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1. Introduction

In 1967 Pederson reported the synthesis of macrocyclic
crown ethers and their ability to selectively bind alkali and
alkaline earth ion$? and since then supramolecular com-
pounds have captivated chemi%ts.Following Pederson’s
revolutionary discovery, a plethora of organic macrocyclic
molecules were synthesized including thiacrown ethers,
azacrown ethers,lariat ethers, chiral crown ether8l°
cryptands;t 13 spherand$}*5 cryptahemispherand$;” hemi-
spherand& calixarenes? 2! cavitand$? 2 hemicarcerand®,
carcerands (molecular containefs§8and boron macrocyclé$
These complexes have the ability to bind cations and anions,
function as ion transport agents, stabilize unstable molecules,
and act as a host for chemical reactions. This work led to
the 1987 Nobel Prize in chemistry being awarded to Charles
Pedersori? Jean-Marie Lehf? and Donald Crast for their
pioneering work in the field. Unfortunately, inorganic
chemistry has lagged behind in synthesizing metal-containing
supramolecules. However, recently there has been a surge
in the number and type of metallasupramolectfésSome
of these complexes resemble organic counterparts and are
aptly named, whereas others present new structural types.
Included in this family of metallamacrocycles are metal-
lacryptands and metallacryptafést®® metallahelices and
metallahelicate$}-82 metallacalixarene®,8° metallacoro-
nates’® metal molecular wheef,metal molecular rings and
polygons?>~132 metal-containing cages and polyhedi&;6°
metal-containing molecular machin¥$;%3 and metallac-
rowns'%* Metallamacrocycles have been studied not only for
their esthetic appeal but also for their potential functions.
Metallamacrocycles have been used as cation, anion, and
molecular recognition agents; catalysts; building blocks for
extended solids; and sensors. This review will focus on the
class of molecules known as metallacrowns. For excellent
reviews of other metallamacrocyclic systems please see the
noted references.

In 1989 Pecoraro and Lah reported the first metallacrown
structuret®>1%6Since then the field has expanded to research
laboratories around the world. Chemists in the United States,
Italy, Greece, Germany, Switzerland, South Korea, and
China, to name but a few countries, are expanding the utility
of metallacrown chemistry. A large variety of structures have
been synthesized since the initial report, and metallacrowns
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antibacterial compounds, building two- and three-dimensional
solids, stabilization of unstable molecules, single-molecule
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rown, is a 15-membered ring comprising 5 repeating units
of —[M—N—-0O]— with 5 donating oxygen atoms. The
preferred nomenclature also includes the bound central
metal, the ligand, and any bound or unbound ions. The
typical metallacrown nomenclature abides by the following
scheme: MX[ring size-M@zw)-ring oxygens]Y, where

M is the bound central metal and its oxidation state, X is
any bound anions, Ms the ring metal and its oxidation state,

Z is the third heteroatom of the ring, usually N, L is the

magnets, and molecular, cation, and anion recognition agentsorganic ligand used in the complex, and Y is any unbound
This review will focus on two aspects of metallacrown anions. On occasion there can be unbound cations, and these
chemistry. First, the expanse of metallacrown structures will are placed before the bound central metal. An example of
be analyzed. Second, the numerous functions of metallac-the above naming scheme would H&d"(NOs;),[15-
rowns will be explored. The literature is covered through MCcyns-phenar5]} NOs, where S-pheHA iSphenylalanine

February 1, 2007.

2. Metallacrown Structural Types
2.1. Introduction

hydroxamic acid. This simplified naming scheme will be
utilized in this review. For a very detailed naming scheme
please see a previous revié15

The first reported metallacrowns were 9-MC-3, 12-MC-
4, and 15-MC-5 structures with-alM —N—Q],— repeat unit.

Metallacrowns draw on the crown ether analogy for its But just as crown ethers can be altered to make azacrown
definition and nomenclature. The traditional definition of a ether$® and thiacrown ethefsmetallacrowns with different

metallacrown is a repeat unit ef[M —N—O],— in a cyclic

compositions and topologies have been synthesized and now

arrangement where the ring metal and nitrogen atom replaceinclude molecules known as expanded metallacrowns, met-
the methylene carbon atoms of a crown ether (Scheme 1).allacoronates, azametallacrowns, expanded azametallac-
As in crown ethers, metallacrowns are named on the basisrowns, and molecular wheels. Expanded metallacrowns are
of the ring size and the number of donating oxygen atoms. macrocyclic compounds in which the repeat unit now
For example, a 15-MC-5, where MC represents metallac- includes a carbon atom;[M —N—C—0O],—. Metallacoro-
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Scheme 1. Examples of the Analogy between Organic
Crown Ethers and Metallacrowns
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nates replace both heteroatoms with oxygen atoms and
include carbon atom extenders[M —O—C,—0],—. Aza-
metallacrown complexes have a repeat unit-¢M —N—
N],—, and expanded azametallacrowns have a repeat unit

of —[M—N—C—N],—. These additional metallacrowns fol- Figure 2. X-ray crystal structure of the first identified metallacrown

low the same nomenclature scheme with the number beforeyi 5 central ion:{ Fe(QCCHs)[9-MCraineny 31} -3CHOH. Color
the MC representing the rng size and the number after theScheme: aqua sphere, central'Eerange sphere, ring Fe red

MC signifying the number of the second heteroatom in the tube, oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen atoms
repeat unit. In addition, metallamacrocyclic complexes have and lattice solvent have been removed for clafity.

been synthesized with a repeat unit of {M], where X is . ] . ]
a nonmetal atom. These complexes are commonly referredin & six-membered ring, a carboxylate oxygen and hydroxi-
to as molecular wheels, but they have also been referred tomate oxygen making a five-membered ring, and the remain-
as metallacrowns and metallacoronates. This extended familying position occupied by a unidentate vanadyl oxygen atom

of metallacrowns has led to a diversity of metallacrown and a methanol oxygen atom. The two chelate rings engender
structures: 8-MC-4, 9-MC-3, 10-MC-5, 12-MC-3, 12-MC- absolute stereochemical isomerism on each of the vanadium

4, 12-MC-6, 14-MC-7, 15-MC-3, 15-MC-5, 15-MC-6, 16- ions. The 9-MC-3 structure requires that all three vanadium

MC-4, 16-MC-8, 18-MC-6, 18-MC-9, 20-MC-10, 22-MC- ions adopt the same absolute configuration, which corre-
11, 24-MC-6, 24-MC-8, 24-MC-12, 28-MC-14, 30-MC-10, Sponds to theA propeller configuration. The shi-based
32-MC-8, 32-MC-16, 36-MC-12, 36-MC-18, 40-MC-10, 48- metallacrowns can form the MC structure only when all three
MC-24, and 60-MC-20. Some of the most commonly used metal centers are in a propeller configuration and each adopts

ligands for the synthesis of these metallamacrocycles arethe same absolute stereochemistry. This observation is
depicted in Scheme 2. contrasted with the pyrazole-based metallacrowns described

below, which form only planar 9-MC-3 structures. Unlike

2.2. 9-MC-3 the vast majority of subsequently prepared metallacrowns,

The first recognized metallacrown was a 9-WMsnir the MC center is vacant. The most likely explanation for
3-3CH:;OH complex (where kthi is salicylnydroxamic acid),  this observation is that the vanadyl oxygen atoms block the
as a nine-membered metallamacrocycle ring consisting of acomplexation of anions that could stabilize a captured central
repeat unit of-[VV—N—0O]— (Figure 1)!° Each ligand is cation. The structure type has proven to be general with other
bidentate, forming five- and six-membered chelate rings hydroxamic acid ligands, 3-hydroxy-2-naphthohydroxamic
about adjacent vanadium ions. The hydroximate oxygen andacid and 2,4-dihydroxybenzohydroxamic acid, leading to
nitrogen atoms (Scheme 3) provide the repeat unit within nearly identical structure’$? The first identified metallac-
the metallacrown. The coordination about each vanadiumrown with an encapsulated cation {Fe(QCCH;)3[9-
ion consists of a phenolate oxygen and hydroximate nitrogen MCed'nshir-3]} -:3CH;OH (Figure 2)17° The MC topology is
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Scheme 2. Some of the Most Commonly Used Ligands for the Synthesis of MetallacroWwns

~OH OH
OH HN OH HN” O*j O\T/Cy ij//\\//\\
_NH NH
5
1 HO ) o) o o
3 4
OH /
o N OH HN~ —N
OH HN/NH OH N
6 OH '\(/NH O o HN™ HN N//
0
O Elj/&o @Ao
7 8 P
9 R
_OH OH
NH, HN HN™ COOH

=N
N
A

N

Y N/I:l Ho N
_NH
HO O

16 OH OH
17
0o
OH R
N/
R—SH Of}\ | RAPAPLR
_N
21 N

Me OH

A~y ) WK

+

o<

X
HN \ / N N~ N | é
\”L\¢4N 1\V/J L\v/L§O N o 0" oH OH
27 28

N\
N

. /D
| N 14

RO_ _O NH, .
OH N
N “j%j::> RL\«J\7/R3
Z > OH N N N—NH
Me
RO” SO 19 20
18
rile Q S
Me.
N S, N\ j
Me Me
\(_7/ IN%NH N
24

25

\OH

HO

R /?\7N/\Ph

29 30 31

(1) Salicylhydroxamic acid;2) 2,4-dihydroxybenzohydroxamic acid3)(N-formylsalicylhydrazide; 4) N-cyclohexanoylsalicylhydrazide5) N-trans
2-pentenoylsalicylhydrazide 6 N-3-phenylirans-2-propenoylsalicylhydrazide;7) salicylaldehyde 2-pyridinecarboxylhydrazon&) @-hydroxy-2-naph-
thohydroxamic acid;9) picoline hydroxamic acid;10) picoline-tetrazolylamide;1(1) 5-alanine hydroxamic acid1@) phenylalanine hydroxamic acidi3)
4-pyrimidinyl nitronyl nitroxide; @4) bis(2-pyridylmethyl)glycine; 15) di(2-pyridyl)ketone oxime;16) tris(2-hydroxybenzylidene)triaminoguanidind;7{
6-purinethione riboside 1) dialkyl-3,4-dihydroxyhexa-2,4-diene-1,6-dioat&9)( 9-methyladenine;20) 3,4,5-R,R2,R3-pyrazole; 1) thiol; (22) 3-hydroxy-
1,2,3-benzotriazine-4(3-one; @3) bis(R-phosphino)methane24) 4-amino-3,5-dimethyl-1,2,4-triazole2%) N-(5-methylthiazole-2-yl)thiazole-2-carboxamide;
(26) N-(2-methylimidazol-4-ylmethylidene)-2-aminoethylpyridin@y7f 2-hydroxypyrimidine; 28) uracil; (29) 2,3-dihydroxypyridine; 80) carboxylic acid,;

(32) N-benzyldiethanolamine.

Scheme 3. Successive Deprotonation of Hydroxamic Acids
Yielding Hydroxamate and Hydroximate Anions

OH o o o
HNT g BN g NT N~
R o R o R o R Do

hydroxamic acid hydroxamate hydroximate

very similar to that of 9-MGvnehi-3, but a F# is encap-

groups bridge between each ring"Fen and the central
Fe'. The ring F&' ions have a similar coordination sphere
as the ring V ions in 9-MG,vnehi-3. The bridging acetate
anions are probably the key reason wHye(G:CCHs)3[9-
MCre'neshiy3]} encapsulates a central cation, whereas 9-M-
CvVneshi3 does not.

