acac);B] (where B is pyridine, 3- and
4-methylpyridine, 3,5-dimethylpyridine and 3- and 4-aminopyridine)
have all been characterized (41).

The Lewis basicity of a potential axial ligand may also play an in-
fluential role with respect to adduct formation of the type mentioned
above. For example, the five-coordinate copper(Il) species 3a is readily
generated upon reaction of equimolar amounts of 1 and 4-cyanopyri-
dine in dichloromethane, with the binding constant being 40 M. The
use of pyridine, a stronger base, gives adduct 3b, with a binding con-
stant that is approximately twice that of 3a. Lastly, the analogous
structure (3¢) with 4-aminopyridine (a still stronger base) has a sta-
bility constant five times that of 3a (38). It is also often possible to
influence the formation of more than one adduct by altering the molar
ratio of axial ligand to B-diketone complex. This is exemplified by the
preparation of 4 and 5 from [Cu(hfac),(H>0O)] in the presence of var-
ying amounts of dabco (42). The formation of 4 also serves to illustrate
that the use of ditopic base (such as dabco) can act to link two square
planar precursor complexes. Further examples of such behavior are

discussed below.
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Soldatov et al. have carried out a series of investigations on com-
plexes of type M(dbm)y (where dbm = dibenzoylmethanato) (43) and
their heterocyclic amine base adducts (44). These studies were under-
taken with the aim of investigating structure/function relationships
underlying lattice inclusion behavior by the respective complexes as
properties such as the nature of the axial ligands or the solvent in-
volved were varied.

Four forms of the parent nickel(II) complex and two of the zinc(II)
complex were characterized using powder and single-crystal X-ray
diffraction analyses, differential scanning calorimetry, magnetic
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susceptibility measurements and solid-state '3C cross-polarization/
magic angle spinning NMR (43). Thus, Ni(dbm)y forms three poly-
morphic forms (light-green, brown and green) and a fourth clathrate
form with an included benzene as guest. With zinc, two polymorphic
forms were isolated. The first is monomeric consisting of [Zn(dbm)s]
entities, with each zinc center in a distorted tetrahedral environment
of four oxygens from the two chelated dbm ligands. The second form is
a dimer, [Zny(dbm),], with each zinc coordinated to five oxygen atoms;
in this, the Zn-Zn separation is 3.14 A.

Mixed-ligand complexes of divalent nickel, zinc and cadmium with
two bidentate dbm ligands equatorial and one or two monodentate
heterocyclic amine ligands in axial sites have been reported (45,46).
For example, the nickel(II) product, [Ni(dbm)y(2-Mepy)o] (2-Mepy = 2-
methylpyridine), exists as the trans isomer in a number of structurally
distinct forms and shows diverse solvent inclusion behavior. For
zinc(II), only one 2-Mepy unit coordinates to give [Zn(dbm)y(2-Mepy)]
(and this does not exhibit inclusion behavior). With cadmium(II), two
polymorphic forms of composition [Cd(dbm)y(2-Mepy)o] were isolated.
The first is a metastable ¢rans form, while the second (more stable)
form contains the cis isomer. No solvent inclusion compounds were
isolated in this case.

Parallel syntheses to those just mentioned have also been performed
using the linear difunctional base 4,4’-bipyridine (bipy) (47). With this
bis-monodentate derivative, linear one-dimensional structures were
generated; these products are of type [Ni(dbm)y(bipy)l, (48) and
[Zn(dbm)y(bipy)],, (47,49). Each structure may be considered to be a
chain of alternating square planar [M(dbm).] fragments connected by
linear bipy units.

In a further more recent study, reaction of 1,2-bis(3-pyridyl)but-
adiyne with precursor complexes of type M(hfac); - nHyO (where
M = Cu, Mn, or Zn) has been shown to produce three isostructural
‘zig-zag’ coordination polymers of stoichiometry [M(hfac)o(1,2-bis(3-
pyridylDbutadiyne)l,,. These exhibit structures related to those just
discussed above (50). Reaction of the corresponding ‘bent’ spacer, 1,2-
bis(2-pyridyl)butadiyne, with Mn(hfac), - 3H,O also produced a related
polymeric structure composed of one-dimensional chains.

In part, the above results extend an earlier study (42) in which an X-
ray structure determination of the 1:1 adduct between dabco and
Cu(hfac); showed it to have a linear polymeric structure in which
nitrogen donors from different dabco ligands occupy both axial sites of
each copper center.

When one axial site is ‘blocked’, as occurs in VO(hfac)s, the reaction
with difunctional pyrazine (pyz) yields an axially linked dimer of type
[(VO(hfac)o)o(pyz)] (61); a similar linked-dimeric structure,
[(VO(hfac)s)o(dioxane)], is formed in the presence of dioxane (52).

The directed assembly of six M(II) complexes (M = Cu, Co and Ni)
into infinite hydrogen-bonded chains has been achieved by combining
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B-diketonato ligands with bifunctional ligands such as 6 containing a
metal-coordinating pyridyl moiety as well as a self-complementary
hydrogen-bonding moiety (53). In each case, the chelating -diketonato
ligand occupies the four equatorial coordination sites, with the bifunc-
tional ligand coordinating in the axial positions. The supramolecular
chemistry, which links individual coordination complexes into infinite
one dimensional chains, is given by a combination of N-H---N and
N-H---O hydrogen bonds.

Ill.  Supramolecular Systems Incorporating -Diketone Motifs

A. B-DIKETONE DERIVATIVES SUBSTITUTED AT THEIR ‘CENTRAL’ CARBON
Arom

Numerous derivatives consisting of a single p-diketone group that
contain a wide range of substituents on the ‘central’ carbon atom (the
carbon between the keto groups) have been investigated for many
years. When singly substituted, such derivatives maintain the poten-
tial to lose a proton and form a stable six-membered chelate ring on
binding to a metal. Typical substituents include alkyl, aryl, halide,
nitrile, azide, ether and thioether groups as well as other entities such
as a 4-pyridyl ring. These groups may act as functional groups for
further (organic) derivatization or serve to provide an additional donor
site (or sites) for metal interaction. In particular, substitution at the y-
carbon in pentane-2,4-dione (acacH) has been employed to produce
extended ligand systems for use in a number of studies, some of which
fall into the supramolecular realm.

A number of reports of 3-(4-pyridyl)pentane-2,4-dione (pyacH) yield-
ing metal-containing products have appeared (54-60).
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The choice of metal ion employed to prepare complexes of pyac can
be used to direct the spatial arrangement of the terminal pyridyl
groups in the ‘B-diketonato’ bound ligands. For example, on complex-
ation with square planar copper(Il), ‘linear’ [Cu(pyac)s] (7) is obtained
(56). In contrast, generation of a #ris-ligand complex of an octahedral
metal ion, as occurs in [Al(pyac)s], yields a diverging arrangement of
the three pyridyl groups (54,55). In this context, the aluminum com-
plex has been demonstrated to act as a neutral guest for a large cyclic
tris-porphyrin host to yield the impressive supramolecular host-guest
assembly 8 (54,55).

It is noted that in the solid state, the complexes [M(pyac)s]
(M = AI3*, Fe3") are not symmetric but have their pyridyl nitrogen
lone pairs mutually oriented at angles of about 90° and 135° (60). The
assembly of heterobimetallic arrays occurs when either the alumi-
num(III) or the iron(III) complexes react further with a second metal
ion. Thus, these linker units form two dimensional heterobimetallic
network structures incorporating square/octagonal coordination nets
when reacted with cobalt(II) and cadmium(II) ions.

Although Cu(pyac)s incorporates both Lewis acid and Lewis base
sites, only a very weak interaction occurs between the terminal pyridyl
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lone pairs and adjacent copper centers in the solid state (56). Even so,
this species crystallizes from anhydrous solvents in a square-grid to-
pology; while in the presence of water, a doubly interpenetrating
three-dimensional network forms instead. In each case, the copper(II)
centers (57) exist in elongated octahedral N,O4 environments.

Cu(pyac), also gives rise to mixed metal-organic frameworks upon
reaction with cadmium(II) salts (59). Both the one-dimensional ladder
formed with CdCl, and the two-dimensional grid afforded from
Cd(NO3)s are porous in nature, with the former incorporating two-
dimensional channels and the latter one-dimensional channels. The
copper sites in each of these structures are exposed to the pores and
are coordinated by solvent molecules.

On reaction with beryllium(II), 3-(4-pyridyl)pentane-2,4-dionate
once again forms a linear unit of type Be(pyac)s; however, in this
case, the B-diketonato groups are bound in a tetrahedral geometry
around the beryllium(II) center (58). This arrangement has been ex-
ploited for the formation of heterobimetallic structures incorporating
Co(II)/Be, Cu(I)/Be as well as mixed-valence (Cu(I)Cu(II)/Be) coordi-
nation systems. In the solid state, a discrete molecular arrangement is
adopted in the case of [Co{BeLy}sCl,] (L = pyac), a one-dimensional
polymeric arrangement for CusXs{BeLs}s (X = Cl, Br) and two-dimen-
sional polymeric arrays in the case of Co{BeLy}(CH30H),SO, and
Cu2Br2{BeL2}2.

There have been a number of reports of systems incorporating lig-
ands in which two B-diketonato fragments are linked through their
‘central’ carbon atoms. The simplest derivative of this type is tetra-
acetylethane, 9 (taeH,), which in its doubly deprotonated form thus
represents a further example of a linear ditopic linker unit (61,62).
Owing to steric interaction between pairs of methyl groups, this mol-
ecule is twisted; the dihedral angle between the respective -diketone
fragments being quite large.

The structures of copper(Il) and cobalt(I) complexes containing
deprotonated tetraacetylethane (tae®") as a bridging ligand have been
investigated (63). The reaction of copper(Il) trifluoroacetate with
taeHy; and 2,2'-dipyridylamine (dpa) has been shown to yield the
dinuclear complex, Cus(dpa)s(tae)(OoCCF3)s, which has an extended



SELF-ASSEMBLED METALLO-SUPRAMOLECULAR SYSTEMS 9

hydrogen-bonded chain structure in the solid state. The uncoordinated
axial positions on the copper ions have been exploited to provide ex-
tended geometries. Thus the reaction of 4,4'-dipyridyl (bipy) with this
complex results in the formation of a polymeric compound of type
{{Cug(dpa)s(tae)(bipy)l(OsCCF3)s},, where the dinuclear unit is cross-
linked via 4,4'-bipyridine spacer units. A similar reaction using co-
balt(II) acetate yielded a helical dinuclear S}[)ecies of type [Cos(dpa),
(tae)](O,CCH3)2(H50)s. In this case, two Co I(dpa)2 units are linked
via a tae bridge to give the helical arrangement, with the dpa units
serving as ‘terminating ligands’.

In an extension of the above study, under other conditions, it was
demonstrated that the combination of cobalt(II) acetate, dpa and tet-
raacetylethane in CH,Clo,/CH3OH results in the formation of a charge-
neutral metallo-supramolecular square, incorporating four [Co'(dpa)]
‘corners’ and four tae ‘sides’ (64). The X-ray structure of the product is
given in (Fig. 2). The combination of chelating B-diketonato ligands and
octahedrally coordinated cobalt(II) ions results in each molecule being
homochiral — indeed this is a rare example of a structurally character-
ized, chiral molecular square. The Co—Co distance along each ‘side’ is
8.0 A, with the enclosed cavity having dimensions of 4.2 x 4.2 A. This
and similar structures with larger cavity dimensions show promise for
use as chiral reagents for molecular recognition and/or separation; for
example, for use in chiral separation of larger drug molecules.

Dinuclear mixed complexes of ruthenium(III) incorporating tae have
also been reported (65). These include [{Ru(acac)s}s(tae)l, [{Ru(phypa)s)s
(tae)] and [(acac):Ru(tae)Ru(phpa)s] (where phpa is the 2,2,6,6-tetrame-
thyl-3,5-heptanedionate anion). The X-ray structure of [{Ru(acac)s}s(tae)]
shows a tae-linked structure of type 10 in which the bound acac groups of
the tae-bridging unit are almost perpendicular to each other. A related di-
cationic, tae-linked species incorporating 2,2'-bipyridine (2,2'-bipy) of type
[{Ru(2,2'-bipy)s}o(tae)** was also characterized as part of this study.

10

Alkyl-y-linked ligands (66,67) and their corresponding copper(Il)
complexes of type 11 (67) have been investigated. It was postu-
lated in this study that the solid complexes of the shorter-chain
(n =6, 8) branched ligands in their deprotonated form have the
bis(B-diketonato)copper(Il) entities linked to form polymeric species,
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Fic. 2. The molecular square incorporating [Co'X(2,2'-dipyridylamine)]
corners and tae sides (64).

whereas the longer-chain branched ligands either yield a monomeric
species (for n = 12) or a monomer—polymer mixture (for n = 10).

(0] OH
/ (CHy)n /
HO (0]
11

A report of the formation of triangular niobium(V) complexes of two
related bis-B-diketonato ligands has appeared (68). The proposed
structures, represented by 12, contain three bis-p-diketonato ligands
coordinated to three niobium centers, with the remaining two coordi-
nation sites on each center occupied by oxide and chloride ligands such
that charge neutrality results. These trinuclear species were charac-
terized by NMR, mass spectrometry and their electronic spectra.
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12

The interaction of linked diazo B-diketone ligand systems with se-
lected lanthanide(III) ions (69) and ruthenium(II) (70) has been inves-
tigated. In the latter case the synthesis, spectroscopic, electrochemical
(and antibacterial) studies of new dinuclear ruthenium(II) complexes,
each containing an aryldiazo-linked bis(pentane-2,4-dionato) bridging
ligand and 1,10-phenanthroline as co-ligands, were reported (70).

Thiobis(B-diketone) ligands, in which two p-diketone fragments are
linked through their central carbon atom by a single sulfur atom or by a
disulfide bridge, are known and in some cases their interaction with
metal ions has been investigated (71— 75). In a recent study it was dem-
onstrated that such singly S-linked ligands readily give rise to a con-
venient synthesis of binuclear ruthenium(II) complexes of type
[RuCl(CO)(PPh3)(B);L], where B is a monodentate ligand (such as
PPh; or one of a range of amines) and L is the deprotonated thio-bis-f3-
diketone derivative; these products form on reaction of the corresponding
precursor of type [RuHCI(CO)(PPhj3)o(B)] with the thio-bis-B-diketone
ligand in benzene (76). The nature of the product complexes was assigned
on the basis of their elemental analysis, IR, electronic, 'H and *'P NMR
spectral data. In a subsequent study, further binuclear ruthenium(III)
complexes of the above thio-bis-p-diketones were also obtained (77).

The disulfide-linked ligand 13 (Hacac)sSs yields oxovanadium(IV)
complexes that were postulated to be cyclic trinuclear species of type
[VO((acacs)S2)DMSO]; and [VO((acacs)So)pyls (wWhere py = pyridine)
on the basis of physical measurements (78).

OH
o= OH o= S
/4 ~—
s—s ]
wo-4 Ai;o H;i S%fo
13 14
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In a recent study, our group reported the formation of discrete
cobalt(II) and nickel(IT) complexes of type [ML(H50)5]- H5O (where
LH, is the bis(2,4-pentanedione) derivative 14 incorporating a -
SCH,CHoS- bridge between the y-carbons of the p-diketone units).
These products were obtained when the corresponding metal ace-
tates were reacted with 14 in a methanol/acetone mixture (79). A
molecular model confirmed that it is not possible for both B-diketone
groups of 14 to coordinate to a single metal center and hence it was
anticipated that on reaction with a suitable metal ion, either an
extended metallo array or a discrete complex exhibiting an unusual
coordination motif might result. Our study was undertaken to probe
these possibilities.

The crystal structures of both the cobalt and nickel complexes men-
tioned above showed them to be isostructural. The structure of the
cobalt(Il) complex is given in Fig. 3. The bis-B-diketone 14 coordinates
in its doubly deprotonated form via the two thioether sulfur atoms, but
employs only two of its four oxygen atoms for metal binding. The metal
center is pseudo-octahedral in each complex, with the sulfur donors
arranged mutually cis, while the two bound p-diketone oxygen atoms

Fic. 3. The X-ray structure of the cobalt(II) complex of the bis(2,4-pent-
anedionato) derivative with a —-SCH;CH,S-bridge between the y-carbons of
each B-diketone fragment (79).
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are trans; the remaining two coordination sites are filled by water
molecules. The latter complexes represent the first examples in which
a y-substituted thioether-containing p-diketone ligand coordinates via
a sulfur and an oxygen donor in preference to the classical coordina-
tion mode involving both B-diketonate oxygens.

There is a report of an analog of 14 containing a disulfide bridge
directly linking the two acetylacetone groups reacting with [Ru
(acac)o(MeCN)o] to yield disulfide cleavage. The product is a mononu-
clear complex in which the acetonitrile groups are replaced by a
cleaved ligand fragment acting as a bidentate ligand and coordinating
via its thiolo sulfur donor and only one of the two available oxygen
donors (80). A further complex in which a thiolo group attached to the
‘central’ carbon of a B-diketone unit combines with only one B-diketone
oxygen to form a chelate ring has also been reported (81). In both of
these latter systems, the thiolo moiety will act as a strong coordinating
group toward the metal ions involved. This contrasts with the situ-
ation for 14 where the thioether groups are moderately weak donors
toward both (high-spin) cobalt(II) and nickel(II).

Binuclear complexes of rhodium and iridium containing a bis(2,4-pent-
anedionato) ligand flexibly bridged through the respective y-carbons by a
1,4-xylyl linker have also been synthesized (82). Thus, the reaction of
[M(u-C1)(1,5-COD)), (M = Rh, Ir; COD = cyclooctadiene) with 1,4-xylyl-
bis(3-(2,4-pentanedione)), xylyl(acacH),; and two equivalents of KOH re-
sults in the formation of binuclear compounds of type [M(COD))s(xylyl(a-
cac)s)]. The cyclooctadiene ligand in these complexes is readily displaced
from the metal centers by either CO or PPhs, leading to the formation of
[(M(CO)g)o(xylyl(acac),)] and [(M(PPhs)s)(xylyl(acac),)], respectively.

A pioneering example of a bis-bidentate p-diketone derivative
giving rise to a discrete molecular structure was reported by Mav-
erick et al. in 1984 (83). The ligand system employed contained two
B-diketone fragments separated by a m-xylene spacer; it acts as a
bis(bidentate) ligand such that two molecules react with two cop-
per(Il) ions to form the non-solvated co-facial metallocyclic struc-
ture 15. The separation between the two copper centers in this
product is 4.908 A. Such behavior results in a cavity that is too small
to encapsulate anything larger than small solvent molecules. Ad-
dition of excess pyridine to the reaction solution used to prepare this
species led to exo coordination of a molecule of this base to each of
the copper(Il) ions, resulting in each copper center becoming five
coordinate (which differs from the situation in the related simpler
species, [Cu(acac)s(pyridine)s], which contains six-coordinate cop-
per(Il)) (38,84).

Even acetonitrile appears too small to fit in the cavity of 15 (85). The
X-ray structure of the solvated form of 15, CusLo(MeCN)y - 1.5MeCN -
H,O (LH, = 3,3'-[1,3-phenylene-bis(methylene)]bis(2,4-pentanedione)
shows the presence of centrosymmetric CusLy units (the Cu---Cu sep-
aration is 4.830 A) with exo coordinated acetonitrile ligands.
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15

An extension of this work by the same group (86) involved a com-
parison of the complexation behavior of ligand 16 with the deproton-
ated forms of the five related derivatives 17-21. Of the latter, only the
less bulky ligand 17 (in its deprotonated form) gave a similar complex
to that of 16 in satisfactory yield. This outcome was attributed to
increased unfavorable steric interaction on coordination of 18-21
leading to the inhibition of the formation of square planar copper cen-
ters of the type observed in 15.
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In a subsequent study, also by the same group, the related ligand in
which the m-xylene spacer was replaced with a larger 2,7-napthylene-
diyl-bis(methylene) spacer was synthesized and its interaction with
copper(Il) investigated (87). The X-ray structure of the resulting cop-
per(Il) complex 22 confirmed the presence of a metallocyclic structure
related to 15 but with a significantly larger cavity; the copper—copper
distance now being 7.349 A. A comparison of the 1:1 (base:complex)
binding affinities of the nitrogen bases 23-26, for which binding of the
difunctional bases 24 and 26 is believed to occur within the cavity,
indicated that both these bind the strongest to 22 — with the more
basic difunctional base dabco (26) binding particularly strongly — pre-
sumably reflecting its strong attachment to both copper centers (Table
I). In accord with this, the X-ray structure of the corresponding solid
complex confirms that such an arrangement indeed also occurs in the
solid state (Fig. 4). Subsequently, a further X-ray structure determi-
nation demonstrated that 2,5-dimethylpyrazine also binds in a similar
fashion within the cavity of 22 (88). The number of K values for 1:2
Lewis base adduct formation by 22 was also extended in this latter
report with binding constants for substituted pyridines being gener-
ally smaller than their corresponding unsubstituted derivatives.

N N N N
J W
= =~
N N
23 24 25 26

A more recent structural study has also confirmed the occurrence of
internal (endo) coordination of 2-methylpyrazine to 22 (85). The syn-
thesis of vanadium(II) and vanadium(III) complexes incorporating the
deprotonated m-xylene-linked (parent) ligand acting as a bridging bis-
bidentate have also been synthesized (89). These products differ
from the previously discussed dinuclear copper(Il) complexes in that
the vanadium(II) centers exhibit octahedral geometries. A vanadium(II)
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TABLE I

BinDING CONSTANTS® FOR THE FORMATION OF 1:1 (M:L) COMPLEXES OF 22 WITH A SELECTION OF
LEwis BAses

Base KM
Pyridine (23) 0.5+0.2
Pyrazine (24) 5+1
Quinuclidine (25) 7T+2
Dabco (26) 220420

“Determined spectrophotometrically in CHCl3 at 20°C.

Fic. 4. The X-ray structure showing binding of dabco in the cavity of 22.

product, whose X-ray structure is shown in (Fig. 5), incorporates two [3-
diketonate fragments bound to each vanadium complex in a cis manner,
with the remaining two coordination positions in each coordination
sphere being filled by a bidentate N,N,N',N'-tetramethylethylenedia-
mine ligand (89). Two vanadium(III) derivatives in which the fifth and
sixth metal coordination positions are filled with a halide and a tetra-
hydrofuran ligand have also been characterized.

In a more recent development, Davidson et al. (90) reported the
synthesis of an analogous copper(Il) species incorporating a ‘meta’
terphenyl spacer. As illustrated by 27, the resulting larger cavity was
able to encapsulate and bind a molecule of 4,4'-bipyridine; the X-ray
structure of this product has been obtained (the Cu-Cu distance in
the adduct is 11.8 A). Interestingly, this large metallo-ring in the
absence of its Lewis base shows no evidence of catenation. The
hexagonal cavity delineated by the two terphenyl groups and the
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Fic. 5. The X-ray structure of the bridged vanadium(II) complex incor-
porating two m-xylene-linked, bis(2,4-pentanedionato) ligands and two
bidentate N,N,N',N'-tetramethylethylenediamine ‘capping’ ligands.

bls(dlketonato)copper(II) moieties encompasses a volume of approx-
imately 400A3. Ten chloroform solvent molecules were found to
occupy the cavity.

27

The use of two y-substituted Cu(acac), entities as linkers between
the upper rims of two calix[4]arene molecules represents a novel
method for obtaining biscalix[4 ]arenes (91). In one instance, the cavity
generated between the two Cu(II)-chelate complexes has been found to
be selective toward individual diamine substrates in an analogous
manner to that discussed above for systems such as 15, 22 and 27.

B. ‘END-LINKED’ B-DIKETONE DERIVATIVES

It is well established that metal-ion binding by a macrocyclic
host can give rise to both enhanced kinetic and thermodynamic
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stabilities of the resulting metal complex over that obtained with
the corresponding open-chain ligand derivative (92). The B-diketone
motif has been incorporated into several macrocyclic systems. Mac-
rocycles 28 and 29 were prepared from condensation of the appro-
priate precursors containing terminal acid chloride and acetylene
groups in the presence of a Lewis acid catalyst (93). Ligand 28 was
designed to act as a selective host for the uranyl (UO2%") ion. It
comprises three B-diketone fragments symmetrically spaced around
a 24-membered ring. This macrocycle extracts uranyl ion from a
dilute (10 ppm) aqueous phase into a benzene phase almost quan-
titatively. Related rings incorporating two, three, four and five
malonates and various length alkyl spaces have also been synthe-
sized and demonstrated to react with Cgo regioselectively to form
adducts (94).

(OWOJ

31,n=1
OH O j 32,n=2

30 O\/I\)\/O

The incorporation of B-diketone motifs into crown ether systems has
also been achieved. A number of both cyclic and related acyclic systems
combining polyether linkages and p-diketone units were prepared by
Cram et al. (95,96). Cyclic ligands 30-34 were prepared and their
complexation toward a range of metal ions was compared with that for
the open chain species 35-37.
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The stabilities of the cyclic systems were typically 2-5 orders of
magnitude stronger than for the acyclic counterparts (96).

Cyclic systems have also been generated by using copper(Il) or
zinc(IT) binding by two p-diketonato units to close each end of a con-
nected polyether chain. Complexes 38-40 have been prepared in this
manner and an investigation of the selectivity of the corresponding
‘crown’ polyether cavities toward alkali metals has been undertaken. A
comparison of the copper(Il) complexes 39 and 40 revealed that the
larger cavity in 40 showed stronger binding for K™ and Rb* than did
39. In the absence of the divalent metal ion, these ligand systems
showed minimal affinity for alkali metals. This study corresponded to
one of the earliest reports of positive cooperativity occurring between
the binding of two metal cations.

37
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Copper(II) complexes of alkyl-linked, bis-B-diketone derivatives
related to the above have also been investigated (67). The series of
ligands given by 41 with n = 6, 8, 10 or 12 (in their doubly deproton-
ated forms) each yield square planar copper derivatives with magnet-
ically dilute [CuOyg4] centers. In the solid state, these compounds were
assigned linked-ligand polymeric structures of type [CuLl],,.

e e

OH O OH O

41

It is noted that in an extensive series of studies, Saalfrank and
co-workers have employed a number of dialkyl malonate derivatives,
closely related to B-diketone systems, for the synthesis of a variety of
discrete tetrahedral (‘adamantanoid’) and trigonal prismatic (and re-
lated) coordination cages incorporating a variety of metal ion types
(97—-104). Many of these cages have been demonstrated to exhibit in-
teresting guest inclusion behavior.

An example illustrating the encapsulation properties of these
systems is given by the mixed valence Fe(II)/Fe(III) assembly illus-
trated in Fig. 6 (100). The superstructure is a regular tetrahedron with
corners defined by one Fe(Il) and three Fe(IIl) ions. The six edges
of the tetrahedron are each formed by the bis(bidentate), doubly neg-
atively charged ligands. Each of the four iron atoms is octahedrally
coordinated by six oxygen atoms. This system has an ammonium
ion trapped in the central cavity. In this case, the inclusion of the
ammonium cation led to an overall neutral charge, which undoubtedly
adds to the stability of the system. The complex has chiral ‘corners’
and exists as racemic isomers. Characterization of this product in-
volved X-ray crystallography, Mossbauer, ESR and electrochemical
studies.

The Saalfrank group has also investigated the template-mediated
self-assembly of three-membered copper coronate 42 and sandwich

® — NH/

Fic. 6. A mixed valence Fe(II)/Fe(III) assembly with an encapsulated NHJ ion.
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1. Ca(NOy),
2. Cu(OAc), .
RO._OH {Ca[Cu;L;]}(NOy),
| o 42
#Z “OH
1. CuCl,
RO™ ~O
2. 2N KOH
H,L —_—

OE Cu?* O = Ca?** o =K*

Fic. 7. Synthesis of template-mediated self-assembly of three-membered
copper coronate 42 and sandwich complex 43.

complex 43 starting from dialkyl ketipinates HoL (Fig. 7) (105—-109).
A characteristic of these complexes is that encapsulated alkali or al-
kaline-earth metal ions are coordinated to the inner carbonyl oxygen
donors.

The above studies were extended to the formation of ‘hybrid metallo-
coronates’ containing the glycolate-bridged, bis-1,3-diketonate ligand
44 as well as both copper(Il) and alkali metals (110,111). These prod-
ucts are of type {(M'[CusLo}OAc- 2MeOH (M = K, Rb, Cs; L = 44). In
the potassium complex each copper(Il) center is square-pyramidal be-
ing bound to four diketonate oxygen donors and a methanol molecule.
The potassium ion is eight-coordinate and is bound to four carbonyl
and four ether oxygen atoms to yield a helical metallocrown-eight
system. As part of these studies, a related (catecholate-bridged)
bis-1,3-diketonate ligand (CH;COCH;COCH0-0-CegH4-OCH;COCHS,.
COCHj;; H,LY) was shown to react with nickel acetate and cesium ions
to form a product of type [{Cs[Niy(L');1}Cs-3MeOH],. This [2]-me-
tallocryptate species contains octahedral nickel(II); the latter is bound
to diketonate oxygens and incorporates a 12-coordinate cesium ion
in the void. The other (external) cesium atom is coordinated to
two of the three methanol molecules as well as to two sets of three
peripheral carbonyl oxygen donors to yield a one-dimensional, oxo-
bridged metal string.
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More recently, the one-pot synthesis of ‘tetrahemispheraplexes’ with
ammonium, alkylammonium or alkali metal ions as exo guests using
self-assembly or guest exchange processes has been described (112).
The  tetraammonium and  tetraalkylammonium  complexes
{(NH)4[Mg4Lgl} (where L = (RO,C):CHC(O)C(O)CH(CO3R), R = Me
or Et), {MeNHj3),[Mg,Lgl}, {(EtNH3),[Mg,Lgl} and a mixed sodium/
tris(ethylammonium) complex, {Na(EtNHjz)s[Mg,Lgl}, were all ob-
tained in one-pot syntheses. Other species, such as the tetrakis(alkyl-
ammonium) derivative {(RNHj3)4Mg,Lgl} (R = Bu, hexyl, octyl) and
the mixed diammonium-bis(p-methoxybenzylammonium) derivative,
{(NH4)2(R'NH3)o[Mg,Lgl} (R’ = p-MeOCgH4,CH,), were prepared
by exchange of the ammonium ions in the above parent tetraammo-
nium complex by alkylammonium ions. Similarly, exchange of the
four ammonium ions by alkali metal cations yielded {My[Mg,Lgl}
(M =K, Cs).

We have recently investigated the synthesis of a range of novel
neutral nanometer-scale metallo-architectures that include discrete
tetranuclear ‘dimer of dimers’, dinuclear helicates, supramolecular
tetranuclear tetrahedral structures and related extended systems that
fall in the category of framework materials (113,114). These diverse
metallo-systems are based on 1,3- and 1,4-aryl-linked bis-B-diketonate
ligands of types 45 and 46.

1,4-substituted

1,3-substituted

45 46

An attraction of these ligands is that their structures are readily
varied and, for example, in our studies the terminal R groups were
changed through Me, Et, Pr, £-Bu and Ph (113,114). As for simple -
diketone ligands, the structural versatility of the present systems thus
result in both ligand types being able to be readily ‘tuned’ for partic-
ular synthetic and electronic outcomes.

The "H NMR spectra of the free ligands contain singlets at c. (§)16.2,
indicative of enolic protons, confirming that the (bis) enol tautomer
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Fic. 8. X-ray structure of the protonated form of 45 (R = ¢-Bu).

is present in solution. An X-ray structure of the 1,3-aryl-substituted
derivative incorporating tert-butyl terminal substituents confirms that
the same tautomer persists in the solid and that the relative orien-
tation of the bis-B-diketone fragments is such that the coordination
vectors lie at ~120° to each other (Fig. 8).

Based on our studies so far (113,114) as well as on previous studies
by others (115-121), it is clear that both the above ligand types are
molecular components of uncommon promise for building metallo-
supramolecular structures. Reflecting the available relative orientat-
ions of the B-diketonate groups in each ligand type, a range of both
dinuclear (rectangular) and trinuclear (triangular) ‘platform-like’
products were isolated and characterized. Representative structures
are given by 47 (114) (Fig. 9) and 48 (113) (Fig. 10). Thus an aim of the
synthetic program, in the context of metallo-species such as 47 and 48,
was the possible exploitation of the coordinately unsaturated copper
sites present in these planar dinuclear and trinuclear platform pre-
cursors. Such metal sites appeared ideal to serve as linking points for
extending the platform structures from two to three dimensions
through interaction with difunctional amine bases.

The ligand (45; R = Me, Et, Pr, ¢-Bu,) on reaction with copper(Il) in
the presence of base yielded dimeric complexes of stoichiometry
[CusLsl(solvent), (where L is 45 and solvent is water or tetrahydrofu-
ran) (114). It is noted that a complex of 45 with R = Me had been
reported previously (116).

As mentioned above, the dinuclear complex with R = ¢-Bu crystal-
lizes with each copper center bound to a tetrahydrofuran (thf) mol-
ecule such that the overall coordination geometry of each approaches
square-pyramidal (Fig. 9). The planar, dinuclear copper complex with
R =¢-Bu has also been demonstrated to form 1:2 adducts with
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Fic. 9. X-ray structure of the dinuclear copper(Il) complex 47 derived
from 45 (R = ¢t-Bu); a thf solvent molecule is weakly bound in an axial po-
sition to each copper center (114).

pyridine and 4-(dimethylamino)pyridine, with each adduct again in-
corporating five-coordinate metal centers. The structure of the bis-
pyridine adduct is given in Fig. 11 (114).

The isolation of 2:2 complexes of a selection of the 1,3-aryl bridged
ligands with cobalt(II), nickel(IT) and zinc(II) in the prescence of pyri-
dine have been carried out (122). In each of these species, two axial
pyridine ligands are also bound to each metal center to yield octahe-
dral coordination geometries.

Based on these studies, the prospect of linking copper centers in the
dinuclear complex 47 (with R = ¢-Bu) using the difunctional hetero-
cyclic bases, 4,4'-bipyridine, 4,4’-trans-azopyridine and pyrazine as co-
ligands was probed (114). However, 4,4-bipyridine was observed to
coordinate through only one of its heterocyclic nitrogen atoms in the
solid state to form a 1:2 ([Cusls] : 4,4'-bipyridine) adduct (Fig. 12).
This is thus an analog of the structures obtained when the mono-
functional monodentate nitrogen bases were employed. In contrast,
the use of the related difunctional base, 4,4'-trans-azopyridine, was
shown by X-ray diffraction to result in a structure in which 4,4’'-trans-
azopyridine ligands coordinate in a bridging fashion via both hetero-
cyclic nitrogen atoms on alternate sides of each planar [CusLs] unit to
produce an infinite one-dimensional metallo-chain (Fig. 13).
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Fic. 10. X-ray structure of the trinuclear copper(Il) complex 48 derived
from 46 (R = Pr); an acetonitrile solvent molecule occupies the triangular
void (113).

Fic. 11. X-ray structure of the di-pyridine adduct of 47 (114).
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Fic. 12. X-ray structure of the discrete 1:2 adduct of 47 with 4,4'-bipyri-
dine (114).

However, with the shorter difunctional base, pyrazine, a neutral,
discrete assembly of type [CuyLs(pyrazine)s] is formed. The X-ray
structure (Fig. 14) of this product shows that two planar dinuclear
complexes are linked by two pyrazine molecules in a sandwich ar-
rangement such that the coordination environment of each copper ion
is approximately square pyramidal; the overall tetranuclear structure
thus adopts an arrangement corresponding to the ‘dimer of dimers’
mentioned previously.

The interaction of iron(III) with the 1,3-aryl bridged bis-pB-diketones
45 with (R = Me and ¢-Bu) yielded neutral dinuclear species of type
[FesLis] - n(solvent) (114). These products gave UV—vis spectra that are
similar to those of simple tris(f-diketonato)iron(III) complexes and the
X-ray structure (Fig. 15) of [FesLs]- EtoO (L is 45 (R = ¢-Bu)) showed
that the two iron(III) centers are bridged by three ligands to produce a
triple helical arrangement in which each iron(IIl) is surrounded by
three B-diketonato fragments such that coordination saturation is
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Fic. 13. X-ray structure of the stepped polymer formed from 47 and 4,4'-
trans-azopyridine (114).

achieved. Each dinuclear complex has homochiral iron(III) centers
(either A—A or A-A).

There are now several examples in which these and related difunc-
tional ligands (incorporating similar ‘parallel’ donor moieties) produce
dinuclear triple helicates upon coordination to a trivalent metal ion
(118,119,121). For example, Christou et al. (118) have shown that 45
(R = Ph) reacts with trivalent titanium, vanadium, manganese and
iron to yield dinuclear [MyL3] complexes with helical structures. All
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Fic. 14. X-ray structure of the ‘dimer of dimers’ formed from 47 and
pyrazine (114).

Fic. 15. X-ray structure of the dinuclear helical structure formed from 47
and iron(III) (114).
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complexes in this series are isostructural, and cyclic voltammetry in-
dicates that communication between metal centers is present in the
titanium and vanadium species.

Similarly, in other studies (121) 45 (R = Ph) and its derivative with a
5-ethoxy substituent on the bridging aryl group have been used to
prepare analogous dinuclear lanthanide derivatives for use as sensi-
tizers in luminescence studies. Lanthanide(III) (or yttrium(III)) ions
yield neutral triple-stranded complexes of type [MsLs] where M = Eu,
Nd, Sm, Y and Gd, and L is 45 (R = Ph) and [MsL/5] where M = Eu or
Nd and L/ is the ethoxy substituted ligand. An anionic quadruple-
stranded derivative [Eul/,]*~ was also obtained in this study.

Parallel studies to those just discussed for the dinuclear platforms
have also been carried out for the trinuclear platforms derived from
1,4-aryl substituted ligands of type 46 (113) mentioned previously. The
interaction of the bis-B-diketones (with R = Me, Et, Pr, £-Bu and Ph)
as well as a new naphthylene-linked species of this type with cop-
per(Il) yielded the corresponding triangular platforms of formula
[Cus(L)sl(solvent),,. The X-ray structures of the complexes with
R = Me and Pr confirmed their discrete triangular nature (see Fig. 10).

Interaction of selected copper(Il) complexes of this type with both
monofunctional and difunctional heterocyclic bases was found to lead
to related ‘adduct’ behavior to that observed for the dinuclear plat-
forms, except that the use of the difunctional bases in all cases yielded
polymeric ‘framework’ products (123). Thus, in the latter case, the
complex [CuslLs] (LHy; = 46; R =¢-Bu) has been shown to generate
polymeric structures of type {[CusLs(us-bipy)(thf)]-3.5thf}, and
{{CusLs(us—bipy)(thf)] - thf-bipy},, on reaction with 4,4'-bipyridine,
and {[CusLs(us—pyz)]-thf}, on reaction with pyrazine (pyz). The ex-
tended supramolecular architectures formed in each case have been
confirmed by X-ray diffraction. These structures consist of alternating
triangle/linker units to give rise to unusual one-dimensional polymeric
chains in which two of the three copper sites in each triangular ‘plat-
form’ are formally five-coordinate through interaction with a hetero-
cyclic nitrogen donor. In contrast, when excess dabco was used as the
linker unit, a symmetric prismatic structure of formula {CusLs(dab-
co)s3}, was formed, incorporating only octahedral copper(Il) ions. The
different structures obtained can be rationalized (albeit tentatively) by
consideration of linker size and basicity (123).

Ligand 46 (R = Ph) affords complexes with cobalt(II), nickel(II) and
zinc(I) in the presence of pyridine (120). For the first two of these
metal ions, the products are of type [Ms(py)sLsl-nCHCIl3 and the
structures of each were determined by X-ray diffraction. In each case
discrete triangular structures form, with three bis(p-diketonato) lig-
ands chelating three cobalt(II) or nickel(II) centers to form triangular
(trinuclear) arrangements with two axially-coordinated pyridine lig-
ands bound to each metal center. The complexes pack to form channels
that accommodate chloroform, with both species showing potential for
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zeolite-like behavior. In contrast to the above, the structure of
[Zn(py)sLl,, - n(py) is a one-dimensional coordination polymer in which
the ligand adopts its ¢trans conformation and chelates to two zinc(II)
centers bridging them at 11.3 A.

Related results to those observed above for cobalt and nickel were
obtained with extended ligands of the above type incoporating 4,4'-
biphenylene and 2,6-napthalylene spacer units (122). In the former case,
a trianglar tri-cobalt(Il) complex incorporating axial pyridine groups,
with a central void of approximately twice the area of that observed for
the related tri-copper(II) species (of type 48) was obtained.

Interaction of ligands of type 46 with iron(III) (and in one instance
gallium(III)) results in the spontaneous assembly of less-common,
neutral molecular tetrahedra of formula [Fe,Lgl(solvent),, (L. = all six
ligand derivatives mentioned above) as well as a complex of type
[Gayslel - 8.5thf- 0.5H50 (L = 46, with R = Me); X-ray structure deter-
minations of the iron(IIT) complexes (R = Et, Pr) (see Fig. 16) and the
gallium(III) complex (R = Me) were undertaken. All structures have
similar structures consisting of tetranuclear assemblies with pseudo-
tetrahedral stereochemistries; in each case, the four trivalent metal
ions are situated at the vertices of the tetrahedron with six ligands
bridging the metal ions to define the edges. Each metal center is six-
coordinate with approximate octahedral coordination geometry. All
three structures encapsulate tetrahydrofuran in their central cavities.
A magnetochemical investigation of [Fe Lg] - 6thf (L. = 46, R = Et) was
also carried out (113). The susceptibility is Curie like and consistent
with very weak coupling occurring between the iron(III) d° (high spin)
centers.