Though not recognized as MCs at the time, several
triangular trinuclear complexes with %WN—O connectivity

sulated within the central cavity by the three ring hydroxi- made with oxime ligands have been known in the literature
mate oxygens and three bridging acetate groups. The acetatsince the late 1960s. A common set of compounds is 9-MC-3
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Figure 3. X-ray crystal structure of the inversgzOH)[9-MCq¢,-

3] complex with the ligand pyridine-2-aldehyde. In addition, a
SO4?~ anion bridges the three ring €ions. Color scheme: orange
sphere, ring C red tube, oxygen; blue tube, nitrogen; yellow tube,
sulfur; gray line, carbon. Hydrogen atoms and lattice solvent have
been removed for clarity’?

Figure 4. X-ray crystal structure of the inversgO)[9-MCq¢-
3] complex with the ligand 1,2-diphenyl-2-(methylimino)ethanone
1-oxime. The metallacrowns dimerize by the centralO atoms
binding to a ring Cli io:n of the opposite MC. Two CIQ anions

bind to the faces of the MCs. Color scheme: orange sphere, ring

Cu'; red tube, oxygen; blue tube, nitrogen; green line, chloride;
gray line, carbon. Hydrogen atoms have been removed for clétity.

complexes made with a[Cu"'—N—O]— repeat unit. These
structures are considered to be inverse metallacrowns (
vMC) because they bind anions within the central cavity,
usually aus-oxide oxygen or as-hydroxide oxygen (Figure
3).171717 The N-O repeat unit is provided by the oxime
ligands of the complex; a variety of different oxime ligands

Chemical Reviews, 2007, Vol. 107, No. 11 4937

Figure 5. X-ray crystal structure of the inversesOH)[9-MCy;-

3] complex with the ligand ethane-1,2-diamine. Only the ,NO
anions provide the bridging atoms for the metallacrown. Color
scheme: orange sphere, ring"Nied tube, oxygen; blue tube,
nitrogen; gray line, carbon. Hydrogen atoms and lattice solvent have
been removed for clarit}?

Figure 6. X-ray crystal structure of the inverse azametallacrown
(uz-OH)[9-MC¢-3] with the ligand pyrazole. The nitrate that
bridges two of the ring Clions also binds to a C'wof an adjacent
MC to form a one-dimensional chain of MCs. Color scheme:
orange sphere, ring ®ured tube, oxygen; blue tube, nitrogen; gray

have been used to synthesize these structures. In some cas@ge, carbon. Hydrogen atoms and lattice solvent have been removed

the inv9-MC-3 structures may dimerize via the central
oxygen atom, which binds to a copper ion of the opposite
MC (Figure 4)}"®In addition, a vacant 9-Mg&;¢-3 has been
prepared in which the 9-M&-3 is connected to a 6-Mg-2
through an oxime oxygen atom of the 9-MC-3 riHig Two
vacant 9-MGq-3 structures have been synthesized with
oxime ligands. One consists of three''Rdns connected by
double N-O bridges each® and the other complex has only
one N-0 bridge between the Pdons!® A doubly bridged
inv9-MCwu,"-3 has been synthesized that encapsulages a
0.181Viewed down the three-fold axis, the upper connectivity
has a N-O bridge repeating in a clockwise fashion. The
lower bridge, though, has-€N clockwise connectivity. One
interesting structure can be considered tnwe9-MCy;'-3
structures connected via a common' Non (Figure 5)!82
The MC connectivity, though, is not made from an organic
ligand, but from six nitrite anions. Within the center of each
inv9-MCy;i-3 is aus-OH group. Related to the fusédy9-
MCyi"-3 structure is a Zhpentanuclear complex, in which
two collapsed 9-Mg;i-3 rings share a common Yiion to
create two 9-MC-3 rings within the same complékA

for clarity.188

collapsed MC is a complex in which no central ion is bound
but instead a ring metal binds to a ring heteroatom on the
opposite side, thus collapsing the central cavity.

Triangular 9-MC-3 azametallacrowns (MN—N) have
been a much more common structure type. Most of the
structures are based on the pyrazole ligand providing the
N—N bridging unit. Excellent reviews exist on the coordina-
tion chemistry of pyrazole ligand8*18” The most common
structures rely on the group 11 elements copper, silver, and
gold. The first aza9-Mg,;-3 was synthesized with a simple
pyrazolate anion (Figure 65 The inverse MC binds as-

OH group within the central cavity. In addition, a nitrate
anion binds adjacent MCs to form a one-dimensional chain.
From this initial structure, various inverse aza9-pC3
structures have been synthesized with pyrazole derivatives
and by capturing different anions such;asO, us-Cl, and
u3-Br.189-194 By using CU, vacant aza9-Mgy-3 structures

are able to be synthesized with a variety of derivatized
pyrazole ligands (Figure #7>2%1 These structures have the
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Figure 9. X-ray crystal structure of two vacant azametallacrowns
Figure 7. X-ray crystal structure of the vacant azametallacrown Within one structure. The structure may be considered as two vacant
[9-MCcy-3] with the ligand 3,5-diphenylpyrazole. The complexis a28[9-MGd',ag-3] built into each other with the ligand 3,5-
not as planar as th@4-OH)[9-MCg,-3] complex in Figure 6. Color d|rr|1ethylpyrazole: Color scheme: green spheré; Brange sphere,
scheme: orange sphere, ring'Chiue tube, nitrogen; gray line, ~ Ad' blue tube, nitrogen; gray line, carbon. Hydrogen atoms have
carbon. Hydrogen atoms and lattice solvent have been removedPeen removed for clarits®
for clarity19°

Figure 10. X-ray crystal structure of dimers of interconnected aza-
[9-MCpqd',ag-3] complexes. The 9-MC-3 complexes are connected
via a Ad»(ClO,), bridge. The terminal Agions do not bridge to
additional 9-MC-3 complexes. An analogous dimer can be syn-
thesized with aza[9-Mge,as-3] and Ada(ClOy),. Color scheme:

) green sphere, Pdorange sphere, Agblue tube, nitrogen; aqua
Figure 8. X-ray crystal structure of the vacant azametallacrown tube, chlorine; gray line, carbon. Hydrogen atoms have been
[9-MCa,-3] with the ligand 3,5-bis(trifluoromethyl)pyrazole. The  removed for clarity?3
complex is much more planar than the correspondingn@etal-

lacrown in Figure 7. Color scheme: orange sphere, ring Blue .
tube, nitrogen; purple line, fluorine; gray line, carbon. Hydrogen ance of two interconnected aza9-MCag-3 complexes. A

atoms have been removed for clafy. similar complex is observed with 3,5-dimethylpyrazolate with
interlinking aza9-MG4,»4-3 complexes (Figure %3 Two _

same connectivity and display €€u distances similar to ~ ©f tlhese aza9-MC-3 complexes can then be connected via a

those of their aza9-Mgy-3 counterparts, but do not contain  A9'2(ClO.), bridge to create a dimer (Figure 10). In addition,

a us-guest within the central cavity. Several aza9-MG an aza9-MG4',a,-3 complex may be dimerized with a Ag
and aza9-M@,-3 structures have been synthesized from (ClO4)2 bridge. _ _
pyrazole ligands and its derivatives (Figure?®)2°° These Aza-9-MC-3 complexes have been synthesized without

structures also do not containug-guest within the central ~ pyrazole ligands. Diazabutadiene provides-aNNbridge to
cavity just as the aza9-Mg-3 complexes do not. In addition ~ form an aza9-MC-3 with a ring repeat unit efAl" —N—
to the group 11 aza9-MC-3 complexes, an aza%M&and N]— (Figure 11)?*4 This metallamacrocycle encapsulates an
two aza9-MGq-3 pyrazole vacant complexes have been Al'" ion. A vacant N aza9-MC-3 is formed by using an
synthesized with two pyrazolates bridging between eachimine-based ligan&®® Aza9-MG¢-3 and aza9-Mg'-3
Pt! 210 and each PU®0211Also, an inverse aza9-M&-3 has complexes can be synthesized using the multidentate ligand
been synthesized that encapsulates-@H.212The structure  tris(2-hydroxybenzylidene)triaminoguanidine (Figure 12).
is mixed-valent with an oxidation state distribution of'€o  The single ligand provides enough binding sites to allow for
Cd",. Each Cd' is bridged to the Cbvia one pyrazolate  the formation of an aza9-MC-3 structure. A carbon atom
ligand, whereas the two (foions are bridged by two  resides in the middle of each aza9-MC-3 complex; however,
pyrazolate ligands. the carbon atom is a part of the ligand and not bound to the
An interesting subset of these pyrazole aza9-MC-3 com- ring metal ions as in the other inverse 9-MC-3 structures.
plexes has been synthesized in which two vacant aza9-MC-3 Related to these 9-MC-3 and aza9-MC-3 complexes, two
topologies can be observed within one complex. An aza9- 9-MC-3 complexes have been synthesized with a repeat unit
MCpd',ag-3 structure is built from three &rt-butylpyrazolate of —[Pt'—P—0]—.217218The structures are very similar to
ligands® Then a second Agation is bound to the two Pd  the other triangular inverse 9-MC-3 complexes. In both
ions via two 3tert-butylpyrazolate ligands. A third 8ert- complexes a diphenylphosphinoyl ligand provides theOP
butylpyrzolate bridges the two Pdons to give the appear-  connectivity and a P(§s)(CHs) group completes the
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Figure 11. X-ray crystal structure of the azalJ9-MCum-3]
complex with the ligand 1,1,4,4-tetramethyl-2,3-diazabutadiene.
Each nitrogen atom of the NN bridge binds to the encapsulated
A", Color scheme: aqua sphere, centrdl Abrange sphere, ring

AlI'': blue tube, nitrogen; gray line, carbon. Hydrogen atoms have

been removed for clarit§:*

Figure 12. X-ray crystal structure of the aza[9-Mg-3]>~ complex
with the ligand tris(2-hydroxybenzylidene)triaminoguanidine. One
ligand provides enough binding sites to generate the 9-MC-3
complex. Color scheme: orange sphere!;Rdue tube, nitrogen;
gray tube, carbon; red line, oxygen; green line, chloride. Hydrogen
atoms, (GHs)4N* countercations, and lattice solvent have been
removed for clarity?'6

Figure 13. X-ray crystal structure of the inversgsOH)[9-MCpy'-

3] complex with the ligand diphenylphosphinoy! bridging between
the Pt ions. Color scheme: orange spheré’; Bteen tube, phos-
phorus; red tube, oxygen; gray line, carbon. Hydrogen atoms, BF
counteranions, and lattice solvent have been removed for cléafity.
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Figure 14. X-ray crystal structure of 9-M(g'-3 with benzene rings
providing the carbon atoms of the bridges. Color scheme: orange
sphere, HY; gray tube, carbon. Hydrogen atoms have been removed
for clarity.21°

Figure 15. X-ray crystal structure of 9-M@g'-3 with dicarbon
boron cages providing the carbon atoms of the bridges. Two
acetonitrile solvent molecules reside below and above the central
cavity of the MC. A third acetonitrile approaches one of the ring
Hg" ions. Color scheme: orange sphere,'"Hgray tube, carbon;
blue tube, nitrogen; purple line, boron. Hydrogen atoms and
additional lattice solvent have been removed for claity.

coordination of the Pt The difference lies in thes-anion.
In one complex the inverse 9-M@-3 complex binds as-
OH?Y (Figure 13), and in the other complex,@-O is
encapsulatedt?