Fic. 16. X-ray structure of the tetrahedral complex of type [MyLgl
(L =46, R = Pr) showing an encapsulated thf molecule (113).
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The reaction of 2,6-bis(2,4-pentanedione)pyridine (49, LHy) in its
doubly deprotonated form with divalent cadmium and manganese
ions leads to octanuclear bis(triple-helical) metal(II) complexes of
composition [MgOyLg] (124). NMR studies of the diamagnetic cad-
mium complex indicated the presence of six equivalent ligands. Full
characterization of the manganese complex was achieved by X-ray
crystallographic analysis. This showed that the product was a neu-
tral, octanuclear, bis(triple-helical) chelate species. It contains a me-
tallo core consisting of eight manganese(II) ions that form a two-fold
capped, slightly twisted trigonal prism with a triply bound 0%~ ion
centered in each of the two inner faces. Each of the six doubly neg-
atively charged pentadentate ligands binds to three manganese(II)
centers. The two antipodal manganese ions are coordinated by three
ur-and three ps-oxygen atoms from three ligands. The six remaining
metal centers, describing a trigonal prism, are coordinated by one
pyridyl nitrogen and two ps-oxygen atoms. Distorted octahedral
coordination of these six manganese(II) ions is achieved by binding
additional u3-O?~ jons. Consequently, in this complex, all the man-
ganese(Il) ions are octahedrally coordinated. As shown by X-ray
analysis, the zinc complex is isostructural with the manganese
species.

New trinuclear Cu(II)Ln(III)Cu(II) complexes (where Ln(III) is a
wide selection of lanthanide ions) derived from 49 have been pre-
pared by a one-pot reaction with Cu(NO3)2.3H50 and Ln(NOs3)5.nHO
in methanol (125). X-ray structure determinations indicate that two
deprotonated 49 ligands coordinate two copper(Il) ions through their
1,3-diketonate entities to form a planar array with the Ln(III) ion
bound to both pyridine moities to form the trinuclear CuLnCu core,
bridged by the B-diketonate enolate oxygen atoms. The lanthanide
ions adopted various coordination arrangements with bound nitrate
ions such that normal (for these ions) high coordination numbers
occur.

Reaction of 49 (R = Me, ¢-Bu) with potassium, strontium hydride,
or lanthanum(III) chloride, followed by iron(III) chloride, has been
reported to yield the corresponding di-iron, tris-ligand species in which
the K*, Sr** and La®" ions occupy the central cavity of the respec-
tive complexes (126,127). In each complex, the iron(II) centers
adopt their normal pseudo-octahedral coordination geometry. In the
lanthanum-containing complex, the lanthanum(III) ion is eleven co-
ordinate being bound by the six ‘internal’ oxygens from the p-diketon-
ate groups, the three pyridyl nitrogens, a tetrahydrofuran group and
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a water molecule. In contrast, a dinuclear iron, trispyridinium com-
plex incorporating three protons in the cavity is generated from
the reaction of the deprotonated form of 49 with (only) iron(III)
chloride. The related potassium-containing species were formed
from the triply-protonated complex on addition of potassium carbon-
ate. From X-ray analyses, the strontium- and lanthanum-
containing species and the pyridinium species form helical structures,
whereas, in contrast, the potassium-containing species adopts a meso-
arrangement.

Semiempirical PM3 computations have been carried out on the tris-
ligand complex of 49 bound to two gallium(III) sites (128). Calculated
structures agree well with the available X-ray structures of the cor-
responding iron(III) complexes. The calculations were also used to
probe the relative energetics of metal/solvent occupancy of the central
cavity in the above complex type.

The coordination properties of the phenol-containing derivative 50
(129) with Mn(I)/(IIT) have been described (130). Depending on the
solvent employed, the reaction of this ligand with manganese(II) ac-
etate yields either [MnyLo(py)s] or [MnsLs] (where L is the doubly
deprotonated form of 50). The latter complex corresponds to an asym-
metric triple-stranded helicate. Both complexes can be interconverted
in solution by means of solvent control; the system thus resembles an
interesting externally addressable switch. In the presence of manga-
nese(IIl)/pyridine, partial degradation of 50 occurs through oxidative
cleavage to yield 51 and the new complex [MnyL/o(py)s] (where L is
the triply deprotonated form of 51) is generated. Variable-temperature
magnetic susceptibility measurements were performed on each of the
complexes. The fit for the first complex shows that the manganese(II)
ions are not coupled (g = 2.01). The data for the second complex are in
accord with the presence of an exchange coupled Mn(II)---Mn(II)
pair next to a magnetically isolated manganese(Il) center, while for
the third complex the most satisfactory model corresponded to
the manganese(IIl) ions being coupled antiferromagnetically (with
J = —1.48cm ! and g = 1.98) together with weak ferromagnetic inter-
molecular exchange.

R : N > R
O OH OH OH O
50
R N OH
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IV. Concluding Remarks

As is the case for other areas of contemporary metallo-supramolec-
ular chemistry, the research discussed in this report clearly has im-
plications for elucidating fundamental aspects of both supramolecular
and host-guest inclusion behavior as well as giving promise of novel
materials exhibiting unusual and potentially useful properties. In
particular, it serves to emphasize the role that metal ions may play in
the assembly of molecular architectures — an area of research pio-
neered by Daryle H. Busch more than 40 years ago.
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I.  Introduction

Crystal structure affects the chemical and the physical properties of
a compound, such as stability, solubility, color, and optical properties.
Therefore, if the crystal structure is designed and predicted, the
desired physical and chemical properties can be generated in the
compound, which is referred to as “crystal engineering”. By employing
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crystal engineering, advanced materials including porous coordination
polymers can be prepared.

Coordination polymers with various structures have been self-
assembled from a wide variety of metal ions and organic building
blocks. Self-assembled coordination polymers with well-defined chan-
nels or pores have attracted significant interests because they are
considered as zeolite analogues and have great potential in the appli-
cations to adsorption and separation processes (I-10), ion exchange
(11,12), catalysis (13,14), and sensor technology (15,16). Zeolites have
uniform pore sizes and shapes and are thermally stable, and thus they
are widely employed as adsorbents and catalysts. However, the pore
size and shape of zeolites cannot be easily modified. On the other hand,
the pore size and shape of coordination polymers can be easily con-
trolled by selecting the metal and organic building blocks. In addition,
various chemical environments can also be generated on the surface of
the voids or channels, which are advantageous in selective guest
binding, recognition, storage of molecules, and catalysis.

Despite the extensive studies, however, the applications of coordi-
nation polymer open frameworks are limited as compared to zeolites.
This is because of the following reasons. (1) The self-assembly of
a simple metal ion and connecting ligand often provides self-
interpenetrating or catenated structures in which the channels or
pores are blocked. (2) Even if an open structure is constructed, the
pores are filled with guest molecules. On removal of the guest mol-
ecules, the entire framework structure collapses. (3) Coordination pol-
ymers are, in general, thermally unstable as compared with inorganic
zeolites and are destroyed at high temperatures (>200°C) or even at
low temperatures under vacuum condition. (4) They are often soluble
in solvents and dissociate into their building blocks (7—-9,17-21).

Therefore, in the design of coordination polymer open frameworks
as functional materials, we should consider the manner in which per-
manent porosity, insolubility, and thermal stability can be generated.

In the self-assembly of porous coordination polymers, free metal ions
are commonly used as the metal building blocks, and macrocyclic com-
plexes have seldom been employed (6—10,17-22). This is because the
synthesis of macrocyclic complexes is known to be difficult. However,
simple one-pot template synthetic methods for Ni(II) and Cu(Il) hexaaza
macrocyclic complexes have been developed and are well documented
(23). Various Ni(II) or Cu(Il) hexaaza macrocyclic complexes thus syn-
thesized contain various pendants such as methyl, hydroxyethyl, cyano-
ethyl, and pyridyl groups at the bridgehead positions (23—25).

The utilization of macrocyclic complexes offers several advantages
over free metal ions in the assembly of multidimensional coordination
polymer networks. Free metal ions contain many binding sites for the
ligand, and thus the extending direction of the network cannot be easily
controlled. However, the macrocyclic complexes in square-planar
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geometries contain only two empty coordination sites at the trans
positions, thereby acting as linear linkers for the ligands. Therefore, the
utilization of macrocyclic complexes enables the control of the extending
direction of networks, which simplifies the design and prediction of the
network structures. Furthermore, macrocyclic complexes simplify the
coordination mode of the ligand because of the bulkiness of the mac-
rocycle. For example, a free metal ion binds 1,4-benzenedicarboxylate
with the coordination modes of a—c. However, macrocyclic complexes in
a square-planar geometry bind the ligands only in the ¢ mode due to the
steric hindrance between the macrocyclic ligands in the a mode. In the b
mode, the macrocyclic complexes exhibit a folded structure that might
experience significant strain. Furthermore, various functional groups
can be attached to the macrocyclic frameworks to induce intermolecular
interactions. Macrocyclic complexes are expected to prevent the inter-
penetration of the network, which can be considered as a major imped-
iment in the construction of open structures.

We built various coordination polymer open frameworks by utilizing
macrocyclic complexes and organic ligands (6—10,17—-22). The assem-
bly and properties will be reviewed in this article. The macrocyclic
complexes employed in the assembly of coordination polymer open
frameworks are described as follows.
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The organic building blocks (ligands) and their abbreviations are as

follows.
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The abbreviations of the organic building blocks and solvents are
provided in Chart 1.

The coordination polymers of open structures thus prepared are able
to exhibit porosity, gas storage capabilities, and selective guest binding
properties for various guest molecules. Many of them show single-
crystal-to-single-crystal transformations on the removal and reintro-
duction of guest molecules, which involve changes in the framework
structures by the dynamic motions of the molecular components. In
addition, the coordination polymers incorporating Ni(II) macrocyclic
species can be employed in the preparation of small-sized silver nano-
particles by using their redox property.
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CHaRT 1.
Hy,BDC 1,4-benzenedicarboxylic acid
H,BPyDC 2,2'-bipyridyl-5,5'-dicarboxylic acid
H,BPDC 4,4'-biphenyldicarboxylic acid
H3;BTC 1,3,5-benzenetricarboxylic acid
H3;CTC cis,cis-1,3,5-cyclohexanetricarboxylic acid
H,TCM tetrakis[4-(carboxyphenyl)oxamethyllmethane
H;TCPEB 1,3,5-tris[2-(4-carboxylphenyl)-1-ethynyl|benzene
DMF N,N’-dimethylformamide
DMSO dimethylsulfoxide
MeOH methyl alcohol
EtOH ethyl alcohol
iso-PrOH isopropyl alcohol
BzOH benzyl alcohol
BuOH butyl alcohol
PhOH phenol
MeCN acetonitrile
Pyr pyridine
HAP 4-hydroxyacetophenone
THB 1,3,5-trihydroxybenzene

In this review, we will describe assembly, functions, and single-
crystal-to-single-crystal transformations of coordination polymer open
frameworks incorporating Ni(II) or Cu(II) macrocyclic complexes.

II. Design Strategies for the Construction of Porous Coordination Polymers

1D, 2D, and 3D strategies have been applied in the construction of
coordination polymer open frameworks (Scheme 1). In the 1D strategy,
1D chains are assembled from metal and organic building blocks,
which are packed in particular modes to generate the channels. In the
2D strategy, 2D layers with pores are constructed and are stacked by
the interlayer interactions to align the pores and generate the chan-
nels. A pillared bilayer network, where 2D layers with pores are con-
nected with covalent bonds, is also assembled. In the 3D strategy, 3D
diamondoid networks are constructed by connecting the tetrahedral
organic building blocks with linear metal linkers.

Although this review deals with polymeric crystalline coordination
polymer open frameworks constructed of macrocyclic complexes, the
structural design principles are quite similar to those for supramolec-
ular materials, for which host-guest chemistry has been reported
(26,27).

A. 1D STRATEGIES

When Ni(ITI) macrocyclic complexes with a square-planar geometry
are connected by linear bidentate ligands, 1D chains are formed. The
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ScHEME 1. Various strategies for self-assembly of coordination polymer
open frameworks.

1D chains are packed in various modes, as described in Scheme 2.
In most cases, linear rods pack in a parallel manner, which cannot
yield a porous structure. However, when the molecular building blocks
constructing the linear rods have an appropriate shape and length, the
rods would pack such that pores or channels are generated. Various
rod packing modes have been mathematically analyzed in the
literature (28).

ScHEME 2. Rod packing modes.
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A.1. Self-assembly of Ni(Il) hexaaza macrocyclic complex [Ni(L)F*
(L; = C;2H30NgO0s) with 1,4-benzenedicarboxylate (BDC?7) (20)

W OH Q o
NN N s >—®—§ —»1
Ho—" N~ N~ -0 0
H\_/ H
INi(L,)]2* BDC?-

When a Ni(II) macrocyclic complex with hydroxyl pendants
[Ni(L,)]** is mixed with NasBDC in MeCN/H,0, each Ni(II) ion in
the macrocyclic complex is coordinated with two carboxylate oxygen
atoms of BDC?™ at the trans position, and each BDC?~ binds two metal
ions in an exo-bidentate mode, which results in linear coordination
polymer chain {{Ni(L;)(BDC)l}, - 4nH50 (1) (Fig. 1). In the solid state,
two different series of 1D chains extend in different directions. Within
the same serjes of the 1D chains, the closest distance between the
chains is 9.0 A. The two different series of chains pack alternately in a
manner similar to plywood, generating 1D channels. They are inter-
connected by the hydrogen-bonding interactions between the pendant
hydroxyl groups of the macrocycles belonging to a polymer chain and
the secondary amines of the macrocycles belonging to the other
polymer chain. The lattice water molecules occupy the open space. The
TGA data indicates that all the guest water molecules can be removed
at 56-130°C, and the remaining framework is thermally stable up to
200°C. The void volume per unit cell estimated by PLATON (29) is
14.8%. The XRPD patterns indicate that the structure changes on
desolvation. However, when the desolvated solid is suspended in water
only for 1 min, the structure of the original crystal is restored.

A.2. Self-assembly of [Ni(Lo)F* (Ls = cyclam = 1,4,8,11-tetraazacyclotetrade-
cane) with 2,2'-bipyridyl-5,5'-dicarboxylate (BPyDCﬁ_) (6)

H/ \NH
G+ o500~ 0=
Ni, —» 2
N" N e \ N/ \N / e}
H\—H
[Ni(Lp)]%* BPyDC

Although various linear coordination polymers have been constructed
(20,21), (30— 32), the ones exhibiting permanent porosity, gas adsorption
(33), or selective guest binding ability are limited. A 1D coordination
polymer {{Ni(Ly)(BPyDC)]-5H50}, (2) has been assembled from the
Ni(II) macrocyclic complex [Ni(Lg)(ClO4) and DBPyDC2_. Within a
chain, Ni---Ni separation is 15.56 A, which is ~4 A greater than that of
[Ni(L;)(BDC)], - 4nH50 (1) (11.5A). The BPyDC?™ ligand is planar and
is located in a direction almost perpendicular to the coordination plane
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Fic. 1. (a) 1D linear coordination polymer chain constructed of [Ni(L;)]**
and BDC?". (b) Schematic diagram showing how 1D linear chains pack to
form channels. Dashed lines indicate hydrogen-bonding interactions between
1D chains.

of the macrocycle (dihedral angle = 85.1(1)°), which results in grooves
between the macrocycles in the 1D chain. In the crystal structure, three
series of 1D coordination polymer chains extend in three different di-
rections (Fig. 2), and they are packed in the form of a double network of
threefold braids (28). In other words, two threefold braids of slanting
rods are packed with an inversion of the braids when translated in the
perpendicular direction. In the threefold braids, three rods are entan-
gled by fitting the macrocycles of the chain into the grooves of other
chains. Furthermore, the second threefold braids pack over the first
braids such that the macrocycles are located on the grooves of the first
ones to fit in a key-and-lock style, which results in a remarkably robust
framework. The 1D chains are linked to each other by C-H-rn interac-
tions between carbon atoms of the macrocycles and the pyridyl rings of
BPyDC?". The packing of 1D coordination polymer chains generates 1D
channels that have honeycomb-like openings with a diameter of 10.0 A

Fic. 2. X-ray structure of 2. (a) An ORTEP view of the linear coordination
polymer chain. (b) a CPK view of (a). (c) Double network of threefold braids
where macrocycles fit into the grooves created by BPyDC?~ ligands. (d) A
view showing the stacking of the linear chains to generate 1D channels.
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(effective size: 5.8A). The channels are filled with the guest water
molecules. The free volume of the materials estimated using the Ny gas
sorption data is 37%.

The solid material is insoluble in water and common organic sol-
vents. It is stable up to 300°C. Solid 2 is extremely robust such that its
open structure is retained during several cycles of the dehydration and
rehydration processes. In addition, it exhibits a permanent porosity,
H, gas storage ability, and selective guest binding property, which will
be discussed in Sections IIT and IV.B.

3. Self-assembly of [NiLs)FP" (Ls=310-dimethyl-1,3,5,8,10,12-hexaazacy-
clotetradecane) and 4,4’ -biphenyldicarboxylate (BPDC?~) (34)

H/\H i
C oo >4 )~ )=
HsC-N Ni N—CHj +
3 N N 3t o o —» 3
H\_/H
[Ni(Lg)1?* BPDC?”

The self-assembly of [Ni(L3)I(C104)2 and NagBPDC in a HoO/pyridine
mixture results in {[Ni(Lg)ls(BPDC)s}-2pyr-6H0 (3; BPDC = 4,4'-
biphenyldicarboxylate), which has a similar structure as 2. In the
crystal state of 3, the linear coordination polymer chains pack as a double
network of threefold braids (28), which generates 1D channels with hon-
eycomb-shaped windows (diameter = 9.7 A and effective pore size = 7.3 A).

In general, when any of the building blocks or the solvent system is
changed in the self-assembly, it would result in a framework of differ-
ent structure (18,35). However, in this case, even if the metal and
organic building blocks as well as the solvent system are changed, a
structure similar to that of 2 is created. Furthermore, in the structure
of 3, the flat BPDC?~ ligands form grooves between the macrocycles in
a linear coordination polymer chain, and the macrocycles of the other
chain fit into the grooves of the former in the key-and-lock style,
thereby resulting in a robust framework (Fig. 3). Solid 3 is insoluble in
water or organic solvents. A thermogravimetric analysis indicates that
all the guest molecules can be removed at 138°C and the apohost is
stable up to 250°C. The X-ray powder diffraction (XRPD) pattern of the
desolvated solid is same as that of the as-prepared solid, indicating
that the open structure created by the packing of 1D linear coordina-
tion polymer chains is intact even after the removal of the guest mol-
ecules. Solid 3 shows a permanent porosity and the Hy gas adsorption
capability, which will be discussed in Section III.

B. 2D STRATEGIES

2D networks having honeycomb-like cavities can be created when
triangular building blocks are placed at every corner of a hexagon and
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Fic. 3. X-ray structure of 3. (a) An ORTEP view of the linear coordination
polymer of 3. (b) Double network of threefold braids where macrocycles fit
into the grooves created by BPDC?™. (c) A view showing the stacking of the
linear chains to generate 1D channels.

linked by the linear linkers. In other words, if a tricarboxylate ligand
is employed as the triangular building block and a macrocyclic com-
plex with a square-planar geometry is used as the linear linker, a 2D
coordination polymer with honeycomb cavities is created (Scheme 3).
Then, each honeycomb cavity consists of six macrocyclic complexes
and six carboxylate ligands. Every M(II) macrocyclic complex is shared
by two cavities and every carboxylate ligand is shared by three cavities,
and thus the stoichiometry of the 2D network becomes M™:L = 3:2.
If Ni(II) or Cu(Il) macrocyclic complexes are self-assembled using
tricarboxylate ligands, an electronically neutral 2D network will be
formed.

ScuEME 3. Control of cavity size of 2D network by triconnecting ligand.

If the 2D layers were stacked by the interlayer interactions such as
hydrogen-bonding or n—n stacking interactions, the pores of the 2D
layers would be aligned to create the channels. In order to induce the
layers to stack via interlayer interactions, functional pendants such as
hydroxyl or pyridyl groups can be attached to the macrocyclic ligands.
The pore size of the 2D network depends on the size of the tricar-
boxylate ligands. Mathematically, the diagonal length of the honey-
comb cavity will be four times that of the length of an arm of the
tricarboxylate. That is, if a tricarboxylate ligand with an arm length of
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[ A is used as an organic building block, the resulting structure would
contain hexagonal cavities with a diameter of 47 A.

The 2D structures are affected by the type of macrocycle, metal ion,
the size of the tricarboxylate ligand, and the solvent system, as
discussed in this section.

B.1. Noninterpenetrating 2D networks

(a) Self-assembly of Ni(Il) macrocyclic complex with hydroxyl pendants
[NiL)F* with 1,3,5-benzenetricarboxylate (BTC?~) (18). The self-
assembly of a square-planar Ni(II) macrocyclic complex containing
hydroxyl pendant chains [Ni(L;)]** and BTC?®~ salt in H,O/DMF re-
sults in a 2D coordination polymer {{Ni(L;)]3[BTC]; - 18H,0}, (4) with
brick-wall cavities (Fig. 4a). When either a similar self-assembly is
performed in the presence of pyridine or 4 is re-assembled in water in
the presence of an excess amount of pyridine, a 2D coordination pol-
ymer with honeycomb cavities {{Ni(L)I3s[BTC]ls-14H50 - 2pyr}, (5) is
formed (Fig. 4b).

HO_ O
/—HN/__—,\NH—\ JOH
HOJN¥N--NK~NJN + 0 oH —» 4or5
H\—/H OH o
[Ni(L,)]2* H,BTC

In the crystal structures of 4 and 5, each Ni(II) macrocyclic complex
binds two BTC3~ in the trans position and each BTC3~ is coordinated
with three Ni(II) macrocyclic units to construct a 2D layer. The for-
mation of different cavity shapes in 4 and 5 is attributed to the differ-
ent coordination modes of the BTC3~ anion. The BTC3~ coordinates
metal ions via C; symmetry in 4, while it coordinates metal ions via
C3 rotational symmetry in 5. The layers are interconnected by the

Fic. 4. CPK representations of the 2D layers for (a)
[Ni(L1)]3[BTCls - 18H50 (4) and (b) [Ni(L;)Is[BTCls - 14H50 - 2pyr (5).
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hydrogen-bonding interactions between the hydroxyl pendants of
the macrocycle in a particular layer and the secondary amines of
the macrocycle located in the neighboring layers, which results in 3D
structures generating 1D channels. The symmetrical binding mode of
BTC3? in 5 is induced by the n—= interactions of the included pyridine
molecules with the benzene rings of BTC3~ anions in the host layers.
The effective cavity sizes of 4 and 5 with the consideration of van der
Waals surfaces are ~6.7 x 13 and 11.4 x 11. 4A2 respectively.

Solids 4 and 5 are stable up to 190°C and 200° C, respectively. The
XRPD patterns for the desolvated solids indicate the structural
changes that occur on the removal of guest molecules when compared
with those of the as-prepared samples. The distance between the
layers might change due to the removal of the guest molecules.

In 4 and 5, the macrocyclic complex acts as a bifunctional building
block that involves coordination of ligands as well as interlayer
hydrogen-bonding interactions in order to result in a 3D structure
from the 2D network. In particular, the results indicate that even a
partial change in the guest molecules affects the topology of the host
structure in the self-assembly of metal and o 3ganlc building blocks.

(b) Self-assembly of [Ni(Ls)P* and BTC’~ (9). A 3D network
{[N1(L2)(H20)2]3[BTC]2} 24nH,0 (6) is assembled from [Ni(Lg)**
and BTC?". The [Ni(Ly)** complex binds water molecules at the axial
sites (23), Whlch form hydrogen bonds with the carboxylate oxygen
atoms of BTC?~

o

A H
INi(Lo)I2* BTC3-

In 6, each Ni(II) macrocyclic complex coordlnated with water mol-
ecules forms hydrogen bonds with two BT'C®~ units in the up and down
directions with respect to the macrocyclic plane, and each BTC?"
interacts with three Ni(II) units. Thus, the positively charged macro-
cyclic complex layers and negatively charged organic layers are alter-
nately packed closely (3.70A), leaving no open spaces on the side
directions (Fig. 5). The network forms 1D channels with honeycomb
apertures in a direction perpendicular to the 2D layers. The effective
window size of the honeycomb channels is 10.3 A (in diameter), as
measured from the distance between the van der Waals surfaces of the
opposing macrocyclic walls.

The TGA data for 6 indicates a loss in weight at 54, 85, and 135°C,
which correspond to the loss of twelve simple guest molecules, twelve
hydrogen-bonded water guest molecules, and two coordinated water
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Fic. 5. X-ray structure of 6. (a) An ORTEP drawing of the asymmetric
unit. (b) View of the ab plane. Water molecules included in the channels are
omitted for clarity. (¢) CPK representation of the ac and bc planes.

molecules, respectively, per formula unit. The compound is stable up to
210°C. When the solvent guest molecules are removed, the X-ray
diffraction (XRD) pattern of the dried solid exhibits a deformed frame-
work structure. However, when the dried solid is suspended in water
for 5min, the same XRD pattern as that of the original crystal (6) is
regenerated. The dried solid of 6 is used to differentiate glucose and
maltose, as discussed in Section IV.B.

(¢) Self-assembly of [Ni(Ls)?* and BTC?~ (10). When the macrocycle
of the metal buildin§ block was changed from Ly to Ls in the self-
assembly with BTC®~, [Ni(L3)]s[BTCls-18H50 (7), whose network
structure is different from 6, was formed (Fig. 6).

o. 0O
H/ "\ H
/—N. N
HSC*N¥N“N|\N N—CH, o o —P» 7
H\—H
o} o}
[Ni(Ls)J?* BTCS3-

The azacyclam complex [Ni(Ls)]** exhibits a considerably smaller
equilibrium constant (K) when compared with [Ni(Lg)]** for water



52 M. P. SUH AND H. R. MOON

Fic. 6. A CPK representation showing the top view of a 2D layer of
[Ni(L3)Is[BTC]; - 18H,0 (7).

binding (23), and the self-assembly between [Ni(Ls)I** and BTC?" in
DMEF/H50 leads to the direct coordination of carboxylate groups of
BTC? to the Ni(II) ion, which results in a 2D network with brick-wall
cavities. The solid is insoluble in any solvent except HyO. The acces-
sible void of the channel is 12.5 x 6.8 A2 after taking into consideration
of the van der Waals surfaces. The apohost of 7 is thermally stable up
to 240°C. A few lines in the XRPD pattern of 7 are slightly broadened
when crystal 7 is heated at 100°C for 1h, but their positions remain
unaltered. When water vapor is diffused into the dried solid of 7, the
same XRPD pattern as that of the original crystal is regenerated.

(d) Self-assembly of Ni(Il) hexaaza macrocyclic complex having pyridyl
pendants ([Ni(Ly)F*) with cis,cis-1,3,5-cyclohexanetricarboxylate
(CTC37) (8). The self-assembly of [Ni(L,)]** with H;CTC in pyridine
and TEA results in the 3D open frameworks [Ni(L,)J[H,CTCls - 4H50
(8) and [Ni(Ly)I3[CTC]s-16H50 (9), respectively, depending on the
degree of deprotonation of H3CTC.

Ne—
(0]
\ 7/ H/M\ o)
N Ni? N HO OH —» 8o0r9
H\—/H 7\ 0" on
=N
[Ni(L4)]2+ H3;CTC

Solid 8 consists of a belt-like 1D chain with rectangular synthons
(Fig. 7). The 1D chains are linked together by means of lattice water
molecules by the hydrogen-bonding interactions, thereby generating
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Fic. 7. (a) One-dimensional chains of 8, which are linked by hydrogen-
bonding interactions. Hydrogen bonds are indicated by dashed lines. (b) A
CPK representation showing offset n—r stacking interactions between the two
1D chains of 8. The effective void size of 8 is about 3.8 x 9.8 A2 (¢) A CPK
representation of the 3D structure of 8.

2D networks, which are further connected to one another by the offset
n—n stacking interactions between the pendant pyridine rings to result
in a 3D structure generating the channels. Solid 9 consists of puckered
honeycomb-like sheets in which the pendant pyridine rings are
involved in the hydrogen-bonding and edge-to-face n—n interactions
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Fic. 8. (a) A CPK representation of a single layer of 9. The effective size of
a void is about 4.0 x 8.5A% (b) A CPK view of the packed structure of 9
showing the channels.

(Fig. 8). Between the layers, the pendant pyridine rings belonging to
the neighboring layers participate in the offset n—n stacking interac-
tions, which result in a 3D network structure. Solids 8 and 9 are
insoluble in all solvents. The XRPD patterns indicate that the frame-
works of 8 and 9 are deformed when the guest water molecules are
removed, but they are restored upon the rebinding of water.

(e) Self-assembly of [Cu(L3)F* with BTC®~ (7). The construction of a
water column or an organic network is possible by the assembly of
coordination polymer network. A coordination polymer [Cu(Lj3)ls
[BTC]; - 18H50 (10) was constructed by the self-assembly of Cu(II)
complex of hexaaza macrocycle Ls (Ls = C10Hg6Ng) with BTC?™ in

DMSO/H30.

o O
H/ "\ H
/N N—
H;C—N Cu N—CH - 10
SN U NCH, o o —»
H\/H 0- o)
[Cu(Lg)?* BTC®

The X-ray crystal structure of 10 indicates that 2D coordination
polymer layers with honeycomb cavities (effective size: 8.1A) are
formed, and these layers are packed to generate 1D channels in a
direction perpendicular to the 2D layers. In the channels of 10,
hexagonal water columns are formed, which cannot exist in the bulk
water state. By the treatment of 10 with an aqueous solution of phe-
nol, a hybrid solid [Cu(Ls3)]3[BTC]l; - 9PhOH - 6H,0 (11) was assembled
(Fig. 9). In 11, highly ordered 2D noncovalent phenol layers are formed
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Fic. 9. X-ray structure of [Cu(Ls3)l3[BTCls-9PhOH . -6H,0 (11). (a) Top
view. (b) Noncovalent phenol layer. (¢) Side view showing alternately packed
host frameworks and phenol layers.

by the edge-to-face n—rn interactions between the phenol molecules, and
they are alternately packed with the coordination polymer host layers
in the crystal lattice.

B.2. Interpenetrating 2D networks

(a). Self-assembly of [Ni(Ls)F* and 1,3,5-tris[2-(4-carboxylphenyl)-
I-ethynyl/benzene (TCPEB?~) (36). In most cases, macrocyclic com-
plexes provide non-interpenetrating coordination polymer networks.
However, the self-assembly of macrocyclic complexes with a consider-
ably larger tricarboxylate ligand, results in an interpenetrating or
interwoven structure. The self-assembly of [Ni(Lg)]>* complex with
TCPEB?~ in a mixture of DMF/H,O/pyridine (1.5/2/3, v/v) results in
the 2D (6,3) network [Ni(Ly)I5[TCPEB]; - 6pyr - 4H50 (12).

-0 0

H/ \H Il
C Ni } . —» 12
NN ()
H\—/H = AN
o M .o
o- o)
INi(Lo)I?* TCPEB%-

12 is expected to have honeycomb cavities with diameters of
~49-53 A, which are significantly greater than those in the 2D net-
works constructed from BTC?~. However, the cavities are extremely
large and the 2D layers are triply interwoven, thereby generating
smaller triangular voids of dimensions 23.6 A x 23.5 A x 23.7 A with an
effective cavity size ~18.4A x 14.7A x 9.5A. In this structure, two
layers are not interpenetrated, but the third layer interweaves them
resulting in 3-borromean layers (Fig. 10).
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Fic. 10. X-ray structure of [Ni(Lg)|3[TCPEB], - 6pyr - 4H20 (12). (a) Triply
interwoven structure of 12. (b) Any two layers of triply interwoven structure
in 12 are not interpenetrated.

Solid 12 contains 35% free volume of the crystal volume, as esti-
mated by PLATON (29), and exhibits thermal stability up to 300°C.
Although the free H3TCPEB ligand itself emits fluorescent light, the
emission is quenched in 12 due to the paramagnetic Ni(Il) ions that
are coordinated to the carboxylate groups of TCPEB3~.

B.3.  Self-assembly of pillared bilayer network (17)

A pillared bilayer network [Nig(Ls)]s[BTCly - 6pyr-36H50 (BOF-1,
13; Ls = Co6H52N19) was assembled from Ni(II) bismacrocyclic com-
plex [Niy(Ls)]** and BTC?~ (Scheme 4). Since each Ni(II) ion of the
macrocyclic complex is involved in the formation of the 2D network,
two 2D layers are formed. The xylyl groups of the bismacrocyclic com-
plexes act as the pillars linking the two 2D layers. The X-ray structure

ScHEME 4. Construction of pillared bilayer network.
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Fic. 11. X-ray structure of BOF-1 (13). (a) Top view showing 2D layers of
brick-wall motif. (b) Side view showing pillared bilayer structure [thickness of
bilayer, 11.91(1) Al.

of 13 (Fig. 11) shows that the 2D layers have brick-wall cavities with
a size of 23 A x 14 A, and they are linked by xylyl pillars. Solid 13
contains 3D channels. The interlayer distance is ~11.9 A and the side
window is 14.5 A. The void volume of 13 is 61%, which is considerably
greater than that of zeolites.

When the single crystal of 13 is dried in air and then heated at 75°C
for 1.5h, [Niy(Ls)Is[BTCls - 30H20 (13-1) and [Niy(Ls)1s[BTCl, - 4H50
(13-2) are formed with the retention of the single crystallinity. The
X-ray structures of 13-1 and 13-2 reveal a sponge-like dynamic be-
havior of the bilayer framework that reduces the interlayer distance in
response to the amount of guest molecules, as described in Section V.B.
When 13 is immersed in pyridine and benzene, the guest molecules
were exchanged with the retention of the single-crystal nature, re-
sulting in [Niy(Ls)Is[BTCls-20pyr-6H,O (13-3) and [Niy(Ls)ls
[BTC]l, - 14benzene - 19H,O (13-4), respectively. Solid 13-2 shows a
function to differentiate various alcohols, as described in Section IV.B.
Furthermore, crystal 13 reacts with I, via a single-crystal-to-single-
crystal transformation to produce [Nis(Ls)Is[BTCly(I3)4-nls-17H50
(18-5) that consists of a positively charged framework incorporating
Ni(III) and Ni(II) ions and the channels including I3 and I, as de-
scribed in Section VI.A.

C. 3D STRATEGIES

C.1. Self-assembly of [Ni(Ly)P* with tetrakis/4-(carboxyphenyl)oxamethyl]-
methane (TCM*~) (37)

If tetrahedral building blocks are linked by the linear linkers, a
diamondoid network with adamantanoid cages would be formed. The
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ScHEME 5. Construction of 3D diamondoid network.

self-assembly of [Ni(Ly)1(Cl104)s and Na,TCM in DMF/H,0 (1:1, v/v)
results in the diamondoid network [Ni(Ly)]lo[TCM]- 2DMF - 10H50 (14)
(Scheme 5). In 14, each Ni(II) ion is coordinated with two different
TCM*~ ligands at the axial sites to exhibit a distorted octahedral co-
ordination geometry, and each TCM*~ ligand binds four [Ni(Ly)]**
complexes in a tetrahedral manner, which gives rise to a diamondoid
network comprising large adamantanoid cages with dimensions of
49.2 A x 50.8 A x 44.3 A (the longest intracage distances). Such a large
cavity induces an unusual 8-fold interpenetration of the networks in
the [4+4] mode (Fig. 12). In other words, four networks form a set and
the other four networks form the other set, and they are interpene-
trated. Occasionally, interpenetration becomes an impediment to

Fic. 12. X-ray structure of 14. The 8-fold interpenetrating diamondoid
networks in the [4+4] mode, which generate 1D channels (effective window
size, 4.7 x 6.7 A2).
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achievement of large-sized channels or cavities, although it sometimes
results in a permanent porosity in the structure (38,39). Despite the
high-fold interpenetration, compound 14 generates 1D channels with
an effective window size of 6.7 A x 4.7 A. The network exhibits a flex-
ible behavior: it becomes nonporous on the removal of the guest
molecules that occupy the channels, as verified by the Ny gas sorption
measurement. However, the open structure is restored when the
desolvated solid is immersed in a mixture of HoO/DMF (1:1, v/v) for
5min, as evidenced by the XRPD patterns.

lll. Porosity
A. TyprEs or GAS SORPTION ISOTHERMS

When the solid adsorbs a significant amount of gases, it is regarded
as a porous material. When the solid adsorbs gas, its porosity is de-
fined as the ratio of volume of open spaces to the total volume of the
solid, and this value is estimated from the gas sorption data. Table I
shows the classification of pore types according to the pore size.

The BET (Brunauer-Emmett-Teller) or Langmuir surface areas,
pore volume, and pore size can be estimated from the gas sorption
data. A porous material is considered as an adsorbent and the gas as
an adsorbate. Adsorption occurs due to the forces between the ad-
sorbent and the adsorbate. Based on the interacting forces, there are
two types of sorptions: physisorption and chemisorption. In
physisorption, van der Waals forces cause the condensation of vapor
to liquid, while chemisorption involves a covalent bond formation be-
tween the adsorbent and the adsorbate.

According to the pore size and the adsorption force, the gas sorption
isotherms can be classified into six types (Fig. 13) (40,41). Type 1
isotherm curves are exhibited by microporous solids, zeolites, molec-
ular sieves, and activated carbon. This curve is characterized by a high
knee at the initial step leading to saturation, where the plateau in-
dicates the adsorbed amount. A Type I isotherm curve implies that the
adsorbate forms a monolayer in the pore. Type II isotherm is exhibited
by the unrestricted monolayer-multilayer adsorption on nonporous or
macroporous adsorbents. Type III and V isotherm curves are charac-
terized by convexity towards the P/P, axis, beginning at the origin,

TABLE I

CLASSIFICATION OF PORES (40,41)

Width
Micropores Less than ~20 A (2nm) i
Mesopores Between ~20 and ~500 A (2 and 50 nm)

Macropores More than ~500 A (50 nm)
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\% \Y \

Relative pressure, p/p,

Fic. 13. Various types of gas sorption isotherms (40,41).

which implies a weak adsorbent-adsorbate interaction. Type III iso-
therms are seldom encountered. A well-known example is the adsorp-
tion of water vapor on nonporous carbon. Type IV and Type V
isotherms are the characteristics of mesoporous adsorbents. The initial
differences in P/P, are due to the difference in the strength of the
adsorbent-adsorbate and the adsorbate—adsorbate interactions. Type
VI isotherms are associated with capillary condensation in the meso-
pores, indicated by the steep slope observed at a higher value of P/P,.
The initial part of the Type VI isotherm follows the same path as that
of Type II.

The adsorption mechanism of a gas adsorbate on a solid is expressed
by the Langmuir equation or the BET model. The former is with regard
to the monolayer adsorption of the adsorbate and the latter is with
regard to multilayer adsorption (10,40,41). The surface area, pore vol-
ume, and pore distribution of microporous materials are estimated using
the Langmuir equation, Dubinin—-Radushkevich isotherm equation, and
Horvath-Kawazoe pore size distribution equation, respectively. The
Dubinin—Radushkevich equation provides a reliable assessment of the
total micropore volume when all the pores are narrow, thereby resulting
in a primary micropore filling. The Horvath-Kawazoe method estimates
the pore size distribution of a microporous solid from the low relative
pressure region of the adsorption isotherm.

Table II shows the various adsorbates with their measuring tem-
peratures and molecular areas (Ay;). For evaluation of both the surface
area and the pore size distribution of a solid from a single isotherm, Ny
gas is the most suitable adsorbate. For the determination of only the
surface area, Ar provides an alternative, although Ar cannot be used
for the assessment of pore size distribution at temperatures around
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TABLE II
VALUES OF MOLECULAR AREA Ay (40)
Adsorbate Ay in A2 (T/K)
N, 16.2 (78)
Kr 15.2,% 20.8° (78)
29.7,% 43.4% (195)
Butane 32.1,% 46.9° (273)
24.7,% 37.5° (195)
Freon-21 26.4,% 40.1° (273)
Ar 13.8 (from liquid, 87.29)
16.6 (nonporous solid, 78)
Xe 18.2-25 (77 K-90K)
17.0 (on metal)
Water 20(298)
Benzene 43
0, 14.3 (77.3K), 15.4 (90K)
CO, 14.1~22.0 (195K)

20.6 (carbon black)
19.1 (porous alumina)

?Values obtained from the equation of Ay, = 1.091(M/pzL)?2 (p;, = density in the liquid phase).
®Values revised experimentally by comparison of the surface area of various materials.

77 K. If the specific surface area is very low (<5m?g~1), Kr also offers
considerably high precision in the actual measurement of adsorption.

B. Ny Gas SorpTioN OF VARIOUS COORDINATION POLYMER SOLIDS

The gas sorption should be measured on the dried solid of the open
framework. However, the open framework often collapses and exhibits
non-porosity when the guest molecules included in the pores are
removed.