A number of 9-MC-3 complexes with a[Hg"—C—C]—
repeat unit have been synthesized. In the first 9\G
complex, the HY ions are connected via three benzene
groups (Figure 143'° The structure does not contain any
guest species. An analogous complex can be made with
1,2,3,4-tetrafluorobenzei®. This 9-MGyq'-3 is capable of
binding chloride, bromide, or iodide anions between two
9-MCy¢'-3 complexes and forming polymeric chains. In a
second series of compounds, the source of the carbon atoms
is dicarbon boron cages. The first 9-M¢3 with dicarbon
boron cages consisted of a vacant structure with thé Hg
ions connected via 1,2-810H10 cages (Figure 157 How-
ever, two acetonitrile solvent molecules do approach the
central cavity on opposite faces of the MC ring. Subsequent
related structures have shown the ability to bind solvent
molecules and halide anions in sandwich complexes with
the guest trapped between two 9-MG3 complexeg?2-225
In addition, a [HJ—B—B] 9-MC-3 complex has been
synthesized with the boron atoms provided by boron c&§es.
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Figure 16. X-ray crystal structure of the vacant 12-M@-3
complex. Each Ruion is capped by a cymene ligand and bridged
to adjacent RUions by the ligand 3-hydroxy-2-pyridone. Color
scheme: orange sphere,'Rgray tube, carbon; blue tube, nitrogen;
red tube, oxygen. Hydrogen atoms have been removed for cl&fity.

Figure 17. X-ray crystal structure of the LiCI[12-Mg&#-3]
complex with the ligand 3-hydroxy-2-pyridone. The ring oxygen
atoms bind the Li within the central cavity, and the chloride anion
binds to the Li. This is the same MC as in Figure 16. Color
scheme: orange sphere,'Rgray tube, carbon; blue tube, nitrogen;
red tube, oxygen; magenta tube, chloride. Hydrogen atoms have
been removed for clarit§?8

2.3. 12-MC-3

Mezei et al.

Figure 18. X-ray crystal structure of the LiIFHF[12-Mg'-3]
complex with the ligand 3-hydroxy-2-pyridone. The ring oxygen
atoms bind the L within the central cavity, and the anion hydrogen
difluoride binds to the L with a bent fashion. TheFF distance

is 2.32 A. This is the same MC as in Figure 16. Color scheme:
orange sphere, Rugray tube, carbon; blue tube, nitrogen; red tube,
oxygen; magenta tube, fluoride; green tube, hydrogen of FHF
anion. Additional hydrogen atoms have been removed for cR#ity.

Figure 19. X-ray crystal structure of the (N&iFs)[12-MCgy-3]2
complex with the ligand 3-hydroxy-2-pyridone. The ring oxygen
atoms of each MC bind the Nawithin the central cavity. The Na

ions are then connected by a §iFanion. This is the same MC as

in Figure 16. Color scheme: orange sphere!;Ruay tube, carbon;
blue tube, nitrogen; red tube, oxygen; magenta tube, fluoride; green
tube, silicon. Hydrogen atoms and lattice solvent have been removed
for clarity.232

H.0.2%8n all of the complexes, the alkali metal ion is bound
to the oxygen atoms of the MC ring, and the halide anion is
bound to the alkali metal. For the guest,Niks, the molecule

is encapsulated by two 12-Mg3-3 complexes with one Na

The class of 12-MC-3 complexes represents the smallestbound to each 12-MC-3. A similar 12-MC-3 complex can
extended MCs with three metal centers connected by threebe made with RH. The 12-MGx"-3 complex has-[Rh""' —
atom bridges. Severin and co-workers began the investigationN—C—0]— repeat units, and the Rhis capped byn®°-

of the M—N—C—0O series of 12-MC-3 complexé%’ The
initial structure is a vacant 12-MC-3 structure dependent upon
a [Ru'-=N—C—0OJ; metallamacrocycle (Figure 16). The MC
connectivity is provided by three 3-hydroxy-2-pyridone
ligands, and the coordination sphere of the! Ricompleted

by an aromatic ligand, in this case, cymene. This structure
type has proven to be very general, with ring metals such as
Ir'" and RH', different derivatives of the 3-hydroxy-2-

pentamethylcyclopentadiene. However, the ligand used to
provide the bridge between the Rtion is the nucleobase
9-ethylhypoxanthiné#®

Analogous expanded azal2-MC-3 complexes have existed
in the literature since the early 1990s with a{fM—C—
N]s metallamacrocycle. The NC—N bridge is usually
provided by a nucleobase, nucleotide, or nucleoside lig&nd.
In the first reported azal2-MC-3, a vacant complex was

pyridone ligand, and different aromatic ligands attached to synthesized with Rh and the nucleobase 9-methyladenine
the ring metal used to create an array of 12-MC-3 (Figure 20)?*? The coordination of the Rhis completed
complexe$?%-23 The 12-MC-3 complexes, however, have by 5°-pentamethylcyclopentadiene. This model has also been
been shown to bind a number of guests including $#Ci30-236 generalized as many different nucleobases, nucleotides, and
(Figure 17), NaCP?8229.236 NaBr2?® LiBF4,23! LiF,%31233 nucleosides have been used as the bridging ligand, several
LiIFHF?3! (Figure 18), NaBE;2®? NaSiFs?%? (Figure 19), and  different aromatic metal ligands have been used, and
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Figure 20. X-ray crystal structure of the vacant 12-M@-3
complex. Each Rh ion is capped by a&°pentamethylcyclopen-
tadiene ligand and bridged to adjacent'Rbns by the nucleobase
9-methyladenine. Color scheme: orange spheréd!; Rjnay tube,
carbon; blue tube, nitrogen. Hydrogen atoms angSCE~ coun-
teranions have been removed for clafty.

Figure 21. X-ray crystal structure of the vacant 12-M@-3
complex. Each RUion is capped by a cymene ligand and bridged
to adjacent Ruions by the nucleotide’ ®denosine monophosphate.
Color scheme: orange sphere,"Rgray tube, carbon; blue tube,

nitrogen; red line, oxygen; green line, phosphorus. Hydrogen atoms

and CRSO;~ counteranions have been removed for claftfy.

complexes with If', Ru', and Pd have been synthesized
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Figure 22. X-ray crystal structure of the inverse:sO)[12-
MCre',rd-3] complex with three pentadentate 2,6-bis[(1-methyltet-
razol-5-yl)amido]pyridine ligands. Each ring metal ion is connected
to the adjacent metal ion by two-NC—N bridges. Color scheme:
orange sphere, Pe green sphere, Eegray tube, carbon; blue tube,
nitrogen; red line, oxygen. Hydrogen atoms and lattice solvent have
been removed for clarit§p?

Figure 23. X-ray crystal structure of the inver§éus-O)[12-MCq¢-
3]}*4 complex with a molecular bowl dodecaaza ligand. Each Cu
ion is bridged to adjacent Cuons via a N~-C—N connectivity.
Color scheme: orange sphere,'Cgray tube, carbon; blue tube,
nitrogen; red tube, oxygen. Hydrogen atoms, £lGounteranions,
and lattice solvent have been removed for cladidy.

or auz-OH guest® Furthermore, twaus-O inverse azal2-
MCcy'-3 may be joined together by a Cmetal bridge to
form a dumbbell-shaped structété(Figure 24), and two

(Figure 21437250 Some of these complexes are able to ,;-OH inverse azal2-M&:-3 structures may be joined by
recognize aromatic and aliphatic amino acid guests anda 1,3,5-benzenetricarboxylate bridge to form a bent struc-
aromatic and aliphatic carboxylic acid guests in aqueous tyre254

solution?44.245

Bis(diphenylphosphino)methane (dppm) has been used to

Two other azal2-MC-3 structures have been identified. synthesize a number of 12-MC-3 structures with a wide

The first is based on a system in which three pentadentatevariety of metals, although these complexes were not recog-
2,6-bis[(1-methyltetrazol-5-yl)amido]pyridine ligands provide nized as MCs at the time. Excellent reviews exist on the
N—C—N bridges between three iron centers with an oxida- coordination chemistry of dppm, and only a few structures
tion state distribution of Fg=€'', (Figure 22751 This inverse from the vast amount of literature will be highlighted
metallacrown binds @s-O in the central cavity, and each here?5258 One of the most common elements studied with

metal ion is bridged to the adjacent metal ions via two dppm is platinum. In the 12-MC-3 complexes, g fiiangle

N—C—N bridges. In addition, the analogous'@d'",, Cd'-

is bridged by three dppm ligands, which provide-a®-P

Fe',, and NI'F€", complexes have been made. In the other connectivity. Typically the Rtcore consists of three PPt

system, a macrocyclic ligand provides—i&—N bridges
between three Clions to form a bowl-like azal2-Mg;-3
(Figure 23). This inverse azal2-MC-3 binds eitherseO

bonds, although numerous examples exist with two, one, or
zero metatmetal bonds. The oxidation state of each Pt
center in the core may range from 0 ta-2and partial
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Figure 24. X-ray crystal structure of two inversg(us-O)[12-
MCcy-3]} 3" complexes with a bridging Cion. This is the same
MC of Figure 23. The bridging Cuon connects the MCs through
the centralu,-O atoms. Color scheme: orange sphere!;@agua
sphere, Clagray tube, carbon; blue tube, nitrogen; red tube, oxygen.
Hydrogen atoms, CI@ counteranions, and lattice solvent have been
removed for clarity?>?

Figure 25. X-ray crystal structure of thf(us-CO)[12-MGpr3]} 2+
complex. Each Pt center has a-2/8harge, and three PPt bonds
exist in the molecule with a;-CO group connecting the Pt centers.

The ligand bis(diphenylphosphino)methane bridges between each

Pt center. Color scheme: orange spher&Pigray tube, carbon;
green tube, phosphorus; red tube, oxygen. Hydrogen atorgs, PF
counteranions, and lattice solvent have been removed for clétity.

charges of 2/3 and 4/3+ may exist. The platinum core
typically binds aus-guest to the three Pt centers, although
there are cases of na-guests as noted below. Boupg-
nonmetal guests include C& 263 (Figure 25), SCN,?5°
sulfide 264265y ,-acetylené®287(Figure 26)1,-ethyl ethynyl
ether (j-HCCOCH:CHj),2%8 and hydride?®®270In addition,
some of the Rt12-MC-3 complexes with as-guest can

Mezei et al.

Figure 26. X-ray crystal structure of thé(usz-n?>-HC=CH)[12-
MCpr3]} * complex. Each Pt center has a 2/8harge, and one
Pt—Pt bond exists in the molecule withug-n?-acetylene molecule
connecting the Pt centers. The ligand bis(diphenylphosphino)-
methane bridges between each Pt center. A chloride anion is bound
to the underside of the Pt without a metahetal bond. Color
scheme: orange sphere, Pt gray tube, carbon; green tube,
phosphorus. Hydrogen atoms and the Péounteranion have been
removed for clarity?%¢

Figure 27. X-ray crystal structure of the-Re(CO}O,)[12-MCpr

3]" complex. Each Pt center has a #/8harge, and three PPt
bonds exist in the molecule. The Re(GOYroup is connected to
the Pt core via two Re-Pt bonds and twa-O bridges to the third

Pt center. The ligand bis(diphenylphosphino)methane bridges
between each Pt center. Color scheme: orange sphéfe agtia
sphere, Re gray tube, carbon; green tube, phosphorus; red tube,
oxygen. Hydrogen atoms, PFcounteranion, and lattice solvent
have been removed for clarit§*

bind an additional guest on the opposite face that either binds(CH2).”**and TI(CHCOCHCOCH)(O,CCR)~.2* Many of

to one Pt center or bridges two Pt cent&s263269-272 |n
the Pt 12-MC-3 complexes with nas-guest, a guest will

these complexes also bind a secggduest such as a second
metal group, CO, or a halide anion on the opposite

bind to one of the ring Pt centers so the MC is not completely face?7¢726028428.257289 In addition, Re(COJ” groups have

vacant’327> Using diphosphine ligands similar to dppm,
analogous Rt12-MC-3 complexes have been synthesized
that show binding properties similar to those of thedppm
12-MC-3 complexed’®?7” Pt; 12-MC-3 complexes with
dppm and dppm-like ligands can bind more than just

been attached to the ftore via three one-atom bridges
between the Re and two ring Pt centers provided by two
13O and oneus-S2°02°1 Re(CO)" groups have also been
attached to 12-Mg3 complexes via two or three Rét
bonds and twgiz-one atom bridges provided -0, us-S,

us-nonmetal guests; the complexes are able to bind metalor u-CO groups (Figure 27P12922% Furthermore, Pt(dppm)

guests either by forming metaimetal bonds, by one-atom

or P{CsHsPCH,P(O)GHs} groups have been attached to

bridges between the guest metal and the ring metals, orthe Pt core through two Rinwar—Pting metal bonds and two

by a combination of both methods. Groups forming
metal-metal bonds with all three ring Pt centersgaguest)
include Sn(CH),0.PF,2"® Snk~,27827 AuP(CH)s™,28°
Re(CO}",21-284 Re(COYP(OGHSs)3,285 AuP(CGsHs)s™,288
Hg,?8” Hg—Ru(@#75-CsHs)(CO),288 TI(CH;COCH,COCH;)-

u-CO groups that bridge the &ifra guest to the Rig
centerg2% The dppm and g€HsPCHP(O)GHs ligand
bound to the central Pt does not bridge to thelRtMC-3.
An Ir(dppm) groupg® and an Ir(P(O@Hs)s) group®t have
been attached in a similar manner to a 124& A Ru-



Evolution of Metallacrowns

Figure 28. X-ray crystal structure of thé¢(us-n*-C=CCsH,C=
C-p)[12-MCcy-3]2}*" complex. The encapsulated 1,4-diethynyl-
benzene connects the two metallacrowns by binding to the Cu
core of each MC. The ligand bis(diphenylphosphino)methane
bridges between each Ceenter. The analogues Agomplex has
been synthesized. Color scheme: orange spherg,gtay tube,
carbon; green tube, phosphorus. Hydrogen atoms and &¥in-
teranions have been removed for clafty.

Figure 29. X-ray crystal structure of §(us-7-C=CCsH,C=C-
p-Re(CO)(2,2-dipyridyl));[12-MCcy-3]} T complex. The guests are
bound on opposite faces of the'goore The Cl—Cu distance is
less than the sum of their van der Waals radii, suggesting metal
metal interactions. The ligand bis(diphenylphosphino)methane
bridges between each Ccenter. Color scheme: orange sphere,
Cu; aqua sphere, Regray tube, carbon; green tube, phosphorus;
red line, oxygen. Hydrogen atoms andsPEounteranion have been
removed for clarity?4

(CO), complex has also been bound to a 12&complex
by two Ru—Pt metal bonds and twe-CO bridges’®?

The chemistry of 12-Mgy-3 with the ligand dppm is also
quite extensive. These complexes havel@u'—P—C—P]—
repeat unit and readily bind one or twe-guests to the Cgl
core. Nonmetalks-guests include OF33%y -phenylacetyl-
ide (7*-C=CCsHs),305307 chloride 07311 5 1-tert-butylacetyl-
ide {5*-C=CC(CH)3},%*° 3-methyl-8-ethylxanthiné'® »-
1,4-diethynylbenzene n{-C=CCsH,C=C-p) [this guest
connects two 12-Mgy-3 complexes (Figure 28§12 n'-p-
tolylethynyl (7*-C=CCsH4CHs-4) (this complex also contains
a u-n*C=NCsH4CHs-4 that bridges two of the Cions)33
nt-C=CGCsH4C=C-p-Re(CO)(2,2-dipyridyl)3'* (Figure 29),
bromide315316 ;1-C=CCsH,OCHs-p 317318 -C=CCeH,-
OCH,CHjz-p 37 p*-C=CCeH4NO»-p .37 iodide 316:319.32%|yo-
ride?! and nitrate?® WO, WS?~, and MoS?™ anions
can be bound to the 12-M@-3 core via Cu-O or Cu—S
bonds?15322324 Three of the O or S atoms bridge the"W
or Mo¥" ion to each ring Cuion, whereas the fourth O or S
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Figure 30. X-ray crystal structure of thf(us-CO)[12-MGCpo¢3]} 2+
complex. Each Pd center has a-2/8harge, and three PdPd bonds

exist within the molecule with @z-CO group connecting the Pd
centers. The ligand bis(diphenylphosphino)methane bridges between
each Pd center. One @FO, anion is buried within the phenyl
rings of the ligand. Color scheme: orange spher&3Pdyray tube,
carbon; green tube, phosphorus; red tube, oxygen; magenta tube,
fluorine. Hydrogen atoms, GEO, couteranion, and lattice solvent
have been removed for clarity®

is aus-bridge between the three Gans and the encapsulated
WV or Mo"! ion.

The first 12-MC-3 made with dppm consisted of azPd
complex with a—[Pd—P—C—P]— repeat unit with the Pd
centers in a 2/3 oxidation state (Figure 3G%° The 12-
MCps3 complexes typically contain three PBd bonds, and
like the Pt and Cu 12-MC-3 structures, 12-M&3 will bind
one or twous-guests such as C&3325330 ch|oride 26,329,331
sulfide?>® PR;,23%:332 dimethyl acetylenedicarboxylate;¥
CH3;0,CC=CCQ,CHs) 2 iodide 32733212-O,CCF3,3% C=N-
2,6-GsH3(CHs),,%3* CH4Cl, 22 and PR0O..3%°In addition, some
of the 12-MG¢3 complexes with ongs-guest will bind an
additional guest to one of the ring Pd centers such as
cyanide?®® O,CCHR;,%3 and chloride?s?

12-MC-3 complexes based on the dppm ligand have also
been made with the metals nickel, silver, molybdenum,
mercury, and ruthenium. The nickel, silver, and molybdenum
12-MC-3 complexes also bind one or twgguests, but they
are not as common as platinum, copper, and palladium. 12-
MCni-3 complexes have boungs-guests such ag!'-C=
NCHs,3%% iodide 3357339 1-C=CCeHs, 34 telluride 341 CO 3%7
thallium 338 SnC},33° and SnGJ.3%° In addition, a 12-MG;-3
complex with a ligand related to dppm, bis(dimethylphos-
phino)methane, binds as-CO group3#? 12-MCag-3 com-
plexes bindus-guests such as bromid#;3*4chloride$4>:346
N -C=CCgHs,3*" n'-C=CCsH4NO,-p,3*¢ Fe(CO),3*° n-1,-
4diethynylbenzenen{-C=CC¢H4,C=C-p) (this guest con-
nects two 12-MGg-3 complexes and is isostructural to the
12-MCcy-3 complex mentioned aboveél iodide?® and
SH3%0 A 12-MCpy-3 complex with aus-Cl also binds a
1-S05 on the opposite fac&® A 12-MCy,-3 binds twous-|
guests within its central cavifi! The 12-MGyy-3 complexes
have weakly coordinated guest molecules, such a8 ¢
O3SCR~,%8 SiFg? %% PR,%* and SCN;,3%5 within the
cavity of the MC. Two 12-M&,-3 complexes have been
synthesized with naus-guest but with the guest binding
terminally to each ring Ru. In one structure each Ru is bound
by two chloride anions and one bis(dimethylphosphino)-
methane ligand that binds bidentate to form a four-membered
chelate ring®® (Figure 31), and in the second structure each
Ru center is bound to two CO grouf#g:358

Several mixed-metal 12-MC-3 complexes with the dppm
ligand have been synthesized; they also bind a variety of
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Figure 31. X-ray crystal structure of a [12-Mg-3] complex.

Each RU is surrounded by two chloride anions and one bidentate
bis(dimethylphosphino)methane ligand. In addition, the dmpm

ligand bridges between each'Ran. Color scheme: orange sphere,

Ru'; gray tube, carbon; green tube, phosphorus; magenta line,
chloride. Hydrogen atoms and lattice solvent have been removed

for clarity 356

guests. A 12-MGyp,-3 complex binds @s-sulfide3%° A 12-
MCautg,-3 complex contains two GBGO;~ anions located
in cavities on opposite facé® A 12-MCpy,,-3 complex
contains in its cavity two CO groups, which bind terminally
to the two Ir centers, and&CO, which bridges the two Ir
centers’®! A second 12-MGy,,-3 complex exists with a CO

arrangement similar to that of the first molecule but with an

additional CO that binds terminally to the Pt cerférA
12-MCiry,-3 complex contains five CO groups and one H
within the cavity?%? Each Ru center is bound to two CO

groups, and the Ir center is bound to a CO group and an H

atom. A 12-MGc,,-3 binds auz-1?-3,4-toluenedithiolate and
au-SH that bridges the two Cu centéf8The isostructural
12-MGCpiag,-3 has also been synthesiz&é.

A number of 12-MC-3 complexes have been synthesized

with P—N—P connectivity analogous to the€—P 12-
MC-3 complexes$® A trinuclear Rh complex made with
bis(difluorophosphino)methylamine binds thge€l anions

in the [Rh—P—C—P—]3 ring to the three Rhions3® Two
12-MC¢y-3 complexes with bis(diphenylphosphino)amine
(dppa) as the bridging ligand provide a cavity to bind two
guests. The central cavity is dicapped with either pCI
anions$® (Figure 32) or twquz-SH anions’®” Two 12-MGy;-3
complexes have been synthesized that bind awbanions

on opposite face¥® A 12-MC4-3 complex made with dppa
results in a [Hg-P—N—PJ]; macrocycle that hosts two
trifluoromethanesulfonate anions within the cavity formed
by the phenyl rings of the ligan®® The anions are located
on opposite faces of the 12-MC-3. A mixed-metal 12-
MCcopg-3 complex with bis(diphenylphosphino)amine binds
two u3-CO groups on opposite faces of the macrocyte.

Mezei et al.