Solids 2 and 3 that are constructed by the packing of the linear
coordination polymer chains exhibit a permanent porosity. They
adsorb Ny gas and exhibit reversible Type I isotherms (Flg 14) The
Langmulr surface area and pore volume are 817 m? g and
0.37 cm® em 3, respectively, for 2, and 691m?g ! and 0.45cm®cm 3,
respectively, for 3. These are comg)ared favorably with those of zeolites
(pore volume: 0.18-0.47 cm®cm ™) (42). The data are compared with
those of the other porous metal-organic frameworks that were pre-
pared from the solvothermal reactions of free metal ions and organic
building blocks (Table III).

Solids 4-13, which are formed of 2D layers, do not exhibit porosity
even though they contain channels or pores. This is probably because
the stacking of the layers is deformed upon desolvation. Solid 14 with
an eight-fold interpenetrating 3D diamondoid network also becomes
nonporous upon desolvation.
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Fic. 14. N, and H, gas sorption isotherms for (a) 2 and (b) 3.

TABLE III

Porostty oF VARIOUS COORDINATION POLYMERS®
Compound Cavity size (A), (void Surface area (m2g™?), Thermal Ref.

volume, %) (pore volume) Stability (°C)
[Ni(Ly)(BPyDC)] (2) 5.8 817 (0.37 cm3 cm—3) 300 6
[{Ni(L3)3(BPDC)3] (3) ’_7.3 691 (0.45 cm3 cm—3) 250 20
[Zn,O(NTB)s] g.O 1121 (0.51 cm3 cm—3) 430 46
[Cus(BTB)y(H50)s] (33:25—11.85, 16.4 1502 (0.53cm3g—1) 250 38
[Zn,O(BTC)3] (6752.1, 15.1 2900 (0.61-0.54 cm3g—1) 300 43
[Zn,O(BTB),] (55_611(;.8 4500 (0.69 cm3 cm—3) 350 41
[Cus(BTC)o(H50)sl, (819) 918 (0.333cm3 g—1) 240 44
[Cus(ATC)] E:(l)%5 560 (0.20 cm3 g—1) 260 45

“NTB = 4,4',4"-nitrilotrisbenzoic acid, BTB = 4,4',4"-benzene-1,3,5-triyl-tribenzoic acid,
ATC = 1,3,5,7-adamantane tetracarboxylic acid.

C. H, Gas SorprtioN OF VARIOUS COORDINATION POLYMER SOLIDS

Compounds that adsorb 6.0 wt% of H, gas at room temperature can
be practically employed as H, gas storage materials with respect to U.
S. Department of Energy guidelines. Porous materials 2 and 3 that are
constructed of 1D coordination polymer chains incorporating Ni(II)
macrocyclic complexes adsorb Hs gas. Solid 2 adsorbs H, gas up to
1.1wt% at 77K and 1 atm. Solid 3 adsorbs Hy gas up to 0.72 wt% of Hy
gas at 77K and 1 atm. They are expected to adsorb less amount of H,
gas even under high pressures at room temperature. In addition, it
stores much less amount of Hy gas as compared with that (1.9 wt%) of
[Zn4(O)(NTB)2l, which has been prepared in our laboratory by the
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TABLE IV
H, Gas SorprioN DATA OF VARIOUS COORDINATION POLYMERS®
Compound? Hy sorprtion Number of Hy Ref.
capacity (wt%) molecule/formula unit
[Ni(L)(BPyDC)] (2) 1.1 3.2 6
[Ni(L3)3(BPDC)s] (3) 0.72 5.7 34
[Zn,(O)NTB)s] 1.9 9.7 46
[Zn4(O)BDC)s] 1.3 5.0 47
[Zn4(O)INDC)s] 1.5 6.9 47
[Zn4(O)HPDC)s] 1.6 9.3 47
[Zn,4(O)TMBDC)s] 0.89 4.2 47
[Zn4(O)BTB),1 1.25 7.1 47
Niy(bipy)o(NOg)s---CH;OH 0.99 4.1 48

“At 77K and 1 atm of H,.

bbipy = 4,4'-bipyridyl, NTB = 4,4’,4"-nitrilotrisbenzoic acid, NDC = naphthalene-2,6-dicar-
boxylate, HPDC = 4,5,9,10-tetrahydropyrene-2,7-dicarboxylate, TMBDC = tetramethyl- ben-
zene-1,4-dicarboxylate, BTB = benzene-1,3,5-tribenzoate.

solvothermal reaction of Zn?* ion and 4,4’,4”-nitrilotrisbenzoic acid
(HsNTB) in DEF (46). The H5 adsoprtion data of 2 and 3 are compared
with those of some other porous metal-organic frameworks that have
been prepared from the solvothermal reactions of free metal ions and
organic building blocks in Table IV.

IV. Guest Binding Properties

Porous coordination polymers capable of the selective sorption of
guest molecules would be useful as molecular filters or for molecular
separation. Some porous coordination polymers exhibit the selective
binding of guest molecules such as D-glucose, metal complexes, alco-
hols, and aromatic compounds (6-10,43,49).

A. EstiMATION OF FoRMATION CONSTANTS (K¢) oF THE HosST SoLID WITH
GUEST MOLECULES

In open framework solids, the voids or channels are filled with guest
molecules (in most cases with solvent molecules) when the coordination
polymers are prepared by the self-assembly in the solvent. This is
because the solids tend to form condensed materials. If the open space is
maintained even after the guest molecules are removed, the host solid
can bind other guest molecules depending on the size and chemical
environment of the voids. The guest molecules could be gases, solvent
molecules, organic compounds, and even transition metal complexes.
They are recognized by the cavities due to the intermolecular interac-
tions such as hydrogen bonds and/or n—r stacking interactions. The
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molecular-scale cavities of the hosts can potentially serve as storage
compartments (50), miniaturized reaction chambers (51), and catalytic
environments (52) in a manner that is similar to the ones used for (53)
more well-established zeolites (42).

For the host—guest complex (BS: G) formed between a binding site
(BS) of the insoluble host and a guest molecule (G), the formation
constant K¢ can be defined as k.4/kqc [Eq. (1)] by using the analogy with
the Langmuir isotherm for gas adsorption on solid surfaces
(6-10,45,54).

The plots of the concentration of G bound to BS ([BS - G]) against [G]
should be prepared. Then, K; and [BS], values can be estimated by
the analysis of the data according to Eq. (2). In this experiment, the
total concentration of the guest ([G],) should be varied such that
the 0 values (degree of saturation) are maintained in the range from
20 to 80%.

BS+GBS. G

kde

_kaa [BS-G]
"~ ke [BSIG]

(1)

If 0 is defined as the fractional coverage,

,_BS-Gl___ [G]
[BS],  (IGI+1/Ky)

_ ([(BS],/»)[G]

(2)

where w is the amount of host solid per unit volume of the solution
(gL™1) and [BS],/w is the binding capacity for the guest per gram of the
host.

An accurately measured amount of the dried host solid is immersed
in an appropriate solvent containing guest organic molecules at a fixed
temperature until equilibrium is attained. The solvent selected should
not interact with the host solid. The time required to attain equilib-
rium for the host—-guest complex formation is estimated by monitoring
the change in the guest concentration using spectrophotometry or the
gas chromatography (GC) method. The concentration changes in the
guest molecules are analyzed using any of the methods mentioned
above and then fitted into Eq. (2).
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B. SeLEcTIVE GUEST BINDING PROPERTIES OF VARIOUS FRAMEWORK SOLIDS

The dried solid of 2 is used to differentiate various organic guest
molecules such as EtOH, PhOH, pyridine, and benzene in an isooctane
medium (Fig. 15). It binds EtOH and PhOH with high affinity by
forming hydrogen bonds with the carbonyl group exposed on the
channel surface of the host, and it less satisfactorily binds aromatic
guests (Table V).

The dried solid of 6 is used to differentiate p-glucose and maltose due
to the size fit of glucose into the channels (Fig. 16) (9). In methanol
containing 5% water at 30°C, host 6 binds DbD-glucose with
Kr=(1.3840.01) x 10* and by 0.405-0.004 mol% with respect to the
number of glucose relative to the binding sites for the formula unit of

[BS*G)/o/mmolg ' —— >

|
0.0 0.1 0.2 0.3 0.4 0.5 0.6

[G]/M

Fic. 15. Binding of host solid 2 with organic guests: (a) EtOH (e), (b)
PhOH (V), (c) pyridine (H), and (d) benzene (4 ) in isooctane medium.

TABLE V
GUEST BINDING DATA FOR DRIED SoLID oF 2 (6)
Guest K, Mt [BS]ly/w Guest inclusion
(mmol g~1) capacity (mol)/ unit
formula of host solid
EtOH 41.14+34 4.65+0.11 2.33
PhOH 42.6+10.7 4.41+0.44 2.21
Pyridine 12.94+1.8 2.18+0.12 1.09

Benzene 3.37+1.73 2.31+0.71 1.11
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K= (1.38+0.01) x 10* M~"
BS, = 0.405%/ u.f.
5% H,O/MeOH (v/v)

[BS-G]/ 0.020g host, M/g
w
\

0 1 2 3 4 5 6 7
Go (1074, M

Fic. 16. Selective binding of 6 with (a) b-glucose () vs. (b) maltose (@) in
water medium.

the host. The small number of binding sites occupied by glucose sug-
gests that the inclusion of a glucose molecule effectively blocks suc-
cessive inclusions of glucose deeper into the channels. In contrast to
glucose, the complexation of maltose to the dried host solid of 6 was
negligible since maltose is too big to occupy the channel.

Host solid 6 also binds various organic molecules and metal com-
plexes as guests (Table VI) (10).

Besides the size effect, host—guest interactions are important in the
selective inclusion process. Host solid [Ni(Ls3)]s[BTCly-18Hs0 (7)
binds PhOH selectively over PhCl and PhBr (Fig. 17 and Table VI)
(10). The hydrogen-bonding interaction between the host solid and
guest molecules plays an important role in the selectivity.

The host solid of [Cu(Ls3)]s[BTC]l;-18H50 (10), which is prepared
using a similar method as that used for [Ni(Ls)Is[BTC], - 18H0 (7),
binds the guests in the following order: EtOH >MeOH >PhOH (Fig. 18
and Table VII) (7). However, the total volume (1533 A®) of the PhOH
inclusions that is estimated by the guest binding curve is considerably
greater than the void volume (566 A%) of the host, indicating that
phenol guests must be intercalated between the host layers instead of
being included in the channels. The self-assembly in the presence of
PhOH offers a 2D open framework with highly ordered 2D non-
covalent PhOH networks (11), which are alternately packed with the
host layers, as shown in Fig. 9.

Host solids 8 and 9 bind [Cu(NHj3)4](C104)2 in MeCN with the bind-
ing constants (Kp) of 210 and 710, respectively, while they do not bind
[Cu(en)9](ClO4)9 (en = ethylenediamine) (8). The dried solids of 8 and



COORDINATION POLYMER OPEN FRAMEWORKS 67

TABLE VI

INcLUSION OF DRIED SOLIDS OF 6 AND 7 WITH VARIOUS ORGANIC AND INORGANIC GUEST MOL-
ECULES (9,10)

Host  Guest Log K, (M) [BS], /» Guest inclusion
(mmol g_l) capacity (mol)/ unit
formula of host solid

MeOH" 1.8240.11 4.62+0.35 6.00+0.458
PhOH“ - - 7.6°
THB® 2.41+0.21 1.38+0.12 1.79+0.16
HAP“ 1.1440.12 2.91+0.36 3.78+0.46
6 [Cu(NH,),1(Cl0y), 2.81+0.03 1.90+0.00 3.30+0.00
[Cu(en)s](C10,)5” 0.98+0.14 3.70+0.90 6.41+0.85
[Cu(Ht);1(C104),” 1.57+0.37 0.90+0.50 1.56+0.87
[Cu(3,2,3-N)1(Cl0,)5° 0.78+0.65 1.30+1.50 2.25+2.60
7  PhOH“ 1.58+0.20 4.09+0.61 5.24+0.78

“Dried host solids were used in the binding experiment: [Ni(Lg)(H20)2]3[BTCl, for 6 and
[Ni(L3)15[BTC]; for 7.

®Host solid as prepared, [Ni(Lg)(H20)5]5[BTCl, - 24H,0 (6), was used. en = ethylenediamine,
Ht = Histamine 3,2,3-N, = N,N'-bis(3-aminopropye)ethylenediamene.

‘Estimated from the observed maximum [BS- G)/w value.
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Fic. 17. Binding of host solid 7 with (a) PhOH (e), (b) PhBr (H), and (c)
PhCl (@) in n-hexane medium.

9 do not interact with benzene and toluene. However, they can be used
to differentiate MeOH, EtOH, and PhOH in toluene, which have K¢
values of 42, 14, and 12, respectively, for 8, and K; values of 13, 8.2,
and 8.9, respectively, for 9. In terms of the binding sites for guest
molecules, the capacity of solid 9 is greater than that of solid 8 (8).
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Fic. 18. Binding of host solid 10 with organic guests: (a) PhOH, (b)
MeOH, and (c) EtOH in toluene medium.

TABLE VII
Bmoineg oF Host Sonip 10 witH VArRIous GUEST MOLECULES (7)
Guest K. (M [BSly/w, Guest inclusion
(mmol g™) capacity (mol)/
unit formula of
host solid
PhOH 2.29+0.36 6.48+0.40 10.5
MeOH 2.59+0.90 4.19+0.58 6.78
EtOH 3.02+1.15 2.70+0.46 4.38

The dried solid of 13 is used to differentiate MeOH, EtOH, isopropyl
alcohol, and benzyl alcohol in toluene (Fig. 19 and Table VIII). It binds
benzyl alcohol the best because of the existence of a phenyl ring in
benzyl alcohol, which can interact with the xylyl pillars of the host by
n—n interactions (17,54).

The desolvated solid of 14 differentiates EtOH, pyridine, and n-
BuOH, exhibiting different binding capacities (Fig. 20 and Table IX). It
does not bind -BuOH. The K¢ value for n-BuOH is greater than EtOH,
implying that hydrophobic interactions between the host and guests
are important because the interior of the channel surface is covered
with hydrocarbons of the macrocycles (37).
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Fic. 19. Binding of dried solid 13 (BOF-1) (powder form) with guest or-
ganic molecules: (a) MeOH, (b) EtOH, (c) iso-PrOH, and (d) BzOH in toluene

medium.

TABLE VIII
GuEesT BinpING Data FOor DRIED Bor-1 (13) (17,54)
KM [BS]y/ Guest inclusion
(mmol g™ capacity (mol)/
unit formula of
host solid
MeOH 4.61+1.82 10.5+1.34 29.1
EtOH 4.55+1.31 5.35+0.50 14.8
iso-PrOH 6.49+3.88 2.11+0.58 5.84
BzoH 18.8+8.54 1.31+0.19 3.62

V. Single-Crystal-to-Single-Crystal Transformations and Sensing Properties

Some coordination polymers exhibit crystal-to-crystal transforma-
tions without a change in their framework structure upon guest re-
moval (2,33,44,45,55—62), whereas some exhibit a change in their
structures upon guest removal or guest exchange with the retention of
their single-crystallinity (43,46,63—68), which is very important for
the development of certain devices and sensors. X-ray crystal struc-
tures indicate that they show the dynamics of molecular components
such as sponge-like shrinkage/swelling (17,54,66), sliding (63,64),
swinging (68), and rotational motion (46).
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TABLE IX
GuEesT BinpING DaTA For DEsorvateD Host 14 (37)
KM [BSl/» Guest Inclusion Capacity (mol)/
(mmol g™ Unit Formula of Host Solid
EtOH 0.84+0.36 12.7+3.4 14.4
Pyridine 0.93+0.36 6.87+1.84 7.81
n-BuOH 4.36+1.22 0.75+0.07 0.85
9.0 —
(a)
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6.0
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g
E 45t
£ ®
o
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Fic. 20. Binding of desolvated solid 14 (powder form) with various guest
molecules in the isooctane medium: (a) EtOH (e), (b) pyridine (M), and (c¢) n-
BuOH (A).

A. CorLor CHANGE WITH RETENTION OF NETWORK STRUCTURE ON
DESOLVATION AND RESOLVATION (6)

In general, the crystallinity and framework structure of a coordina-
tion polymer open framework are destroyed when the guest inclusions
are removed from the pores or channels. When solid 2 is dehydrated
by heating the crystal at 150°C under 10~ °torr for 2-40h the color
changes from yellow to pink. On exposure to moisture, it rapidly be-
comes yellow again (within 5min for the crystal and immediately for
the powder). During the several cycles of dehydration and rehydration
processes, the single-crystal nature can be retained (Fig. 21). The
X-ray structures of the dehydrated and rehydrated crystals indicate
that the porous framework structure is maintained and that only
the bond distances and angles involving the Ni(II) center and the
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Fic. 21. Photographs of (a) original crystal 2 in the mother liquor, (b) after
evacuation of 2 at 150°C and 107° torr for 2h (2'), and (c) after exposure of 2’
to water vapor for 5 min (2”).

carboxylate ligand are changed slightly. Since this compound is ex-
tremely sensitive to moisture, it can be employed as a moisture sensor.

B. SPONGE-LIKE BEHAVIOR WITH RETENTION OF SINGLE-CRYSTALLINITY UPON
GuesT REMOvAL AND REBINDING (17,54)

The novel sponge-like behavior of the crystal responding to the
amount of guest molecules was revealed for the first time using com-
plete single-crystal structural characterization.

When the crystal of 13 (BOF-1) is allowed to stand in air for 2 h, most
of the pyridine guests and some of the water guests are removed,
resulting in [Niy(Ls)]3[BTC], - 30H50 (13-1), with the retention of sin-
gle-crystallinity. The X-ray structure of 13-1 shows that the interlayer
distance reduces from 11.9 to 11.3 A (Table X). When the single crystal
of 13 is dried at 75°C for 1.5h in a furnace, [Niy(L5)]3[BTCl, - 4H0
(13-2) is formed with the retention of single-crystallinity. Crystallo-
graphic parameters including the cell volume change significantly
during this transformation, as shown in Table X. The X-ray structure
of 13-2 shows that the xylyl pillars are significantly tilted resulting in
a reduction in the interlayer distance to 6.8 A, although the 2D layers
are completely intact. The results of 13-1 and 13-2 indicate a novel

TABLE X

CRYSTALLOGRAPHIC PARAMETERS OF Bor-1¢ (17,54)

Compound 13 13-1 13-2 13-3 13-4
Space group P; P; Py P; Py
a(A) 16.505 16.420 12.382 16.467 16.460
b (A 19.945 19.817 16.375 20.134 19.849
c(A) 20.664 20.439 19.952 20.720 20.419
o (deg) 73.00 70.32 74.51 72.53 70.50
p (deg) 68.24 68.55 89.26 67.94 71.08
Y (d9§) 76.07 76.19 84.18 75.04 76.30
V(A% 5974.3 5777.9 3877.9 5990.4 5887.0

Thickness of bilayer (A) 11.91(1) 11.27(2) 6.82(2) 11.71(2) 11.75(2)

“R, (unweighted, based on F?) values are 0.0899 for 13, 0.1839 for 13-1, 0.1491 for 13-2, 0.1279
for 13-3, and 0.1299 for 13-4.
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Fic. 22. X-ray structures of 13, 13-1 and 13-2, exhibiting sponge-like be-
havior of the single crystal in response to amount of guest.

sponge-like dynamic behavior of the crystal that shrinks and swells
depending on the number of guest molecules (Fig. 22).

C. RETENTION OF SINGLE CRYSTALLINITY ON GUEST EXCHANGE (17,54)

BOF-1 (13) also undergoes the guest-exchange process in pyridine
and benzene, where solid 13 is completely insoluble, in the single-
crystal-to-single-crystal manner. In pyridine and benzene media, parts
of the guest molecules are exchanged with the corresponding solvent
molecules, which results in [Niy(Ls)]s[BTC]l, - 20pyr - 6H,O (13-3) and
[Niy(Ls)]s[BTC], - 14benzene - 19H,0 (13-4), respectively. In 13-3, pyri-
dine molecules are included in the channels of the framework via face-
to-edge n—n interactions with the phenyl rings of BTC?"~ of the 2D layers
and the aromatic ring planes of the pillars. They are also intercalated
between the bilayer units via hydrogen-bonding interactions with the
host. In 13-4, benzene molecules are included only in the channels by
the n—7 interactions with the host. The size of the brick-wall motif in the
2D layer and the thickness of the bilayer in the guest-exchanged struc-
tures are unaltered as compared to those of as-synthesized BOF-1 (13)
(Fig. 23). Retaining the single-crystal nature is attributed to the fact
that the framework contains 3D channels, which imparts no stress onto
the crystal during the guest-exchange processes.

VI. Redox Properties

The coordination polymer solid incorporating the Ni(II) macrocyclic
complex can be oxidized because Ni(II) species reacts with the oxidiz-
ing agent to become Ni(III) species that can be stabilized by a mac-
rocyclic ligand and additional anionic axial ligands, even though
Ni(III) is in an unusually high oxidation state (23).

Coordination polymer open frameworks that are able to alter their
framework charge as a result of the redox reaction are extremely lim-
ited (69). However, if a neutral open framework is oxidized, it should
include free counter anions in the channels or pores. Then, the oxi-
dized framework can be applied as an anion exchange material (11,12).
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Fic. 23. X-ray structures (side views) of (a) 13-3 and (b) 13-4. Organic
guest inclusions are indicated as off-white, and water guest molecules are
omitted for clarity.

In particular, retaining the single crystallinity (17,568,63—65,69—71)
even after the chemical reactions is important for the development of
certain devices.

Some coordination polymers that incorporate Ni(II) macrocyclic
complexes react with I, and Ag(I) to produce I3 anion and Ag(0)
nanoparticles (34,54), respectively, which are included in the oxidized
frameworks containing Ni(III) species (34,54).

A. Repox ReEacTioN wiTH IoDINE: OXIDATION OF FRAMEWORK WITH
RETENTION OF SINGLE CRYSTALLINITY (54)

When a crystal of BOF-1 (13) is immersed in a DMSO/H50 solution
of I, the color of the crystal changes from pink to dark brown, with
retention of the single crystallinity, and forms [Niy(Ls)]3[BTCly-
(I3)4-nly-17H0 (13-5) (Fig. 24). The cell parameters are not signifi-
cantly altered in comparison with those of BOF-1 (13) (Table XI), even
though the density of 13-5 (1.359 g cm®) remarkably increases (~28%)
in comparison to that of BOF-1 (13) (1.061gcm™?).

In the X-ray crystal structure of 13-5 (Fig. 25), two-third of the Ni(II)
ions are oxidized to Ni(III), and I, molecules are reduced to I3 anions
that are included in the channels. The two nickel ions belonging to the
same bismacrocyclic complex are in the same oxidation state. The
Ni-N and Ni-O bond distances involving Ni(III) are shorter than those
involving Ni(II) ions. The average Ni(III)-N and Ni(III)-O bond dis-
tances are 1.966(6) and 2.103(6) A, respectively, and those for Ni(II)-N
and Ni(I)-O are 2.000(8) and 2.130(8) A, respectively. As for the in-
cluded counter I3 anions, the I-I distances range from 2.653(17) to
2.923(2) A with I-I-I angles of 164-180°. The I, inclusion has an I-I
distance of 2.70(2) A. Even though many I3 ions are introduced into the
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Fic. 24. X-ray structure of 13-5, showing oxidized framework with I3 and
I, included in the channels. (a) Top view. (b) Side view.

TABLE XI

CRYSTALLOGRAPHIC PARAMETERS FOR 13 AND 13-5% (54)
Compound 13 13-5
Space group P1 P1
a (A) 16.505 16.434
bA) 19.945 19.914
c (A) 20.664 20.338
o (deg) 73.00 71.26
p (deg) 68.24 70.07
Y (d§§) 76.07 74.83
V(A?) . 5974.3 5837.8
Thickness of bilayer(A) 11.91(1) 12.20(1)

“R, (unweighted, based on F2) values are 0.0899 for 13 and 0.1547 for 13-5.

Fic. 25. Photographs showing single-crystal-to-single-crystal transforma-
tion of 13 on oxidation with the DMSO/H,O (1:1, v/v) solution of I,.
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channels of 13-5, the thickness of the bilayer [12.20(1)5] is slightly
changed as compared with that of BOF-1 (13) [11.91(1) A]. The pres-
ence of Ni(ITI) ions in the framework is demonstrated by the EPR
spectra showing anisotropic signals at g|| = 2.024 and g, = 2.182 as
well as the variable temperature magnetic susceptibility data of
Uetr = 5.26 ug at 301 K, corresponding to the spin diluted system hav-
ing four low-spin Ni(III) and two Ni(II) ions per formula unit. Even
though the redox reaction involves the oxidation of the framework,
introduction of I3 anions in the channels, and an increase in the crys-
tal density by approximately 30%, single-crystallinity is maintained
due to the existence of the 3D channels in the framework (Fig. 25).

B. REepox ReactioN witTH Ag(I) SOLUTION: PREPARATION OF SILVER
NANOPARTICLES (34)

Silver nanoparticles were prepared for the first time by using a re-
dox-active coordination polymer network (34). The fabrication of silver
nanoparticles with a size less than 5 nm has been known to be difficult
because of its strong tendency to aggregate as compared to gold or
platinum nanoparticles. However, mono-dispersed silver nanoparticles
with a size of 3nm are prepared by using solid 3.

When the insoluble dried solid of 3 is immersed in an AgNO;
solution for 10 min, 3 nm-sized Ag nanoparticles are formed (Fig. 26).
Even after 18h, the size of the nanoparticles does not change. The
formation of silver nanoparticles is attributed to the auto-redox reac-
tion between Ag(I) and Ni(II) ions incorporated in the host. The EPR
spectrum for the solid shows anisotropic signals indicating Ni(III)
species (g, =2.183 and g|| =2.024) as well as an Ag(0) peak
(g = 2.005). X-ray photoelectron spectra (3ds, and 3dﬁ/2 peaks for
Ag, 368.0 and 374.1eV; 2ps» and 2p;,» peaks for Ni'", 855.4 and
872.8eV) also show that Ag and Ni atoms coexist in the solid (72— 74).
The XRPD patterns show that after immersion for 10 min, the host
framework structure is retained, although the structure is destroyed

Fic. 26. HRTEM images for the solid isolated after immersion of the de-
solvated solid of 3 in the MeOH solution of AgNOs (8.0 x 1072M) at room
temperature (a) for 10 min, (b) for 18 h, and (c) after removal of the host frame-
work by heating the solid of (b) in dioctyl ether in the presence of oleic acid.
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after immersion in the AgNOjs solution for 18 h. The host-free Ag
nanoparticles are also isolated by heating the solid in dioctyl ether in
the presence of oleic acid, which exhibits silver lattice peaks at
20 = 38° and 44°. It has been suggested that the silver atoms are
collected in the channels, diffused into the surface of the host, and
aggregated to the nanoparticles.

VII. Summary

Coordination polymer open frameworks having voids and channels
of various aperture sizes and shapes can be assembled by using metal
azamacrocyclic complexes and organic carboxylates as molecular
building blocks. In the assembly, the azamacrocyclic complexes in
square-planar geometries act as linear linkers for the carboxylate
ligands that have linear, triangular, and tetrahedral shapes to provide
primary 1D, 2D, and 3D networks. The primary networks pack three-
dimensionally in the solid state to generate open structures with pores
and channels. Some of the coordination polymer open frameworks
show porosity and hydrogen storage capabilities (up to 1.0wt% at
77K and 1atm). The hydrogen storage data are better than those for
zeolites but not as good as those of the metal-organic frameworks
prepared from free metal ions. The coordination polymer open
frameworks generate various degrees of hydrophobic or hydrophilic
environments on the surface of the voids, which are advantageous for
the selective binding of organic guest molecules. In addition, some
coordination polymers containing flexible molecular components show
sponge like shrinkage on removal of the guest molecules that involves
dynamic motions of molecular components. In particular, the coordi-
nation polymer frameworks incorporating Ni(II) macrocyclic species
are redox-active in the solid state and react with the solutions of
oxidizing agents such as I, and Ag™ to produce oxidized frameworks
incorporating Ni(III) species and the reduced substrate such as I3
anions and the small-sized silver nanoparticles. A variety of azamac-
rocyclic complexes that contain various functional groups attached to
the macrocycles can be prepared by the simple template condensation
reactions. By employing them as the metal building blocks, various
types of networks are expected to be prepared, which would show high
specificity for particular guests, novel crystal dynamics, and the for-
mation of nanoparticles from various metal ions.
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I. Some Peculiar Properties of Metal Complexes of Cyclam

Cyclam (1,4,8,11-tetra-aza-cyclotetradecane, 3) is the prototype of
synthetic aza-macrocycles. It tends to encircle transition metal ions to
give complexes of trans-octahedral geometry, which display some pe-
culiar properties: (i) high thermodynamic stability (the thermody-
namic macrocyclic effect) (1); (ii) extreme inertness to demetallation
(the so-called kinetic macrocyclic effect) (2); (iii) rich redox activity of
the metal centre and stabilisation of unusually high oxidation states:
Ni'™l (3), Cu' (¢), Ag™ and Ag' (5) and, as a transient, Hg™! (6). Such
properties are indisputably related to the cyclic nature of the ligand,
but they also depend upon the size of the macrocyclic ring. This can be
clearly discerned considering the complete series of cyclic tetramines,
whose atomicity ranges from 12 to 16 and whose formulae are
sketched in Chart 1.

A. KINETIC STABILITY

Nickel(IT) and copper(Il) complexes with ammonia and open-chain
tetramines are typically labile and in an acidic solution decompose in a
81
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CHarT 1. Cyclic tetramines, whose atomicity ranges from 12 to 16 and
which, on metal complexation, form five- and/or six-membered chelate rings.
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TABLE I
DeMETALLATION OF [Ni™([13-16]aneN)?* v 0.3 M HC1O,. LiFeTIMES, 1, AT 25°C

[13]aneNy (2) 1.4h
[14]aneNy, (3) _ab

[15]aneNy (5) 4.3h
[16]aneN, (6) 5.3s

“No detectable demetallation after several months (7).
®In 1M HCIO, a lifetime of 30 years has been estimated (8).

twinkling of an eye, with the formation of polyammonium ion and
metal aquaion. On the other hand, corresponding complexes with
macrocyclic tetramines are substitutionally inert and last in acidic
solution for a period ranging from seconds to years, depending upon
the ligand’s ring size. Such an aspect was investigated by Busch, who
considered the demetallation of the nickel(II) complexes with 13- to 16-
membered tetramine macrocycles in an aqueous solution 0.3M in
HCI1O4 (7). Pertinent lifetimes, t, at 25°C, are reported in Table I.

It was observed that, whereas other nickel(II) macrocyclic complexes
decomposed in acidic solutlon over a perlod rangmg from seconds to
hours (see t values in Table I), the [Ni(cyclam)]** complex persisted
intact for several months, indicating a 11fet1me of at least some years.
Later, Billo was able to estimate for [Ni'(cyclam)** in 1M HClO, a
lifetime of 30 years (8). (Indeed, being 14-membered makes a difference!)

B. THERMODYNAMIC STABILITY

The especially high thermodynamic stability of tetra-amine macrocycle
complexes with respect to corresponding complexes with open-chain
counterparts results from both favourable enthalpy and entropy contri-
butions. The entropy advantage derives from the fact that the macrocycle
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Fic. 1. Enthalpy changes, AH°, for the complexation equilibria,
M?*+L=[ML]*" in aqueous solution, at 25°C. Open triangles: copper(II) com-
plexes (10); filled triangles: high-spin nickel(II) complexes (9).

is pre-oriented for coordination and does not lose any conformational
entropy on metal binding, as non-cyclic tetramines do, and is assumed to
be independent upon ring size. On the other hand, the enthalpy term is
highly dependent upon the atomicity of the macrocycle.

In Fig. 1, the calorimetrically determined enthalpy changes for the
equilibria of complex formation with macrocycles 1-3, 5 in aqueous so-
lution, at 25°C, are plotted vs. ligand’s atomicity, for Ni' (high-spin) (9),
and Cu' metal ions (10). For both metals, the most exothermic com-
plexation process is observed for the 14-membered macrocycle cyclam,
whereas both expansion and contraction of the ring cause a drastic and
progressive decrease of the heat effect. Notice that a second 14-membe-
red macrocycle exists, 4, isocyclam, which, on complexation, gives a
5,5,6,6 sequence of chelate rings (whereas cyclam provides the sym-
metric pattern 5,6,5,6). Complexation of isoc¥clam is by far less exo-
thermic than for cyclam, for both high-spin Ni'! and Cu'. The enthalpy
change principally reflects the intensitrx{ of the metal-amine interaction:
cyclam has the right size to encircle Ni'' and Cu' and can place its donor
atoms in the required coordinative positions (the corners of a square),
without suffering any serious conformational rearrangement (11).

C. Repox Brmaviour

Also the redox behaviour of tetra-aza-macrocyclic complexes is ex-
tremely affected by ligand’s ring size. As an example, Fig. 2 displays
the half-wave potential values for the Ni''/Ni'! couple within macro-
cycles 1-6, in an MeCN solution made 0.1 M in Bus,NClO4 (12). It is
shown that the easiest attainment of the Ni'!! state, expressed by the
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Fic. 2. Half-wave potential values for the Ni"/Ni' couple, E;»(Ni'/Ni'h)
within macrocycles 1-6, in an MeCN solution made 0.1 M in Buys,NC1O,4. At
atomicity 14, the filled triangle refers to the cyclam (3) complex, the open
triangle to isocyclam (4).

less positive value of E;,o(Ni''/Nil), takes place within the symmetric
14-membered macrocycle, cyclam, and that both expansion and con-
traction of the ring make the Nih-to-NiIII oxidation more and more
difficult. Half-wave potentials are strictly related to the intensity of
the metal-ligand interaction: in 1particular, strong in—plane interac-
tions raise the energy of the Ni' orbital from which the electron is
abstracted on oxidation. The Ni''-to-Ni'"! oxidation process is compar-
atively disfavoured with isocyclam, due to the less propitious position
and orientation of the amine nitrogen donor atoms (13). The
[Ni'(cyclam)]®* complex is extremely stable also in water (provided
the solution is acidic): the E;»(Ni''/Ni!) value for the cyclam complex
in 1M HClis 0.71V vs. NHE. Consider that Ey, for the [Fe"(H50)]**/
[Fe''(H,0)s]%* couple is 0.77V vs. NHE. The Fe'! aquaion is currentl%r
used as a mild reducing agent (for instance, as (NH,)»SO, [Fe'l
(H20)6)]1SOy4, in the standardisation of a solution of permanganate);
[Nil(cyclam)]?* is a (slightly) stronger reducing agent, but its use in
redox titrimetry is not (yet) so widespread.

All the mentioned properties make cyclam and its metal complexes
convenient and versatile subunits for building multicomponent sys-
tems displaying a variety of functions: some of them will be discussed
in the next sections.

II. The Template Synthesis of Cyclam and Azacyclams
The synthesis of cyclic molecules is intrinsically disfavoured by the

entropy term and its achievement typically involves a multistep path-
way and is characterised by relatively low yields. Busch demonstrated
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that in some favourable cases a transition metal centre can be used as
a template in the synthesis of cyclic molecules displaying ligating
tendencies, which makes the process much easier and substantially
improves the yield (14). This is the case for 14-membered tetra-aza
macrocycles, including cyclam. The nickel(II) template synthesis of
cyclam is illustrated in the Scheme 1 below (15).

The Ni'l ion preorganises the open-chain tetramine 3-2-3-tet, by
placing its donor nitrogen atoms at the corners of a square. The two
primary amine groups are in the correct position to undergo Schiff
base condensation with glyoxal, thus allowing cyclisation to occur.
Then, the two C =N double bonds are hydrogenated, e.g. with
Na[BH,], to produce the [Ni'(cyclam)]?>* complex. The metal centre
can be removed from the cyclam ring by boiling in presence of excess
cyanide. Axial binding of a CN ™ ion is the first step of the demetallat-
ion process, which eventually leads to the the formation of
[Ni''(CN),]?~ (16). The free macrocycle can be isolated as a solid and
made to react with other metal ions, if desired. Or it can be function-
alised to give a multicomponent system, for instance by appending a
chosen subunit to one of the amine groups of cyclam. This typically
requires the multistep procedure of (i) selective protection of the amine
groups, (ii) substitution at the unprotected nitrogen atom, (iii) depro-
tection. Indeed, it could be more comfortable to profit from a template
reaction giving in a one-pot process the metal complex of the func-
tionalised macrocycle. Such a reaction already exists and its mecha-
nism is illustrated in Scheme 2.

The reaction involves the pre-orientation of the linear tetramine
2.3 - 2-tet by a metal centre capable of imposing a square coordination
(Ni'l, Cu'"). Each one of the two primary groups of the coordinated
tetramine undergoes Schiff base condensation with formaldehyde.
Then, an AH, molecule, displaying the properties of a diprotic

N
N NHz NH HN
Il o H Nl
N —_— NI
NH - INH, NA HINT
l Na[BH.]

NH H 4CN NH H
E - i
U - [NICN)A® NH 1

ScHEME 1. Nickel(IT) template synthesis of cyclam (15).
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ScHEME 2. Metal template synthesis of azacyclam. AH, is a diprotic acid
at nitrogen (primary amine, primary carboxyamide, primary sulphonamide)
or at carbon (nitroethane, diethylmalonate).

Brgnsted acid, transfers its first proton to an auxiliary base, e.g. excess
triethylamine, and the AH™ fragment which forms gives a nucleophilic
attack at one of the C = N double bonds. Subsequently, the covalently
bound —-AH fragment further deprotonates: the —A~ fragment that
forms attacks the other proximate C = N imine bond, accomplishing
the cyclisation. Thus, the AHy molecule behaves as a padlock, which
firmly locks the tetramine around the metal centre. Padlocks include
the carbon acids nitroethane, CH;CH2NO,, (17) and diethylmalonate,
CH,(COOEt)y, (18). Primary amines, RNH,, which can be formally
considered diprotic acids, also give successful cyclisation processes
(19). However, the most versatile cyclisation was observed when using
as padlocks primary amides, both carboxyamides, RCONH, (20) and
sulphonamides, RSO,NHy (21). The ring that forms (azacyclam) is
isostructural with that of cyclam (the amide nitrogen atom merely
plays an architectural role and is not involved in coordination) and
metal azacyclam complexes (of Nil' and Cu'l) dlsplay the same peculiar
properties observed with cyclam complexes: in particular, inertness to
the demetallation and enhanced redox activity. Very interestingly, by
using this template procedure, almost any functional group can be
appended to the 14-membered tetramine framework. In fact, given a
desired fragment R, it is almost always possible to obtain its amide
derivative, in partlcular sulphonamide, RSO,NH,, which can be used
as a locklng fragment in the preparation of the corresponding Ni!
Cu™ azacyclam complex.
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For instance, on reaction of [Ni(2.3.2-tet)]** with 1-ferrocene sul-
phonamide, the conjugate system 7 was obtained, in which two distinct
and non-equivalent redox active subunits (through the Ni'/Ni'! and Fe/
Fc* couples) are covalently linked (22). On reaction of [Ni'(2.3.2-tet)]**
with dansylamide, the two component system 8 was obtained (23). 8 is
the prototype of a rich family of metal-based redox switches of fluores-
cence (24). In particular, the [Ni'(8)]** complex is fluorescent due to the
emission of the dansyl (Dans) subunit. However, if the Ni'! centre is
oxidised to Ni'!, either chemically (with S;02~, in MeOH) or electro-
chemically (at a platinum anode, in MeCN), fluorescence is fully
quenched due to the occurrence of an electron transfer (eT) from the
excited fluorogenic subunit, Dans*, to the Ni'™ ion, a process charac-
terised by a distinctly negative AG° value. On chemical (with NO3 in
MeOH) or electrochemical (in MeCN) reduction of Ni' to Ni'l, fluores-
cence is fully restored. In particular, the occurrence of an eT process
from Ni" to Dans* is thermodynamically disfavoured. Thus, the nickel-
azacyclam subunit behaves as a switch of dansyl fluorescence, which
can be quenched-revived at will on oxidation-reduction of the metal
centre. Other fluorogenic fragments can be connected to the nickel-
azacyclam subunit through reaction of [Ni'%(2.3.2-tet)]** with the ap-
propriate sulphonamide derivatives (e.g. 1-naphthalene sulphonamide)
to generate efficient redox switches of fluorescence.

lll.  Scorpionands and Scorpionate Complexes
An ethylamine side-chain can be covalently linked to a nitrogen
atom of cyclam to give a quinquidentate ligand, which combines the

rigid nature of macrocycles to the flexibility of open-chain polyamines:
N-aminoethyl-cyclam (9) (25).

vl
)

NH,

NH HN
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As an example, the nickel(II) complex of 9 in a strongly acidic solution
exists as a square-planar low-spin complex, of yellow colour. In partic-
ular, the primary amine group of the pendant arm is protonated and
stays far away from the metal centre. On the other hand, the closed and
rigid arrangement strongly disfavours the occasional detachment of the
four amine nitrogen atoms of the cyclam ring, thus preventing their
protonation. On addition of standard base, the solution takes a pale
blue-violet colour, due to the formation of the high-spin complex. Such a
spin conversion is associated with the deprotonation of the ammonium
group of the pendant arm: the primary amine group coordinates the
metal, to give a complex of different geometry: probably octahedral
(with a water molecule occupying the sixth position of the octahedron,
see Scheme 3).