Figure 32. X-ray crystal structure of thg(uz-Cl),[12-MCcy-3]} *
complex. Theus-Cl ions bind on opposite faces of the 'guaore.

The ligand bis(diphenylphosphino)amine bridges between ealch Cu
center, and the structure is very similar to the complexes synthesized
with bis(diphenylphosphino)methane. Color scheme: orange sphere,
Cu; blue tube, nitrogen; green tube, phosphorus; magenta tube,
chloride; gray line, carbon. Hydrogen atoms; Cbunteranion, and
lattice solvent have been removed for claft§.

Figure 33. X-ray crystal structure of thf(us-CO)[12-MGCpg3]} 2+
complex with bridges of AsC—As. Each Pd center has a 2/3
charge, and three PdPd bonds exist within the molecule with a
us-CO group connecting the Pd centers. The ligangHgZASCAS-
(CgHs), bridges between each Pd center, and ong RiRion is
buried within the phenyl rings of the ligand. Color scheme: orange
sphere: P#3*; gray tube, carbon; aqua tube, arsenic; red tube,
oxygen; green tube, phosphorus; magenta tube, fluorine. Hydrogen
atoms, a PE couteranion, and lattice solvent have been removed
for clarity 37

connectivity. A F&[12-MCkg¢-3] metallacoronate exists in
which three ring F& ions bridged by a ©C—0O moiety
encapsulate a fecentral cation (Figure 34)? The three-
atom repeat unit is provided by three bis(2-pyridylmethyl)-
glycine ligands. Three of the ring oxygen atoms bind to the
central F&. The encapsulation of the Fés completed by
three carboxylate groups from three benzoate anions that
bridge each ring Feto the central P& A structurally

The carbon atoms of the CO molecules are bound to theanalogous compound has been made with bridging acetate
metal ions. In addition, the metals are disordered within the anions3”® Another metallacoronate has been synthesized in

12-MC-3 ring with two-thirds occupation by Pd and one-

which three Cliions are connected via a-@—O bridge

third occupation by Co. A ligand related to the dppm and from threeN-(2-pyridylmethyl)S-alanine ligand$7*Each 12-

dppa is (GHs),AsCH,As(CsHs).. This ligand is able to
generate a 12-Mg&3 complex with As-C—As bridges
between the P& centers (Figure 33Y! The 12-MGy3
structure contains a BFanion within the cavity created by
the phenyl rings.

MCc,'-3 binds one Kwithin the central cavity to the ring
oxygen atoms. In addition, the metallacoronates are linked
together by perchlorate anions to form a one-dimensional
chain. Z# ions may also construct a metallacoronate 12-
MC-3 with bis(2-picolyl)glycine’”® The 12-MG-3 complex

Although not as common as the above structures, 12-MC-3with repeat unit—[Zn"—0—C—0]- consists of a Zhion

metallacoronates have been synthesized withQ4C—0O

in a distorted trigonal bipyramidal geometry, and the MC
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Figure 36. X-ray crystal structure of the N@s{Na[12-MGCy"-
3]}2 complex. The MC ring consists of-g[Al'' —O—P—0]— repeat
unit and encapsulates one Nin within the central cavity. The
two MC rings are then connected via four Naons. Color
scheme: orange sphere,"Alaqua sphere, central Namagenta
sphere, bridging Ng red tube, oxygen; green tube, phosphorus;
gray line, carbon. Hydrogen atoms have been removed for c¥fity.

Figure 34. X-ray crystal structure of th¢ Fe'[12-MCgdi-3]} 2+
complex with the ligand bis(2-pyridylmethyl)glycine providing the
O—C—0 bridging moiety. The PEMC ring encapsulates a e
ion within the central cavity. Color scheme: aqua sphere, central
Fé'; orange sphere, ring Fered tube, oxygen; blue line, nitrogen;
gray line, carbon. Hydrogen atoms and ¢t@ounteranions have
been removed for clarit§/2

Figure 37. X-ray crystal structure of thg Cu[12-MCcy-3]}
complex with three benzotriazole (Hbta) ligands, which bridge the
three ring Cliions. The central Cus bound to three N atoms from
three bta ligands. The coordination sphere of eachisGiompleted

by a P(GHs)s ligand. Color scheme: aqua sphere, central; Cu
orange sphere, ring Giblue tube, nitrogen; green line, phosphorus;
Figure 35. X-ray crystal structure of the vacant [12-M@3] gray line, carbon. Hydrogen atoms, the' @{CsHs);)* cation, and
complex. Three triflate anions (GE0s~) provide the G-S—0O BF4~ counteranions have been removed for clatity.

bridges between the Cions. The bottom ring of the molecule is . . . .
composed of one 1,2:5,6:9, 10-tribenzocyclododeca-1,5,9-triene-3,7,-P€NZotriazolate ligands (Figure 37).In the central cavity,

11-triyne ligand. Color scheme: orange sphere!; @ed tube, @ Cu ion is bound by three nitrogen atoms from the 12-
oxygen; yellow tube, sulfur; gray line, carbon; magenta line, MC-3 ring and a PPhgroup is bound axially to complete
fluorine. Hydrogen atoms have been removed for cldfity. the coordination of the central Cion. Table 1 gathers some

characteristic properties of 12-MC-3 complexes, such as
metal-metal distances within the MC structure and the
nature of encapsulated cationic and/or anionic guests.

does not bind any guests within the central cavity. Along
these lines a 12-M@-3 complex with a bridging group of
O—Si—0O has been synthesized. The-8i—O bridge is
provided by three diert-butylsilandiolate ligands, and the 24, 12-MC-4
MC ring does not bind a guest within its cavitf. o

Various 12-MC-3 complexes exist with rare three-atom  The traditional 12-MC-4 complexes with ¥N—O con-
bridges between the ring metals. In one structure, thrée Cu nectivity represent the first 12-MC-4 complexes to be
ions are connected by-€5—0 from three triflate ligands  described. The first recognized 12-MC-4 was "D,
(Figure 35)*” The 12-MC-3 structure is vacant. An alumi- CCH)z[12-MCui"nshir4], where shi™ is salicylhydroximate
num 12-MC-3 has been synthesized with-P-O con- (Figure 38)!%6 When this ligand is bound as a cis isomer
nectivity (Figure 36%’® The structure consists of two 12- for a bis-bidentate chelate in a propeller configuration (either
MC-3 rings, which bind one Naon each with all six ring AAA or AAA), the 9-MC-3 structure is adopted. When the
oxygen atoms. The 12-MC-3 rings then are connected by afour sh?~ ligands are trans, the 12-MC-4 macrocycles are
[NasOg]® moiety. A final 12-MC-3 structure consists of Cu  obtained. The structure is nearly planar with a ring con-
ions connected by a NN—N bridge supplied by three  nectivity of Mn'""—N—O. The planarity of the metallamac-
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Table 1. Ligands and Metals Used for the Synthesis of 12-MC-3 Complexes, Their Guests (Neutral Guests Are in Bold), and-M

Distances
ring- cationic anionic av M—M CCDC
bridging ligand metal guest guest distance (A)  ref refcode
3-hydroxy-2-pyridone Ru(ll) 5.38 228 QOPQER
5.32 229 TIHJUP
5.46 229 TIHKOK
5.28 230 EFURIG
5.39 235 EKUTAF
Li F 5.34 231 AGUHIT
Li Cl 5.36 228 QOPQIV
Li Cl 5.38 229 TIHKEA
Li Cl 5.47 229 TIHKIE
Li Cl 5.33 230 EFUROM
Li HF; 5.37 231 AGUHUF
Li BF4 5.41 231 AGUHAL
Na Cl 5.36 228 QOPQAN
Na Cl 5.34 230 EFURUS
Na Br 5.38 229 TIHJOJ
Na I 5.42 229 TIHKAW
Na BF 5.43 232 AHAKEZ
Na Siks 5.42 232 AHAKID
Rh(III) 5.34 229 TIHJID
Li F 5.40 231 AGUHOZ
Li BF4 5.48 231 AGUHEP
Ir(111) 5.37 233 MODSUT
Li F 5.43 233 MODTAA
Li HF; 5.44 231 AGUJAN
Li BF4 5.49 233 MODTEE
N-(2-hydroxy-3-pyridinyl)acetamide Ru(ll) 5.26 229 TIHJEZ
4-piperidinomethyl-3-hydroxy-2-pyridone Ru(ll) 5.33 234 AMACEW
5-chloro-3-hydroxy-2-pyridone Ru(ll) 5.27 236 UHUPES
Li Cl 5.39 236 UHUPIW
Na Cl 5.37 236 UHUPOC
2,3-dihydroxyquinoline Ru(ll) 5.28 237 ITEBIS
4-(morpholinomethyl)-3-oxopyridine-2()-one Ru(ll) 5.37 238 FAZLIC
Ir(11) 5.37 238 FAZMAV
4-(4-methylpiperazinylmethyl)-3-oxopyridine- Ru(ll) 5.33 238 FAZLOI
2(1H)-one Rh(l11) 5.35 238 FAZLUO
9-ethylhypoxanthine Rh(III) 5.57 240 ZAPRIR
9-methyladenine Rh(llI) 5.59 242 JUTCIK
adenosine-smonophosphate Ru(ll) 5.59 246 REYXEY
9-ethyladenine Ru(ll) 5.67 247 TIWQIZ
Ir(1) 5.62 248 XEDMIC
2,6-bis[(1-methyltetrazol-5-yl)amido]pyridine Fedni(Il) (0] 3.28 251 UDAWEB
Fe(I1)Ni(ll) o] 3.29 251 UDAWIF
1,3,5-(6,14,22-triethylene-1,3,6,9,11,14,17,19,22- Cu(ll) o 3.11 252 SOJDUQ
nonaazacyclotetracosane)-1,3,5-triazacyclohexane OH 3.26 252 S0JJOQ
6,14,22-(1,3,5-triethylene-1,3,5-triazacyclohexane)Cu(ll) Cu(l) (0] 3.29 253 DERWIG
1,3,6,9,11,17,19,22-nonaazacyclo-
tetracosa-1,9,17-triene
1,4,6,9,12,14,17,20,22,24,29,31-dodecaazatetra- Cu(ll) OH 3.27 254 UNAKEZ
cyclo(15.9.7.222 12024 hexatriacontane
bis(diphenylphosphino)methane Pt CO SCN 2.62 259 FAKJOQ
CO 2.63 260 DOSHAU
CcO CN 2.61 261 JURTEV
262 JURTEV10
CO Cl 2.62 263 PUKLEM
co P(OEt)s 2.64 271 KEHPES
CO Me:NCS, 2.61 272 VESRUG
CO TI(H 20)(acac) 2.64 289 XIFTIP
CO TI(FsCCOy) 2.64 289 XIFTOV
(‘BuCOCH,COMe)
2CO PtPPh 2.65 299 XISFEK
3COo IrP(OMe) 300 PUFHED
301 PUFHED 01
CO(Cl) Snk; 2.66 278 VAFZOR
S H 2.63 264 DUVWUM
3.28 265 DUVWUM10
C Cl 3.06 266 FULBIX
(0] EtO—C=CH 3.08 268 KIXNAG
P(OMe); H 2.64 269 JIZBEZ
270 JIZBEZ10
2,6-xylyliso-  2,6-xylyliso- 2.63 273 JEXGAU
cyanido cyanido 275 JEXGAU10
Me—NC Me—NC 2.65 274 KOHXEK
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Table 1. (Continued)