The process is quickly reversible and the pendant arm can be made
to oscillate between two defined positions (on the metal and far away
from it), through consecutive additions of acid and base, the intramo-
lecular movement being signalled by the blue-to-yellow colour change.
The pK, associated to the process is quite low (2.9), much lower than
the pK, of ethylammonium: 10.8. This indicates that coordination to
the metal centre enhances the acidity of the -CH,CHyNH3 fragment
by ca. 8 orders of magnitude. This huge energy gain (RT
In(ApK,) = 14.7 kcal mol ') must include the favourable enthalpy con-
tribution associated to the formation of a fifth metal-amine coordina-
tive bond. However, such a term cannot exceed 5.5 kcal mol ! (quantity
estimated by dividing the enthalpy change associated to the reaction of
Ni'! with the open-chain tetramine 2.3.2-tet by 4) (26). It is suggested
that a significant entropy term contributes to make pK, low, which is
related to the high probability of the ethylammonium pendant arm to
collide with the metal centre, compared to an individual ethylammo-
nium, which moves in the whole solution. Thus, a chelate effect exists
that favours intramolecular binding and deprotonation of the ammo-
nium side chain.

Noticeably, metal binding in a scorpionate arrangement can also en-
hance the acidity of carbon acids, in an indirect mode. A recent example
refers to the deprotonation of a 2-nitrobenzyl fragment. Tendency of 2
nitrobenzene to undergo tautomerisation to the corresponding nitronic

®
HN
N o
Ne —NH  OH Ne—— NH
N7 == N
HNEZ “NH HY aNE—NH
/O\
H H

ScHEME 3. pH controlled coordination of the pendant arm in a scorpionate
complex.
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ScHEME 4. The tautomeric equilibrium of 2-nitrotoluene.

pKa =20.6 pK,=3.6

acid is rather low, which is expressed by pKr=17.240.2 (27). The
constant of the tautomerisation equilibrium has been calculated
through the thermodynamic cycle illustrated in Scheme 3.

The thermodynamic cycle shows that the scarce tendency of 2-nit-
rotoluene (a) to convert into the aci-nitro tautomer (b) depends upon
the very low Brgnsted acidity of the -CHjz group (pK, = 20.6). The low
acidity is most likely related to the circumstance that deprotonation
leads to the formation of the nitronate ion (formula d in Scheme 4), in
which aromaticity has been lost. In order to profit from the scorpionate
effect, molecule 10 was considered, in which a 2-nitrobenzyl pendant
arm is covalently linked to the nitrogen atom of a cyclam ring (28). In
particular, the 2-substituted positional isomer is expected to favour the
coordination of the nitro-nitronate group to transition metal centre,
encircled by the cyclam ring.

The Ni'! complex of 10, indicated in the following as [Ni''(LH)]**,
displays in aqueous solution an intense absorption band centred at
330nm, due to the 2-nitrobenzyl chromophore, with a shoulder at
450 nm, wh1ch is ascribed to the d-d transition of the low-spin square-

planar Nill centre. Such a coordinative arrangement has been con-
firmed by the crystal structure of the [Ni'(LH)](C104); complex salt,
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which shows that the nitro group is not involved in coordination and
stays far away from the metal centre, at quite a long distance: 4.83 A,
from Ni'! to the closest oxygen atom of the -NOy fragment. On in-
creasing the pH of the solution, through addition of standard NaOH,
no modification of the spectrum was observed, until pH 10, when the
shoulder at 450 nm began to decrease and a new, less intense, band
developed at 550 nm (see Fig. 3).

Such a spectral behaviour indicates the occurrence of the low-spin to
high-spin conversion, associated to a change of coordination geometry
from square-planar to octahedral. It is therefore suggested that in
basic solution the -CH,- group linking the cyclam ring to the 2-nit-
robenzene fragment undergoes deprotonation. -CHy— deprotonation is
associated with the following events (which do not necessarily take
place according to a temporal sequence): (i) the 2-nitrobenzyl pendant
arm moves towards the metallocyclam subunit; (ii) an electronic re-
arrangement takes place, to give the anion of the nitronic acid; (iii) a
coordinative bond forms between one oxygen atom of the -NOg3 (nit-
ronate) group and the Nill centre: then, a water molecule goes to oc-
cupy the remaining site of the coordination octahedron, while the
metal electrons rearrange to the high-spin configuration. The overall
process is pictorially illustrated in Scheme 5.

On non-linear least-squares fitting of the sigmoidal plot of absorbance
at 450nm vs. pH (see Fig. 3, inset) a pK, value of 10.714+0.01 was
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Fic. 3. Visible spectra recorded over the course of the titration of an
aqueous solution of [Ni(10)I(CF5S03), with standard base: the decrease of
the band at 450 nm indicates the disappearance of the planar low-spin com-
plex, to which the formation of the octahedral high-spin species corresponds
(band at ca. 580 nm). Inset: change of the absorbance at 450 nm with pH: the
sigmoidal profile discloses a pK, = 10.7140.01, associated to the deprotona-
tion of the —-CHy— group of the nitrobenzyl pendant arm.
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ScHEME 5. The metal-controlled deprotonation of the pendant 2-nit-
robenzyl group in an Ni'! scorpionate complex.

calculated for the acid dissociation equilibrium: [Ni*(LH)P**<[Ni*
(L7)I'+H". Solid and dashed lines in the inset indicate the % concentra-
tion of the two species present at the equilibrium, e and f, respectively,
over the investigated pH range. It has to be noted that on addition of
standard acid, the band at 450nm is fully restored, demonstrating the
reversibility of the process. Quite interestingly, no spectral changes are
observed on titration of a solution of the yellow diamagnetic Ni'f complex
of the positional isomer 11 containing a 4-nitrobenzyl pendant arm,
whose coordination to Nil is sterically prevented.

The pK, values of the [Ni''(LH)]?>* complex (10.7) must be compared
with the corresponding value for 2-nitrotoluene (20.6), which empha-
sises the role metal ions can play in enhancing acidity of carbon acids.
This is a consequence of the scorpionate arrangement whlch provides
favourable enthalpy (establishment of Ni''-NO3 and Ni''-OH, bonds)
and entropy contrlbutlons (the facilitated coordination of the pendant
arm). The use of the Ni' ion provides, as a further advantage, the
occurrence of the low-to-high spin conversion, which allows visual and
spectrophotometric monitoring of the process.

IV. Sensors and Dosimeters Based on the Cyclam Motif

The well-recognised propensity of cyclam to include transition met-
als has encouraged synthetic chemists to design molecular sensors
based on its coordinating framework. However, the primary require-
ment of a sensor is the quick and full reversibility of interaction with
the analyte: this is not the case with cyclam, whose metal complexes
exhibit extreme inertness (the previously discussed kinetic macrocy-
clic effect). Indeed, sensors based on a 14-membered tetra-aza ar-
rangement have been developed, but they are based on dioxocyclam
(11), a macrocycle displaying the same framework of cyclam, but con-
taining two adjacent amide nitrogen atoms. Dioxocyclam is obtained in
good yield (29), through the reaction of diethylmalonate with the open-
chain tetramine 2.3.2-tet (see Scheme 6).
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ScHEME 6. The synthesis of dioxocyclam and the pH-controlled formation
of dioxocyclamato(2—) complexes.

Dioxocyclam, in presence of 2 equiv. of base, is able to include a
divalent cation, M?*, with the simultaneous extrusion of two protons
from the two amido groups (30). In the electrically neutral [M"™(di-
xocyclamato(2-)] complex that forms, the negative charge is delocal-
ised over the two NCO fragments of the macrocyle, a situation which
can be illustrated through a classical resonance representation, as
shown in Scheme 6 (13 <> 14). On titration with standard base, a pale
blue aqueous solution containing equimolar amounts of dioxocyclam
and Cu'(C10,),, plus excess acid, turns pink violet at a pH around 5,
due to the formation of the [Cu'l(dioxocyclamato(2-)] complex. On back
addition of standard acid, the pink violet colour disappears, owing to
an instantaneous demetallation process. Fast demetallation may seem
in contrast with the cyclic nature of the coordinated ligand and to its
mechanical resistance to expose nitrogen atoms to the incoming pro-
tons. However, the dioxocylamato(2—-) complex offers an easy way to
demetallation, not accessible to tetramine analogues: in particular,
two H" ions protonate the negatively charged oxygen atoms of the
macrocycle (resonance formula 14 in Scheme 6), according to a process
too fast to be detected in the timescale of stopped-flow experiments
(31). On formation of the neutral ligand (enol form), the negative
charge is withdrawn from the two amide nitrogen atoms, which com-
pletely lose their coordinating tendencies: the Cu' ion is no longer
firmly bound by the tetra-aza donor set, the two amine groups can now
be protonated and fast demetallation takes place. On these premises, a
fluorescent chemosensor of Cu' has been designed, by linking an an-
tracenyl subunit to the dioxocyclam framework (15) (32).

In an MeCN/H,O solution (4:1 v/v), the functionalised macrocycle
displays the typical anthracene fluorescence over the 2-12 pH interval
(see Fig. 4, diamonds). However, when the solution contains equimolar
amounts of 15 and Cu'(ClO,)s, on increasing pH, e.g. on addition of



MOLECULAR DEVICES BASED ON METALLOCYCLAM SUBUNITS 93

KXoy O S0 e
© v
=
2 v
v
;"é v
Q v
(8]
s L Vv
b
o v
3 v
= Vv
i AR ARV vAlivd
1 1 1 1 1
4 6 8 10

Fic. 4. Fluorimetric titration profiles obtained on addition of standard
NaOH to an MeCN/H50 solution (4:1 v/v) containing: (i) 15 plus excess acid
(diamonds); (ii) equimolar amounts of 15 and Cu!! plus excess acid (open
triangles); (iii) equimolar amounts of 16 and Cu' plus excess acid (filled
triangles). The separation of the two sigmoidal profiles reflects the greater
thermodynamic stability of the macrocyclic complex.

standard base to an acidified solution, fluorescence is quenched at pH
4.5+1 according to a well- deﬁned 31gm01da1 profile (open triangles in
Fig. 4). Quenchlng reflects Cu'® inclusion into the dioxocyclamato(2-)
cyclic moiety, and is due to the occurrence of an electron transfer (eT)
process from the metal to the excited fluorophore. The eT process is
made possible by the capability of the dloxocyclamato(2—) coordinative
arrangement to favour the access to the Cu'! state. A similar behaviour
is displayed by the open-chain counterpart 16. An analogous sigmoidal
profile is observed, but displaced towards the basic region by one pH
unit (Fig. 4, filled triangles). This reflects the higher thermodynamic
stability of the complex of dioxocyclam compared to the complex of the
non-cyclic ligand (the thermodynamic macrocyclic effect).

Oy
NH
e
Gy "

15

Cyclam, because of the inertness of its complexes, cannot be used as a
sensor, but can be used as a dosimeter, i.e. an irreversible device, which
progressively accumulates the dose, each time summing up the signal,
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ScHEME 7. The charge transfer optical transition in dimethyl-(4-nitro-
phenyl)-amine.

and, after extended use, should be discarded. In particular, we were in-
terested in designing a colorimetric dosimeter for transition metals, based
on the cyclam framework. In this sense, we made use of a push-pull
chromophore. Typically, push-pull chromophores consist of a molecular
system in which a donor group (D) and an acceptor group (A) are con-
nected by an electron permeable fragment. Colour results from a charge
transfer transition from D to A. For instance, in the classical chromophore
dimethyl-(4-nitro-phenyl)-amine (17), the transition responsible for the
bright yellow colour involves a charge transfer process from the tertiary
amine group to the nitro group, as illustrated in Scheme 7.

In principle, a coordinative interaction of the dimethylamine group
of 17 with a d block metal ion should alter the energy of the charge
transfer transition and modify the colour, thus giving rise to a con-
venient procedure of visual detection of transition metals in solution.
However, addition of even a large excess of transition metal ions to an
aqueous solution of 17 neither induced a colour change nor modified
the absorption spectrum: this has to be ascribed to the fact that the
aniline nitrogen atom of 17 exhibits very poor donating properties and
cannot be engaged in a metal-ligand interaction.

Nﬁ
NH

NH

S

18
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Fic. 5. Titration of an aqueous solution 5x 10> M in 18, buffered at
pH = 4.75, with a standard solution of Cu™. On metal addition, the band at
386 nm, due to 18, decreases, while a new band develops at 266 nm, pertinent to
the [Cu(18)1** macrocyclic complex. On titration, the yellow solution discol-
ours. Inset: absorbance at 386 nm vs. equivalents of Cu'’.

Thus, we considered the opportunity of incorporating the dimethyl-
(4-nitro-phenyl)-amine moiety into the framework of cyclam, with the
aim of bringing the envisaged metal at interaction distance with the
aniline nitrogen atom. In this connection, the functionalised cyclam
macrocycle 18 was synthesised, in which the nitrogen atom of the 4-
nitro-phenyl-amine fragment is part of a 14-membered ring (33).

Inclusion of transition metal ions was investigated by titrating an
aqueous solution of 18, adjusted to pH = 4.75 (CH;COO/CH3COOH
buffer), with an aqueous standard solution of the metal salt and look-
ing at colour changes and modlﬁcatlons of the absorption spectrum. In
partlcular addition of Cu' made the yellow solution discolour, induc-
ing a decrease of the band at 386 nm and the development of a new
band at 266nm (see Fig. 5). In particular, the family of spectra re-
corded over the titration experiment showed the presence of two well
defined isosbestic points. Very significantly, the absorbance at 386 nm
ceased decreasing after the addition of 1 equlv of Cu'! (see inset to Fig.
5), thus indicating the formation of a Cu'/18 complex of 1:1 stoic-
hiometry.

Such a 1:1 adduct was isolated in a crystalline form and 1ts molecular
structure was determined. It was observed that the Cu' ion is fully
encircled by the tetra-aza subunit of 18 accordlng to a square geometry.
More interestingly, the distance of the Cu' -N(anlllne) bond, 2.07A, is
only slightly larger than those of the three Cu-N(amine) bonds (average
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value: 2.00+0.01 A), indicating the existence of a regular metal-ligand
interaction. Quite interestingly, the macrocycle adopts a configuration of
type trans-I (with the substituents on the nitrogen atoms, hydrogens and
4-nitro-phenyl, all above the N, plane; nitrogen configuration R,S,R,S;
with the Cu™ centre on the same side, at 0.03 A above the N4 plane). On
the basis of structural features, colour and spectral changes observed in
titration experiments could be fully accounted for. In fact, the coordina-
tive interaction of the Cu' ion with the lone pair of the aniline nitrogen
atom modifies the electronic and spectral properties of the 4-nitro-phenyl-
amine chromophore. In particular, the metal-aniline group interaction
raises the energy of the charge transfer to the nitro group, inducing a
hypsochromic shift of the pertinent absorption band from 386 to 266 nm.
Analogous titration experiments were carried out with a variety of
metal ions, which included Mn", Fe'', Fe'"', Co", Ni", Zn'" Pb': in all
cases, neither a colour change nor a modification of the spectral fea-
tures of 18 were observed, indicating that the metal does not interact
with the aniline group of the chromophore and, presumably, with the
tetra-aza macrocycle. Lack of interaction may be due to both thermo-
dynamic and kinetic effects. In particular, the presence of the aniline
nitrogen atom in the donor set is expected to reduce the donating
tendencies of the macrocycle, which forms a stable complex only with
the metal leading the Irving-Williams series, Cu'’. Moreover, it should
be considered that the macrocyclic subunit of 18 (L) at pH = 4-5 is
present in solution with two amine group protonated (LH3'). This
feature may prevent the approach of the cation to the doubly proton-
ated ligand and formation of the complex, due to electrostatic repulsive
effects. Inference of a kinetic factor is demonstrated by the fact that
Ni'! reacts with 18 in boiling MeOH, to give, only after prolonged
reflux of the solution, a yellow diamagnetic salt of formula [Ni'(18)](-
Cl0y4)s, displaying a square-planar coodination geometry. Lack of in-
terference by the above mentioned metals can be demonstrated by
titrating with a standard Cu'® solution an aqueous solution containing
18 plus 10 equiv. of the interfering metal: in all cases, the family of
spectra and the titration profile shown in Fig. 4 were not altered.
Thus, 18 is capable to detect Cu'! through the well perceptible disap-
pearance of its yellow colour and, if desired, through a distinct change
of the spectrum. It has to be noted that the inclusion of the Cu' ion
within the macrocycle is not reversible. For instance, Cu' is not re-
moved from the poly-aza ring of 18, even after the addition of a large
excess of strong acid, due to the kinetic macrocyclic effect. Thus, 18
has to be considered as a sensitive and efficient dosimeter of Cu'.

V. An Anion Sensor for Citrate

There exists a general interest in the design of molecular systems
(receptors) capable to selectively interact with anions and possibly to
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signal to the outside the occurrence of the recognition process (34).
Typically, the receptor offers a suitable cavity in which some positively
charged groups have been strategically positioned. First examples in
the field referred to macropolycyclic systems containing either ammo-
nium (35) or tetraalkylammonium groups (36). Selectivity derived
from size and shape matching of anion and receptor’s cavity. The na-
ture of the anion-receptor interaction is electrostatic, thus not partic-
ularly strong. It may happen that interaction energy is not high
enough to compensate the dehydration terms, a circumstance that
confines anion recognition studies to non-aqueous solvents. In addi-
tion, in the case of polyammonium receptors, in order to keep amine
groups protonated, one must operate under acidic conditions, in any
case at a pH lower than 7, a situation that prevents studies in a bio-
logical context. On the other hand, positive charges within the recep-
tor’s cavity can be provided by metal ions. Thus, the anion-receptor
interaction falls in the field of coordination chemistry, profiting from
some convenient features: (i) the energy of metal-ligand interaction is
relatively high, in any case overcoming the dehydration terms, so that
recognition studies can be performed in pure water (and at pH = 7);
(ii) the metal-ligand interaction, when using d block centres, is typi-
cally directional, which may offer further elements of selectivity. Dur-
ing the last decade, we have reported a number of receptors containing
coordinatively unsaturated metal ions (mainly Cu'!), which are capa-
ble of selective interactions with anions and ionisable analytes, in-
cluding amino acids, in water (37). For instance, in a recent example,
we have described the selective inclusion of dicarboxylates into a di-
copper(Il) bis-tren cryptate: the dimetallic receptor was able to recog-
nise the length of both aromatic and aliphatic dicarboxylates (38), a
feature which allowed specific recognition and sensing of glutamate in
presence of a variety of anionic neurotransmitters (39).

19 20

In the perspective of extending the metal-ligand approach to the
recognition of tricarboxylates, we have recently considered the design
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of a receptor containing three unsaturated Cu!! centres (40). In par-
ticular, we considered system 19, in which three cyclam subunits have
been implanted on a 1,3,5-mesityl platform and we prepared the cor-
responding tri-copper(I) complex, [Cu}(19)1%*. Copper(Il) complexes
with cyclam derivatives tend to coordinate one X~ anion, giving a sta-
ble five-coordinate species of square pyramidal geometry, in which X~
occupies the apical position (41). A very important feature deriving
from the use of cyclam subunits is that the Cu'’ ion (like Ni'!) cannot
be removed from the macrocyclic ring by any competing ligand (42).
Such a circumstance ensures the stability of the [Cu5(19)1°" receptor
even in presence of a large excess of the envisaged anion. The 1,3,5-
trimethyl benzene scaffold was chosen because, when appropriately
functionalised, it can favour the formation of a bowl suitable for the
inclusion of anions.

The interaction of [Cu5(19)1®* with carboxylates was investigated by
taking profit from the indicator displacement paradigm (43). According to
this approach, the receptor binds not too strongly and fully quenches the
emission of an anionic fluorescent indicator. Then, in a titration exper-
iment, the envisaged anion displaces from receptor’s cavity the indicator,
which can release its natural fluorescence, thus signalling, through an
OFF/ON mechanism, the occurrence of the recognition process. 5-Carboxy-
fluorescein (20) was chosen as an indicator, as it possesses two carboxy-
late groups and a phenolate oxygen atom, capable of interacting with the
Cu'! centres of the receptor. 5-carboxy-fluorescein is highly fluorescent in
its anionic form, the dominating species at pH = 7. Complete quenching
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Fic. 6. Emission spectra taken on titration of an aqueous solution of 5-

carboxy-fluorescein (2.5 x 10~7 M), buffered at pH 7 with HEPES 0.01 M,
with an aqueous solution of [Cu}(19)1%" (hexe = 450 nm).
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of the 5-carboxy-fluorescein emission was observed when titrating a de-
gassed solution of the indicator 20 with a standard solution of [Cu}(19)1%*
(as shown by the family of spectra displayed in Fig. 6).

Curve fitting of the titration profile (fluorescent intensity vs. con-
centration of [Cu3(19)1°", shown in the inset of Fig. 6) indicated the
formation of a 1:1 receptor—indicator complex, whose association con-
stant log K;, was 5.78+0.01. Quenching is ascribed to the occurrence
of an intramolecular electron or energy transfer process involving the
photoexcited fluorescein subunit and the paramagnetic Cu'® centres
within the complex. Then an aqueous solution containing [Cu}(19)]1%*
(2x1075M) and 20 (5 x 10~"M) and buffered to pH 7 was titrated
with an aqueous solution of 1,3,5-benzene-tricarboxylate, 21. It was
observed that progressive addition of 1,3,5-benzene-tricarboxylate in-
duced a complete recovery of the 5-carboxy-fluorescein emission.

(e{0]0) [e{0]0) COO"
EOOC/ : : \Coo' OOC/©

21 22 23

OH .
- - HO OH 00C
i 00C COO
'ooc/\i/\coo __/ >—<c .

COoO’ ‘00C (oJ0) COO’
24 25 26 27

The corresponding titration profile (fluorescent intensity vs. anion
equiv.) is shown in Fig. 7 (circles) and clearly indicates that the
[CeH3(COO0)31?~ anion fully displaces the indicator from the host
cavity.

On non-linear least-squares treatment of titration data a log
K,..=5.81+0.01 was calculated for the 1:1 complex between
[Cull(19)1%* and [CgH3(CO0)51%~. The high value of the association
constant probabl%f has to be ascribed to the geometrical complement-
ariety of the [Cus(1)]®* receptor and of the [C¢H3(COO)51°~ anion, both
possessing a C3, symmetry. In particular, the negatively charged ox-
ygen atom of each carboxylate group establishes a coordinative inter-
action with the copper(II) centre of each metallocyclam subunit. In this
connection, it should be noted that the bidentate anion 1,3-benzene
dicarboxylate (isophthalate, 22, triangles in Fig. 7) and the mono-
dentate benzoate (23, diamonds) gave much shallower titration pro-
files, to which much smaller values of log K, correspond (< 3). This
further demonstrates the natural affinity of the tripodal [Cu}(19)1%*
receptor for triply negatively charged anions of triangular shape.
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Fic. 7. Profiles obtained over the course of the titration with a given anion
of an aqueous solution 2 x 10°M in [Cu?(lQ)]6+ and 5x 10°"M in 20, and
buffered to pH 7 with HEPES (0.01 M). The 1,3,5-benzene-tricarboxylate an-
ion, 21 (circles) displaces from receptor’s cavity the fluorescein indicator 20,
which can release its full fluorescent emission.

Not surprisingly, receptor [Cu}(19)1°* forms a very stable 1:1 com-
plex with the triply negatively charged anion citrate (24, log
K, = 5.59+0.01, the titration profile is shown in Fig. 8), whose three
carboxylate groups can coordinate the three Cu'' centres. Similar tit-
ration experiments were carried out on a variety of dicarboxylates,
none of which could compete with citrate, as shown by the shallower
titration profiles reported in Fig. 8. This is probably due to the fact
that dicarboxylates can interact with only two of the three available
copper(II) centres. However, affinity towards [Cu}(19)1®* varies sig-
nificantly with the nature of the dicarboxylate anion. In particular,
maleate (25) forms a relatively stable complex with [Cul(19)16* (log
K, =4.54+0.1), more stable than tartrate (26, log K,,c = 4.1+0.1)
and succinate (27, log K, = 3.84+0.1). In the three envisaged anions
25-27 the two COO™ groups are separated by the same number of
carbon atoms, with a similar bite length for encompassing the met-
allocyclam subunits of two arms: the observed affinity sequence
(25 >26>27) reflects the increase of the flexibility of anion framework
and the consequent increasing loss of conformational entropy, which
takes place on complex formation. Very poor affinity towards
[Cut(19)1°" is displayed by the spherical chloride and by the trigonal
nitrate, for which K, values<10? could be estimated. Indeed, NO3
possesses a Cs, symmetry, but it detains only one negative charge and
behaves as a poorly coordinating ligand for 3d metal ions, also when
acting as monodentate. Moreover, the small size of NO3 does not allow
a favourable fitting within the rather large cavity provided by
[Cuf(1)]®*. In particular, such a cavity is tailor-made for the much
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Fic. 8. Profiles obtained over the course of the titration with a given anion
of an aqueous solution 2 x 10°M in [Cu}(19)]®* and 5 x 10~ M in 20, and
buffered to pH 7 with HEPES (0.01 M).

larger 1,3,5-benzene-tricarboxylate ion. To make a fair comparison with
receptors operating through electrostatic interactions, it has to be men-
tioned that the 1,3,5-ethyl benzene scaffold had been previously func-
tionalised with three arms contaning guanidinium groups (44), to
generate a tricationic receptor, which formed a stable complex with the
citrate anion in water (log K, = 3.8). Affinity towards citrate has been
more recently increased (45), through the use of side chains containing
the guanidium-carbonyl pyrrole functionality (log K, = 4.9 at pH =
6.3). We have shown that the metal containing receptor [Cu}(19)[%*, in
an aqueous solution buffered at neutral pH, forms with citrate a 1:1
complex with log K, = 5.6, thus becoming the most efficient artificial
receptor for the binding of citrate in water reported thus far.

The moral of the story is that the use of receptors containing met-
allocyclam subunits should be encouraged in anion recognition stud-
ies, for two main reasons: (i) the metal centre is coordinatively
unsaturated and leaves room for the binding of one anion donor atom,
without any particular steric constraint, and (ii) it is kinetically inert
and cannot be demetalated even in presence of a huge excess of anal-
yte or of any other competing ligand.

VI. A Molecular Fluorescent Thermometer Operating Through the Ni'/Ni"

Redox Change

Sensing, in a chemical context, refers to the detection of a molecular
species, whose presence and amount is signalled through the drastic
change of a property, e.g. fluorescence. However, even a physical
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quantity, e.g. temperature, can be sensed at the molecular level, using
a quite similar approach. In the simplest way, a molecular fragment
sensitive to temperature is connected to a fluorogenic subunit. In par-
ticular, the temperature sensitive unit must exist in two different
states of comparable stability A and B. Then, A and B must be in
equilibrium and the equilibrium should be affected by temperature,
being distinctly exo- or endo-thermic. As a second requirement, A and
B should exhibit a different perturbing effect on the proximate fluor-
ophore: state A quenches fluorescence and state B does not (or vice
versa). In these circumstances, one could modulate the intensity of the
fluorescent emission by changing the relative concentration of A and B
by a temperature variation. As a consequence, the temperature of the
solution can be measured from the fluorescence intensity, Iy, on the
basis of an Ir vs. temperature calibration curve.

A convenient temperature sensitive subunit is provided by the co-
ordination chemlstry of polyamlne macrocycles: the [Ni''(cyclam)**
complex. In fact, [Ni'(cyclam)** in a polar solvent S — water (46),
MeCN and DMSO (47) — exists in two forms of comparable stability,
which differ for their electronic propertles and stereochemlstry (i) an
octahedrally elongated form, [Ni'(cyclam)S,]?*, in which the four ni-
trogen atoms of cyclam span the equatorial plane, and two solvent
molecules S occupy the axial sites: the complex has two unpaired
electrons (hlgh spln form) and exhibits a blue-violet colour; (ii) a
square species, [Ni'(cyclam)]?*, in which the macrocycle is coplanarly
coordinated to the metal: the two highest energy electrons are now
paired (low-spin form) and the colour is yellow, due to a relatively
intense d-d band centred at 450nm, molar absorbance ¢ =
65M 'cm ™, in aqueous 0.1 M NaClO,, at 25°C. The two forms un-
dergo a fast and reversible interconversion equilibrium, which is
strongly temperature dependent:

[Nill(cyclam)Sy > =2 [N1H(cyclam)]2Jr +28
blue, high-spin yellow, low-spin

In particular, a temperature increase favours the formation of the
yellow, low-spin species a temperature decrease favours the formation
of the blue, high-spin form. The high-to-low-spin conversion 1s dis-
tinctly endothermlc (in aqueous solutlon AH® = 5.4kcalmol 1), and
this reflects the loss of the two axial Nil -S bond, when moving from
the octahedral to the square stereochemistry. At 25OC in aqueous so-
lution, there exists 25% of the low-spin species, and 75% of the high-
spin species: however, the solution appears yellow, owing to the higher
absorbance of the low-spin complex (46). Distribution varies with the
solvent’s nature and is also affected by structural modification on
cyclam backbone (e.g. presence of alkyl substituents on nitrogen and
carbon atoms).
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28

On these premises, the [Ni'(cyclam)I** fragment was linked through a
-CHs- group to the classic naphthalene fluorophore, to give the two-com-
ponent assembly 28 (48). It has now to be verified whether the two metal
spin states have a different perturbing effect on the nearby photoexcited
naphthalene fragment. This can be assessed by studying the emission
behaviour of complex salts of formula Ni'(28)X,. In an Ni'(28)X,, salt, in
the solid state, the Nil! centre experiences an octahedrally elongated
coordination geometry, in which the two X anions occupy the two apical
positions. The spin-state of the metal centre is determined by the coor-
dinating tendencies of X: (i) strongly coordinating anions (e.g. CI") sta-
bilise the high-spin state (Ni'! feels’ an octahedral stereochemistry); (ii)
weakly coordinating anions stabilise the low-spin state (Ni'' “feels’ a
square stereochemistry). The complex salts Ni'(7)Xs, when dissolved in
CHClI3, in view of solvent’s non-coordinating tendencies, keep intact their
donor set and maintain their spin state. Thus, measuring the emission
spectra of CHCl; solutions of different Ni'l(7)X, salts allows one to eval-
uate the effect of the Nil spin state on the emission properties of the
nearby naphthalene fragment. Quite interestingly, this effect is substan-
tially different for high- and low-spin complexes.

Table II reports the quantum yields ® of a series of Ni'((28)X, com-
plex salts of different spin multiplicity. High-spin complexes
(X~ =Cl17, NO3, NCS") show a quantum yield 3—4 times lower than
low-spin complexes (X~ = ClOy, CF3S0O3). It should be noticed that
the quantum yield is in any case distinctly lower than observed with
plain naphthalene, thus indicating that the metal centre has a more or
less pronounced quenching effect on the nearby excited fluorophore. It
has been observed that the quenching mechanism has an energy
transfer nature (in fact, the fluorescence intensity is not restored when
the solution is frozen to 77 K). In particular, it has been hypothesised
that the energy transfer takes place through a double electron ex-
change (Dexter mechanism). Quantum yield values in CHCl; solution
show that such a process is remarkably more efficient for the high-spin
metal centre than for the spin paired complex, whose electronic struc-
ture is definitively more compact.

On these bases, one should expect that the spin-state effect on flu-
orescence should be observed also in a polar and coordinating medium,
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TABLE II

QuanTUM YIELDS VALUES (@) DETERMINED FOR DIFFERENT SALTS OF [Ni(28)]%* COMPLEX IN A
CHCIl;3 SorutioN. ® oF PLAIN NAPHTHALENE, IN AN EtOH Sorution, 1s 0.21

temperature, ‘C
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Fic. 9. Emission spectra of an MeCN solution 10°M in the Ni'(28)(-
ClO4)2 complex salt recorded over the 27-65°C range (Aexe = 290nm). On
increasing temperature, fluorescence increases, owing to the conversion of
the high-spin into the low-spin state of the Ni!! centre. The inset shows the
variation of the fluorescence intensity at 335 nm, I, with temperature and
represents the calibration curve of the molecular fluorescent thermometer
Ni'(28)(C10y)s.

where the axial position are not longer occupied by the X~ anions, but
by solvent molecules and where the high- and low-spin species coexist,
according to a temperature-dependent equilibrium. Indeed, the emis-
sion intensity of a solution of an Ni''(28)(C10,)s complex in an MeCN
solution was observed to vary with temperature and, in particular, it
increases with increasing temperature. Fig. 9 displays the family of
emission spectra recorded over the 27-65°C range.

The spin conversion equilibrium taking place in the MeCN solution
is illustrated by the following equation:

[Ni'(28 )(MeCN), >t = [Ni''(28)]** + 2MeCN

At lower temperatures the [Ni'(28)(MeCN)o]>* complex, high-spin,
dominates, which has the more pronounced quenching effect on the
nearby naphthalene fluorophore. Owing to the endothermic nature of
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the high-to-low-spin conversion, on raising temperature the concen-
tration of the low-spin form, [Ni'}(cyclam)]?*, increases, causing a con-
current enhancement of the fluorescent emission. The inset of Fig. 9
shows the variation of the maximum of the emission intensity with
temperature. Such a diagram represents a sort of calibration curve of
the [Ni'(28)]%* system, which behaves as a thermometric probe. The
response of the thermometer is fully reversible and extremely fast, as
the fluorescent emission change is related to the release-uptake of
solvent molecules from the axial positions of the metal and to the
consequent electron rearrangement, a process taking place well below
the millisecond timescale.

Systems of this type could be gainfully used for measuring the tem-
perature of biological fluids, including intracellular ones. In particular,
fluorescence microscopy measurements would allow one to determine
temperature changes inside a cell domain, in which the fluorescent
probe had been injected, with both spatial and temporal resolution. The
advantage of systems like [Ni'[(28)]?* is that, due to the high sensitivity
of the fluorescent signal, they can be used at very low, non-invasive
concentration levels. In particular, temperature changes of a solution of
[Ni'%(28)1** can be distinctly perceived at a 10~ M concentration. How-
ever, the rather lipophilic system [Ni'(28)]%* itself cannot be used as a
thermometric probe for biological fluids due to its very poor solubility in
water. The obstacle can be circumnavigated by appending to the cyclam
framework a more hydrophilic fluorogenic fragment than naphthalene.

VIl. Conclusion

We have tried to demonstrate that metal complexes of cyclam de-
rivatives, including scorpionands, can perform some elementary func-
tions at the molecular level (signalling, sensing, controlling of
molecular motions). These, and other, functions result from the com-
bination of the unique properties displayed by cyclam and related
synthetic macrocycles. Daryle Busch invented this topic, devising the
template synthesis of macrocyclic complexes and characterising their
distinctive behaviour, related to the cyclic and constrained nature of
the ligand. His papers have inspired hundreds of researchers all over
the world and remain fundamental for the development of macrocyclic
and supramolecular chemistry. Long live Professor Busch and cyclam!
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I.  Introduction

Macrocycles and metallomacrocycles are widely used as hosts for
molecular recognition of various charge- and shape-complementary
substrates (I-6). Each macrocyclic molecule incorporates several he-
teroatoms that can be involved in guest recognition. These large cyclic
molecules adopt well-defined shapes, thus allowing for discrimination
between guests. Additionally, macrocyclic ligands and their complexes
can be easily modified, functionalized, or linked together, in order to
create receptors suitable for high affinity binding of specific subst-
rates.
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In the arsenal of intermolecular, non-covalent interactions respon-
sible for substrate binding (electrostatic attraction, hydrogen bonding,
hydrophobic interactions, aromatic n-stacking, etc.) coordinative bond-
ing between a donor atom and a metal ion is among the strongest
binding modes. The incorporation of metal ions into molecular recep-
tors has resulted in the successful design of a variety of metallohosts
(3—8). While the metal ion is itself a guest in these systems, it can, in
turn, contribute to the recognition of secondary, non-metallic subst-
rates. In addition to coordinative interactions between the donor at-
oms of guest molecules and vacant coordination sites on the
metallohosts, such as those that operate when dioxygen binds to hem-
oglobin; metal cations can also participate in electrostatic interactions
with negatively charged functional groups that may be present in
guests. Through this second mode of interaction, transition metal
complexes have been used in the design of high affinity anion receptors
(9—14). Metal ions can also play a structural role in pre-organizing
molecular receptors for substrate binding (3,5), and/or act as reporters
in sensors due to their ability to signal a substrate binding event via
changes in fluorescence, absorbance, or redox potential (15-22). Me-
tallomacrocycles appear to be particularly attractive building blocks
for the design of metallohosts, on account of their well-known ther-
modynamic stability and kinetic inertness (23). Thus, the metal ions
incorporated into the macrocycles will remain in well-defined coordi-
nation sites during substrate recognition events, and no leakage of the
metal is expected.

Although the presence of one or several metal ions in the macrocyclic
hosts is clearly useful for designing high-affinity receptors, anion
binding via multiple electrostatic interactions is also effective with
protonated, metal-free macrocycles. Molecular recognition of anions
with polyammonium- or polyalkylammonium macrocycles, pioneered
by J.-M. Lehn and coworkers (24,25), is a very active area of research
and has been extensively reviewed (9,25-27).

Molecular recognition, which implies preferential binding of certain
substrates over others, is best accomplished in an enzyme mimetic
fashion—by incorporating multiple binding sites in three-dimensional
assemblies. Selective binding of complementary substrates is often
reinforced by size and shape selectivity of guest inclusion within la-
cuna created by adding superstructure to macrocyclic platforms. A
variety of molecular architectures have been employed in the prepa-
ration of efficient and selective hosts from macrocyclic receptors. Pop-
ular substrate binding modes include encapsulation of a guest within
the hydrophobic cleft of a mononuclear macrocycle, guest coordination
to the metal center supplemented by hydrogen bonding with the he-
teroatoms of the same macrocycle, guest interaction with receptor
centers in the pendant arms attached to the macrocycle or metallo-
macrocycle, guest binding between two or more macrocycles, and co-
ordination of the guest to two metal ions within one dinuclear
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macrocyclic complex (5). Comprehensive coverage of this rapidly de-
veloping area of research is beyond the scope of the present paper. We
will instead provide examples related to our own research on metallo-
macrocycles that recognize polyfunctional guests of various sizes.
Many aspects of these studies were inspired by the seminal contribu-
tions of Professor Daryle Busch (4).

First, we would like to present molecular design principles that are
applicable to selective recognition of small molecules such as O, and
CO. Specifically, coordination of these small molecules to metal centers
within the cleft-shaped cyclidene macrocycles will be considered. Next,
strategies for expanding the hydrophobic cyclidene cavities to allow for
incorporation of medium-sized organic molecules will be discussed.
These systems were designed by Busch and coworkers in order to
prepare fully synthetic models for the active sites of oxidative enzymes
(e.g., cytochrome P450). Oxygen coordination to the metal accompa-
nied by substrate encapsulation within the hydrophobic cavity may
ultimately result in regio- and stereoselective, “enzyme-like” substrate
oxidations (28,29). In the next section, we will discuss length- and
shape-selective recognition of difunctional medium-sized organic cat-
ions (e.g., diammonium cations) and organic anions (e.g., dicarboxy-
lates) that bind between two receptor sites appended to the edges of
folded macrocyclic clefts. Finally, we will explore binding motifs that
are promising for recognition of large hydrophobic species, including
fullerenes and carbon nanotubes, and large inorganic polyanions, such
as polyoxometalates. These polyhedral species can be sandwiched be-
tween two or more nearly planar macrocycles, encapsulated within
cavities formed from one or more functionalized macrocycles, or bound
by several pendant arms radiating from a single macrocyclic platform.

Il.  Mononuclear Clefts for Binding Neutral Molecules

The systems to be considered in this section are mononuclear mac-
rocyclic complexes with non-planar conformations. While the metal
center may provide a specific coordination site for binding a guest, the
selective molecular recognition in these systems is based primarily on
the shape complementarity between the host and the guest, and de-
pends on multiple weak interactions (van der Waals forces, n-stacking,
etc.) between the macrocyclic ligand (the “organic part” of the complex)
and the guest. Multipoint substrate binding is the most effective way
to accomplish selectivity. For this reason, axial coordination of mono-
or bidentate guest ligands in the absence of secondary intermolecular
forces, while important in its own right, will not be considered in this
discussion.

Guest recognition using unmodified monocyclic hosts is often based
on the inclusion of shape-complementary guests. The monocyclic
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ScHEME 1. Macrocyclic complex 1 and its proposed binding to single-
walled carbon nanotubes.

ligands fold to form clefts that serve to confine the guests (30,31). In
the absence of direct bonding between the metal center and the (usu-
ally non-polar) organic guests, large contact areas between the host
and guest can lead to sufficiently strong binding through van der
Waals forces and/or n—n interactions. Large molecules and nano-ob-
jects, such as fullerenes (30,32—-36) and single-walled carbon nano-
tubes (Scheme 1 (37)) are easily cradled in the clefts of folded aromatic
macrocycles. Various aspects of using macrocycles for the recognition
of large anions (polyoxometalates) will be considered in Section IV.

A. RECOGNITION OF SMALL MOLECULES

Weak non-covalent interactions are insufficient for small molecule
(e.g., Oy, CO) recognition, such as that observed in synthetic oxygen
carriers, because of