ring- cationic anionic av M—M CCDC
bridging ligand metal guest guest distance (A) ref refcode
bis(diphenylphosphino)methane AO,SnMe 2.62 278 VAFZIL
Snk Snk; 2.62 279 KISCIY
AuPMe; AuPMe; 2.64 280 SORHUC
AuPPh AuPPh 2.62 286 HIFFIL
Re(CO} 2.61 281 PESWIT
283 PESWIT10
Re(CO} 20 3.00 281 PESWOZ
294 PESWOZ10
Re(CO}) 2S 3.17 291 POLDAVO01
292 POLDAV
Re(CO} I 2.60 284 ZAFCIS
Re(CO} P(OPh) 2.64 285 POLMEI
293 POLMEI10
Re(CO} (OIS 3.18 290 YIVLEW
291 YIVLEWO1
Re(CO) 0,s 3.07 201 RUNGIQ
ReQ 2.60 282 YECFER
ReQ 2.61 287 ZOTNEB
ReQ Hg 2.62 287 ZOTNIF
HgOReQ 2.64 287 ZOTNOL
HgRu(CO)Cp 2.65 288 HAFSEM
Re(CO)P(OMe) 20 3.01 295 RIJRAD
PtPPRCH,PPHO 2CO 296 CACGES
PtPPRCH,PPRO 2CO,H 2.65 297 FUVVUN10
298 FUVVUN
Ru(CO)» 2CO,H 2.65 302 GUDHOC
OH 3.19 303 CEMTUJ
OH, NG 3.18 304 DOKQID
Cu Ph-C, 3.00 305 JEBPAH
307 JEBPAH10
2 Ph-C; 2.59 306 SITNIS
307 SITNIS10
Ph—C,, CI 2.82 307 WARTIS
Bu—C,, Cl 2.82 309 WARKEF
3-methyl-8-ethyl- 3.22 310 YILLUA
xanthinato, CI
2Cl 3.05 311 RIPHON
2Br 3.18 315 GOGKES
2Br 3.08 316 HOMTUY
21 3.17 316 HOMVAG
21 3.21 320 WOYZUF
Co—CsHa—C, 3.00 312 RUFREP
2 Me—CgHs—C> 2.86 313 NEVWUG
2(4,4-bipy)Re(CO)- 2.63 314 SACFIL
Co—CeHs—C,
WO, 3.07 323 HOSYET
WS, 3.88 315 GOGJUH
WS, 3.89 315 GOGKAO
WS, 3.89 322 YONXUU
MoS, 3.86 324 WOJBEC
EtO—CeHs—C> 2.60 317 GAMNEN
MEO—C5H4—C2
NO,—CeHs—C; 2.67 317 GAMNIR
MeO—-CgH4—C,
MeO—CgHs—C, 2.61 318 WIWZAD
MeO—C5H4—C2
Pd CO 2.60 325 CASMUE
CO 2.62 328 LIDLOZ
CcO 2.59 328 LIDLUF
CcO 2.61 330 BASFUX
CcO Cl 2.59 326 CUTJIK
({0 Cl 2.60 329 NEJFIR
CO Cl 2.59 263 PUKLAI
CcO | 2.59 327 JUZRAX
PF3 Cl 2.58 331 SIMBEV
PF3 | 2.59 332 HAKTOC
Me,-butanedioate £CO, 3.05 333 YADZOS
xylylisocyano 2.62 334 HEDFUR
S,CN 3.20 259 FAKJUW
Ni 21 2.52 336 WASXAP

337 WASXAP10
21 2.49 336 WASWUI
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Table 1. (Continued)
ring- cationic anionic av M—M CCDC
bridging ligand metal guest guest distance (A) ref refcode
bis(diphenylphosphino)methane Ni 337 WASWUI10
2Te 2.56 341 TEBMOC
CO | 2.40 337 ZUCSEV
Me—NC | 2.42 335 JEYYIV
T | 251 338 HUMXOC
SnCl, | 2.50 339 XONLER
SnCh | 2.46 339 XONLAN
2 Ph-C; 2.39 340 ZESVOI
Ag 2Cl 3.38 345 SAJKET
2 Br 3.31 344 MDPAGB10
21 3.24 320 WOZBAO
Cl, $0; 346 BAVVAW
2Ph-C; 2.94 347 TEQSEN
4-NO,—CgHs—C; 3.16 348 RUMWOL
(4-NO,—CgH4—Cy)2 3.01 348 RUMWUR
Fe(CO) 2.97 349 GUCDOX
C,-CeHs-C, 3.19 350 RUFRIT
Mo 21 3.25 351 MUVFAK
Hg 2.78 352 VEDGUG
2.78 354 BILJUB
2.81 354 BILLAJ
2.75 354 BILLIR
2.82 354 BILLUD
2.78 354 BILNAL
2.78 354 BILPIV
2.82 355 WEDQUR
Ru 6CO 2.85 358 LAHXEX
6CO H 2.89 358 LAHXIB
PtAu S 3.00 359 YAYWAW
Hg.Ag 2.77 360 YIJJAC
IroPt 3CO 2.66 361 HICFOO
Ruwlr 5CO H 2.81 362 BOJWEC
CwPt 3,4-toluenedithi- 3.36 363 ASARIV
olato; SH
AgoPt 3,4-toluenedithi- 3.36 363 ASASAO
olato; SH
bis(diphenylphosphino)methane; 3,3-bis(diphenyl- Pt G 2.98 267 VACZAA
phosphino)propenyl
bis(dimethylphosphino)methane Pt CcO dppm 2.63 276 FETPID
Ni CO 2.42 342 VESSAN
Ru 6 Cl 6.90 356 VOMSUL
bis(3,5-dichlorophenylphosphino)methane Pt CcO F:CCO, 2.62 277 ZANJED
bis(ditert-butylphosphino)methane Cu F 3.84 321 WEBDIQ
F 3.86 321 WEBDOW
bis(difluorophosphino)methylamine Rh 3Cl 3.10 365 KASDOX10
bis(diphenylphosphino)amine Cu 2Cl 2.99 366 JILPOJ
2 SH 3.05 367 HACBOD
Ni 21 2.48 368 OKELAR
21 2.46 368 OKELEV
Hg 2.80 369 METQIL
bis(diphenylphosphino)methylamine b 2CO 2.53 370 CIGLIN
bis(diphenylarsino)methane Pd CcO 2.60 371 ZUCZAY
CO | 2.58 371 ZUCZEC
N,N-bis(2-pyridylmethyl)glycinate Fe 3 PhGO 5.48 372 HERNOH
CHsCO;, 5.86 373 WEQYEW
Zn 5.25 375 YUBBAY
N-(2-pyridylmethyl)+-alanine Cu 5.21 374 IKOTUX
Bu,SIiO, \Y, o, Cl 4.92 376 WAGVOP
1,2:5,6:9,10-tribenzocyclododeca-1,5,9-triene- Cu 3 RCSG 3.67 377 GEKZOL
3,7,11-triyne
benzotriazole Cu CuPRh  3PPh 5.80 379 SUXCIX

rocycle is due to the ligand. By using fused five- and six- bridge the central Mhto two trans ring MH' ions. A Mn''-

membered chelate rings to connect adjacent metals, the[12-MCun'"nshiy-4]?" complex has also been made in which
metals are placed at 9@vith respect to each other. This two benzoate anions bridged the central'Ma two trans
coordination is perpetuated about the macrocycle, and thering Mn"' ions38° 12-MGCyn"nshir4 complexes can host a
result is a nearly planar structure. The MC ring is neutral variety of metal ions within the central cavity including'Na
because the four shiligands are balanced by the four Min  (two ions)38383 Lj' (one ion) (Figure 39§82 K' (two
ring ions. Within the central cavity a Mnion is captured  ions)2383a Mn',0, core?8* Dy 385 and Y 385

by the four ring hydroxamic oxygen atoms. The Mis 12-MC-4 complexes with Curing metal ions have also
further attached to the MC ring by two acetate anions that proven to be ubiquitous. Using $hj a (TEA)X{Cu'[12-
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Figure 38. X-ray crystal structure of MHO,CCH;),[12-

MCin" yshi-4]-6(CHs).,NCHO. The salicylhydroximate (shi) ligand Figure 40. X-ray crystal structure of th€Cu'SQy[12-MC¢-4]
forms fused five- and six-membered chelate rings, which place the 2H,0} ,»10H,0 complex with the ligand 2-aminophenylhydroxamic
ring metal ions at 90with respect to each other to create a nearly acid. The two metallacrowns connect via'Gig-OcarbonybONds to
planar complex. An Mhion is captured within the central cavity = create a clam-like structure. Color scheme: aqua sphere, central
and linked to the MC ring via two acetate anions. Color scheme: Cu'; orange sphere, ring Gured tube, oxygen; blue tube, nitrogen;
aqua sphere, central Mnorange sphere, ring Mh red tube, gray line, carbon; yellow line, sulfate. Hydrogen atoms and lattice
oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen atoms solvent have been removed for clarify.

and lattice solvent have been removed for clakiy.
( \f/ﬂ\\

/Hr\/\ ) X—‘ —

W Figure 41. X-ray crystal structure of the C{12-MCgy-4]>"-
complex with the ligand -alaninehydroxamic acid. Color
scheme: aqua sphere, central'Carange sphere, ring Cured

Figure 39. X-ray crystal structure of the Li(Glj12- tube, oxygen, blue tube, nitrogen; gray line, carbon. Hydrogen

MCuin'"nsni-4]~*5(CHs),NCHO complex. Two chloride anions are ~ aloms, methyl groups of the ligand, GlCcounteranions, and lattice
bound to two ring M ions, and one Li is captured within the ~ Solvent have been removed for clarity.
central cavity to give the MC an overall"1charge, which is . . .
balanced by a Li cation within the lattice. The structure has a Other CU[12-MCcy-4] complexes. Like shf, -amino
similar topology to the MIO,CCHg)[12-MCynnshiy-4] complex. hydroxamic acids are capable of placing the ring metals at
Color scheme: aqua sphere, central;ldrange sphere, ring Mh 90° with respect to each other to create a nearly planar
red tube, oxygen; blue tube, nitrogen; gray line, carbon; green line, strycture. In addition, the ligands have & 2harge, which
chloride. Hydrogen atoms, 1_;|countercat|on, and lattice solvent generates a neutral MC ring. Each ligand forms a five- and
have been removed for clari#? : . i

six-membered chelate ring. One 'Cion is bound by the
MCcu'neshiy4]} complex has been synthesized (where TEA hydroxamic nitrogen and amine nitrogen in the six-membered
is tetraethylammonium) that has a structure very similar to chelate ring, whereas the carbonyl and hydroxamic oxygens
that of Mnl'(O,CCH)2[12-MChyin" nshir-4].38 Both complexes  bind the second Cuin the five-membered chelate ring.
are nearly planar, but the MC ring of the 12-MGsnir-4 Chiral CU'[12-MCq¢y-4] may be synthesized using substituted
has a formal charge of4because each ligand is-3(12— B-amino hydroxamic acid$&--Phenylalanine has been used
total) and there are only four ring €uons. A central Cli to create such a chiral structii®:2°* Similar ligands such
and two TEA' cations provide charge balance. Several other as 3-(dimetylamino)propanamidoxime, 3-amino-3-hydroxy-
Cu'[12-MC¢y-4] complexes with sRi type ligands have  imino propanoic hydroxamic acid, and 3-hydroximinobu-
been reported® 388 One complex uses the ligand 2-ami- tanoic hydroxamic acid are also capable of making[T2r
nophenylhydroxamic acid (Figure 48Y.The ligand is very MCcy'-4] by forming fused five- and six-membered chelate
similar to Hsshi, but the hydroxyl group has been replaced rings392-3% Cu'[12-MCcy'-4] structures have been pro-
by an amine group. The-2charge of the ligand results in  posed for pentanuclear complexes that use ligands such as
a neutral MC ring, and the exces$ 2Zharge is balanced by  a-amino hydroxamic acid® % and 2-picoline hydroxamic
a SQ? anion. In the solid state, the two MCs bind via two acid#®which join the Cli ions via two fused five-membered
Cu'ring—Ocarbony bONdSs to create a “clam” structure with the chelate rings (Scheme 4). Als§;glutamicy-hydroxamic
MC acting as the shells of the bivalve and the"Gg— acid'? (Scheme 4) an&N-(3-hydroxycarbamoylpropionyl)-
Ocarbonyibonds as the hinge. Usirfigalaninehydroxamic acid,  phenylalanin®?2have been proposed to produce d'[2@-
Kurzak and co-workers synthesized a similar 12-MC-4 MCcy-4] with five- and seven-membered fused chelate rings.
complex (Figure 4138° The structure is very similar to the A recent crystal structure of a €12-MC¢y-4] with
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Scheme 4. Proposed CU12-MCc,1-4] Complexes for (a)
S-Tryptophanhydroxamic Acid with Fused Five-Membered
Chelate Rings and (b)S-Glutamic-y-hydroxamic Acid with
Fused Five- and Seven-Membered Chelate Ring$40!

a) O H BES b) o _| 2-
HY it { [ /NH, 1") ",
(o wife
OKC/ N 1 — el ! =
oy S N p A
AN @ AW
HN/ o]

y-aminobutane-hydroxamic acid confirms the possibility of
constructing 12-MC-4 structures with fused five- and seven-
membered chelate rings (Figure 42 In addition, a Cli-
[12-MC¢,-4] with 5- and 10-membered fused chelate rings
is proposed fo&-N-(3-hydroxycarbamoylpropionyl)prolirfé?a

These proposed structures are based on excellent potentiox

Mezei et al.

Figure 43. X-ray crystal structure of the vacant [12-M@-4]*"
complex with the 1,3-dimethylvioluric acid. The fused five- and
six-membered chelate rings impart planarity upon the metallacrown
structure. Color scheme: orange sphere, rinty @d tube, oxygen;
blue tube, nitrogen; gray line, carbon. Hydrogen atoms, ,CIO
counteranions, and lattice solvent have been removed for ctéfrity.

metric, spectrophotometric, and electrospray mass spectro-

metric data. Two vacant 12-M@-4 complexes with oxime

ligands, 6-amino-3-methyl-4-aza-hex-3-en-2-one and dim-

ethylglyoxime, have been synthesiZ&8%* The structures
are not as planar as the 'T12-MCc¢,-4] structures but adopt

pyridine molecules on the outside of the bowl. The central
nickel ion is displaced 0.37 A from the least-squares plane
of the four metallacrown ring oxygen atoms. The cavity
radius is 0.59 A, consistent with the 0.63 A ionic radius of

a butterfly configuration. The structures contain no fused five-coordinate Ni. In the similar (TMARNi"(OAc)[12-
chelate rings; thus, the structure has a greater extent OfMCpinnray-4] (NHA=3-hydroxy-2-naphthohydroxamic adid),

flexibility. A planar, vacant 12-Mg,-4 can be synthesized
with the oxime ligand 1,3-dimethylvioluric acid (Figure
43)2% The ligand creates fused five- and six-membered
chelate rings and provides the 12-MG4 with planarity.
Four structural types have been recognized for 12qMC
complexes. The first type is analogous to the 12JV&
complexes. (TMANI'"[12-MChiineshi] (TMA = tetramethyl-
ammonium) has a ring of four Nions with a fifth Ni' ion
bound in the center of the rirf§® This metallacrown has
three pyridine molecules bound, two to'Nons in the ring
and the third one to the central'Non. The overall structure
deviates from planarity in a slight bowl shape with the

Figure 42. X-ray crystal structure of CUCl,[12-MCcy/'n(gabariay

4], where gabaHA= y-aminobutanehydroxamic acid. This is the
first crystal structure using @-aminohydroxamic acid. Previous

12-MC-4 structures witl#-aminohydroxamic acids were based upon

an acetate ion bridges the central Non to a ring NI' ion,
making them five-coordinate. The other threé' lins are
four-coordinate in a square planar configuration. In this case,
the cavity radius is smaller (0.52 A) and the centrdl Mn

is displaced 0.48 A from the least-squares planes of the four
oxime oxygen atoms. The five-coordinate ring"Non is
pulled out of the plane 0.96 A, whereas the four-coordinate
Ni'" ions have smaller deviations from planarity (0-40.35

A). In the other three types, the complexes have a mixture
of two ligands, Hshi and di-2-pyridyl ketone oxime (Hpko).
Fused five- and six-membered chelate rings can also be
generated with Hpko. A N[12-MCy;-4]?* with two pko~

and two shi~ ligands has been synthesized that is similar to
the manganese and copper 12-Mfshi-4 complexes (Fig-
ure 44)07408 |nterestingly, the structure does not contain
alternating five- and six-membered chelate rings about the
macrocycle as in the all shi 12-MC-4 complexes (56—
5—6—5—6—5—6). The pko and shi" ligands alternate about
the cyclic structure and generate a pattern e656—6—
5—5—-6—6-membered chelate rings. In addition, two met-
allacrowns,  NI[12-MChi'nshippkop-4]?T  and  Ni'[12-
MChi'nshin(pko) —4], can be synthesized that are fused together
by eight Ni'—0O bonds (Figure 45%74094100ne of the Ni

of the neutral MC is not bound to the positive MC and vice
versa. The Ni[12-MChi'neshinpkoy4] has a chelate ring pattern
of 6—6—5—5—-6—5—6—5. In addition, a vacant [12-
MCNi"N(Hshippko,-4](SCN) complex may be synthesized by
using two pko ligands and two doubly deprotonated Hshi
ligands (Figure 463°74%8 The structure is not planar and
adopts a configuration reminiscent of a class of molecules
known as molecular tweezets:412The chelate ring pattern

six- and five-membered fused chelate rings. This metallacrown usesjg 5 —5——5—6—5—6.

seven- and five-membered fused chelate rings to create a 12-MC-

4. Color scheme: aqua sphere, central';Garange sphere, ring

Cu'; red tube, oxygen; blue tube, nitrogen; gray line, carbon; green

Zinc has been used to create 12-MC-4 complexes that
encapsulate both Znions andus-OH anions. Using four

line, chloride. Hydrogen atoms and lattice solvent have been Pko™ ligands with Zi ions generates an inverse 12-MC-4

removed for clarity02b

that binds twqus-OH anions (Figure 473413414TheinuMC
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Figure 44. X-ray crystal structure of the N{O,CCHs),[12-
MCnifNship(pkoy-4]2(CHs).NCHO complex with the two shi and

two pko~ (Hpko = bis(2-pyridyl) ketone oxime) ligands. The mixed
ligand complex has a chelate ring pattern 6f3%-6—6—5—5—
6—6. Two bridging acetate and two DMF molecules complete the
coordination sphere of two ring and the central nickel ions. Color
scheme: aqua sphere, centrdl;Nirange sphere, ring Nired tube,
oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen atoms
have been removed for clari{?

)
N

Figure 45. X-ray crystal structure of the fused metallacrown$-Ni
[12'MCNi”N(shi)z(pko)z'4]2+ (orange) and N'[].Z'MCNi”N(shi)3(pk0)'4]
(green). The MCs are connected via eight-NO bonds. One Ni

of the positive MC is not bound to the neutral MC and vice versa.
Hydrogen atoms, bound GAH and HO solvent, and bound

2-methyl-4-chlorophenoxyacetate anions have been removed foroxygen atoms. The cobalt inverse 12-MC-4 has been

clarity.40°

ring connectivity, though, is different from the 12-MC-4

complexes that have a central metal ion. The ring connectiv-

ity for inv(us-O)[12-MCzn'n(pkoy4] IS [N—O—M—O—N—
M]. as opposed to [NO—M—N—0O—M];, for the 12-MC-4
complexes with a central metal ion. A similiaw(us-OH),-
[12-MCzy1n-4] has been made witlsyn2-pyridineal-
doxime#'®> However, Z# ions may be used to synthesize
12-MC-4 complexes with typical connectivify* An octa-
nuclear complex centers about a [12-MGkor-4] ring that
binds two Z ions to the hydroximate ring oxygen atoms.
In addition, two of the ring Zthions form binuclear entities
with two Zn'" ions.

Chemical Reviews, 2007, Vol. 107, No. 11 4951

Figure 46. X-ray crystal structure of the vacant [12-MGshiypkoy
4](SCN)rCH30OH-+(CHz),NCHO complex with the two Hshi and

two pko . The vacant MC adopts a nonplanar configuration. The
chelate ring pattern is -5%6—5—6—5—6—5—6. Color scheme:
orange sphere, Nired tube, oxygen; blue tube, nitrogen; gray line,
carbon; yellow line, sulfur. Hydrogen atoms have been removed
for clarity.4%8

Figure 47. X-ray crystal structure of theu(us-OH),(O,CCHs)o-
[12-MCzq'n(pkor4] complex. The ring connectivity follows a pattern

of =[N—O—M—-0O—N—M]— as opposed to the[N—O—M—N—
O—M]— pattern in 12-MC-4 complexes with a central metal ion.
Color scheme: orange sphere,"Zned tube, oxygen; blue tube,
nitrogen; gray line, carbon. Hydrogen atoms have been removed
for clarity.#13

MCzq'nproy4 complexed!® The inuMC ring consists of
alternating M and Mr" ions and binds twaous-oxide

synthesized with four pkoligands withinuMC ring con-
nectivity similar to that of the inverse 12-M@npkor4
(Figure 48)7 The cobalt inverse 12-MC-4 binds tweOH

or two u-OCH; anions, and the ring cobalt ions have
alternating oxidation states oft2and 3t.

A metallacryptate-like structure can be generated from two
fused 12-MG4'-4 complexes (Figure 49}8 The two [12-
MCgd'nshiy-4] complexes are joined by four-OH anions
that bridge G4 ions on opposite MCs. The MC dimer then
binds three Naions with the eight hydroximate oxygen
atoms. Two of the Naions cap the dimer on the outside
faces (1.68 A above or below the best least-squares plane
of oxygens), whereas a third N@n is bound in the cage

Manganese and cobalt ions have also been used to generatereated by the two MCs and fourOH anions. This central
inverse 12-MC-4 complexes. The manganese inverse 12-Na (1.18 A) fits beautifully within the resultant cavity (1.07
MC-4 uses the ligand cyanoacetamidoximate to generate al) using a square prismatic orientation of the eight metal-

MC ring connectivity that is similar to the inverse 12-

lacrown ring oxygen atoms.
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Figure 48. X-ray crystal structure of thév(u-OH),(O,CCHg)- )

[12-MCcd,cd" npkor4]-4CHsOH-3.08H,0 complex. The ring con- Figure 50. X-ray cr_ystal structure of the vacant 12-M&4
nectivity follows a pattern of-[N—O—M—O—N—M]— as opposed ~ complex. Four N@" ligands provide N-O connectivity between
to the -[N—O—M—N—0O—M] — pattern in 12-MC-4 complexes  the Pd ions. The coordination about the'Pnbn_s is completed by
with a central metal ion. Color scheme: orange spheré; @een four NO,~ anions and four tri-propylphosphine ligands. Color
sphere, CH; red tube, oxygen; blue tube, nitrogen; gray line, Scheme: orange sphere,'Pred tube, oxygen; blue tube, nitrogen;

carbon. Hydrogen atoms and lattice solvent have been removedgray line, carbon; green line, phosphorus. Hydrogen atoms have
for clarity.*17 been removed for clarit§:®

Figure 51. X-ray crystal structure of the collapsed 12-MG4
complex with the ligand 3-(dimethylamino)propanamidoxime. Two
ring oxygen atoms bind across the core to two ring ©®as, which
causes the cavity to collapse. Color scheme: orange sphetg, Cu
red tube, oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen
atoms have been removed for clar¥.

Figure 49. X-ray crystal structure of the NECHs),NCHO)s(u- ligand [12-MGun" ni" Nshippkoy-4] €an be synthesized with
OH)4[12-MCaggq'nshir4]. complex. Two Né& ions are bound to the  alternating M#' and NI' ions and alternating ligand&’ The
outside faces of the MC ring. One Nés trapped within the cage  nonadjacent hydroximate oxygens bind across the cavity to
created _by_the two 12-MC-Aélcpmplexels, whrl]ch are joined br){ four the two Mr'" ions. A collapsed 12-MG'-4 can be made
ﬁg?ﬁgﬂgg%gﬁgfge&g@d ?'U%ZS" &3&23?b?urgefuﬁgf’ﬁifrggiﬁ’ with the oxime ligand pko.* In addition to the collapsed
gray line, carbon. Hydrogen atoms have been removed for ctifiity. ~ COre, the nonadjacent Nions are bridged by a pkdigand.

A different type of collapsed 12-MC-4 may be synthesized

In addition, a 12-MG4-4 macrocycle with N-O bridges from RH', Zn'", and the ligand dimethyloxinf&# Alternating
has been generated by four WCanions (Figure 50)° The Rh' and Zd ions with [Rh—N—0O—Zn—0—N], connectivity
[12-MCpd'nnoy-4] complex is vacant. Two terminal NO (just as theiny12-MC-4 complexes) produces a 12-MC-4.
anions and a tri+-propylphosphine group complete the The central cavity is not collapsed by-MD bonds but by a
coordination environment of each 'Pibn. Rh'—Rh' bond.

Several collapsed 12-MC-4 complexes have been synthe- Azal2-MC-4 complexes are a second major group of this
sized. Collapsed MCs contain no central guest, but insteadfamily of complexes, and as in the case of the aza9-MC-3
of retaining the vacant cavity, the ring oxygens of the MC complexes, these complexes are mainly based on the pyrazole
bind to ring metal ions on the opposite side of the MC ring. ligand and its derivatives. Azal2-MC-4 complexes with
Thus, the vacant cavity has collapsed upon itself. Severalpyrazolate or its derivatives providing the bridging-N
collapsed 12-Mgy-4 complexes have been synthesized with atoms have been synthesized with 'M# Cu',426-432
oxime ligands (Figure 5182420422 Al of the complexes  Cul 199201433435 (Eigure 52), Ag*3* and zZn 425 All of the
share the structural similarities of a nearly planal (iore. complexes are very similar, with nonplanar structures that
A —[Cu—N-—0O]- repeat unit is observed with two nonad- do not encapsulate a central cation. The pyrazolate anions
jacent ring oxygens binding to €uons across the cavity, are positioned above and below the plane created by the four
thus collapsing the cavity. A similar mixed-metal, mixed- ring metal ions. An interesting structure of 'Gar Ag' with
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Figure 52. X-ray crystal structure of the vacant aza[12-M&4]
complex with the ligand 3,5-diphenylpyrazole. The pyrazolate

ligands alternate between up and down positions about the

metallamacrocycle. Color scheme: orange spherg,fue tube,

nitrogen; gray line, carbon. Hydrogen atoms have been removed

for clarity 433

2-amino-1,2,4-thiadiazolate (atdz) consists of the folirovs
bridged by six atdz ligand$? which forms a structure that
is similar in topology to paddlewheel complexXé%A similar

CU 12-MC-4 structure has been made with pyridazine instead

of atdz#37 In addition, 3,6-bis(2pyridyl)pyridazine can be
used to generate Cor Ni'" azal2-MC-4 complexes with
the pyridazine moieties providing the-NN bridges?*3843°
Hydrazonic organic ligands provide aW bridge between
metal ions because they contain diimine groups-KN.
Vacant CUl,#40-442Nij!' 443 and Li #4 azal2-MC-4 have been

generated from hydrazonic ligands such as 2,6-diacetylpy-

ridinebis(picolinoylhydrazonéf? These hydrazone-based 12-
MC-4s are structurally similar to the pyrazolate 12-MC-4

complexes with the ligands positioned above and below the

plane of the metal ions.

Related to the NO and N-N MCs are three 12-MC-4
structures with M-O—P connectivity. A 12-MGg",zV,-4
complex with alternating Cband Z# metal ions is formed
from methyl phosphite or dimethyl phosphite grodffsThe
MC ring connectivity is [C8l —P—O—2Zr"V—-0O—P),, and the
phosphoryl oxygen of the methyl phosphite, which is not
involved in the MC ring, spans the vacant cavity to bind to
the opposite ZY ion. Platinum withR,S-CsHsP(O)CHCH,P-
(O)GsHs generates a vacant 12-MC-4 with two bridging
groups between each'Pion, O—P and P-O*% A 12-
MCyiprt',-4 has been made with diphenylphospine providing
the P-O bridge (Figure 53}*” The 12-MC-4 binds 4 Li,-
(u-H20),} 2" moiety within the central cavity with the four
phosphoryl oxygen atoms.
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Figure 53. X-ray crystal structure of the k{H,0);[12-MCy;pt',-

4] complex with the ligand diphenylphosphinite providing the
bridging atoms. A Li(H,O),?* core is trapped within the central
cavity of the MC. The coordination of the'Pis completed by two
C=CC(CHp); ligands, and the coordination of the ring*Lis
completed by two (OC(Ch),) groups. Color scheme: aqua sphere,
central Li*; magenta sphere, ring Liorange sphere, Ptblue tube,
nitrogen; gray line, carbon. Hydrogen atoms have been removed
for clarity.447

Figure 54. X-ray crystal structure of theug-Cl)[12-MCyg-4]~
complex with the carborane cagesBgH10%~. A u4-Cl bridges the
four Hg' ions. Color scheme: orange sphere!'Hpagenta tube,
chloride; gray tube, carbon; purple line, boron. Hydrogen atoms
and the Li" countercation have been removed for clafify.

and nitrate’>® A similar 12-MG;-4 complex has been
synthesized with a—[Li —B—B]— repeat unit>’ Trisho-
moaromatic ligands of 1,3,5-triboracyclohexanes provide the
B—B bridges, and the 12-MC-4 complex does not bind a
guest within the central cavity. A similar complex can be
synthesized with RU*>® The RY ions bridge cobalt carbo-
rane cages with a[Ru'—B—B]— repeat unit to generate a
12-MC-4 complex.

12-MC-4 complexes can be synthesized that are analogous

to the 9-MC-3 complexes with-a[Hg"—C—C]— repeat unit
from dicarbon boron cages. 12-Mgi-4 complexes, with 1,2-
CzBlngRR (R = H, C6H5, CHZCHS; R = H, CHZCH?,)
cages providing the €C bridges, bind a variety of guests

2.5. 15-MC-3

A macrocyclic complex with [Re-O—N—N—N]3z con-
nectivity creates a 15-MC-3. The bridging ligand, 3-hydroxy-

to the Hg atoms within the central cavity. Encapsulated 1,2,3-benzotriazine-4£8)-one, provides a pocket in which

guests include chlorid& 40 (Figure 54), bromidd#451
iodide?4® 454 closoBiHi?~ cagest?455 CHsCH,OH *°
clos09-1-12-CH,CH;-1,2-GB1gH10,**° closc9,12-1-CH,-
CH3-1,2-C2810H10,449 C|OSO-9,12-CH3CH3-1,2-CzB]_0H10,449

a BR,~ anion is encapsulated (Figure 35).In addition, a
[Ag(12-CeHe)3(OHy)] ™ cation is captured on the opposite side
of the 15-MC-3, which is well shielded from the BFanion

by the metallamacrocycle. The water molecule coordinated
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Figure 55. X-ray crystal structure of the A@?>-benzene)BF,)-
[15-MCg¢-3] complex with the ligand 3-hydroxy-1,2,3-benzotri-
azine-4(3)-one. The coordination sphere of Re is completed by
three CO molecules. The BFanion is within the cavity created
by the phenyl rings of the ligand, and it is well shielded from the
Ag' cation by the metallamacrocycle. The water molecule of the
Ag' cation hydrogen bonds to the oxygen atoms of the MC ring.
Color scheme: orange sphere;Rgua sphere, Agmagenta tube,

Mezei et al.

Scheme 5. Rationale for Planar 12-MC-4 and 15-MC-5
Formation

next ligand 108°
next ligand
90°

NN, —

6 ﬁl 5O\M -

)

(0]
180° - 108° = 72°
4 x 90° = 360° 5x 72° = 360°
12-MC-4 15-MC-5

bridge the central Mhto two of the ring M#' ions. Three

of the ring Mrl" ions have propeller configuration, whereas
the other two have a planar{i|geometry. Similar 15-MC-5
complexes have been made with other carboxylate an-
ions380:3844610n the basis of the relative configuration of
the sh#~ ligands on each Mh, one observes AAAPP

fluoride; green tube, boron; red tube and line, oxygen; gray line, pattern about the MC ring. This pattern contrasts with
carbon. Hydrogen atoms and lattice solvent have been removedg_MC_3 structures WitlAAA or AAA configurations, which

for clarity 45°

Figure 56. X-ray crystal structure of MHO,CCH;),[15-
MCun"nshiy5]*6NCsHs. The nonplanar MC has ring Mhin three
different coordination geometries with a pattermoXAP P, where

P is planar. A Mt ion is captured within the central cavity and
linked to the MC ring via two acetate anions. Color scheme: aqua
sphere, central Mh orange sphere, ring Mh red tube, oxygen;
blue tube, nitrogen; gray line, carbon. Hydrogen atoms and lattice
solvent have been removed for clarffy.

to the Ad hydrogen bonds to the oxo groups of the ligand
to associate the Agation with the 15-MC-3.

2.6. 15-MC-5

The first recognized 15-MC-5 with MN—O connectivity
was a nonplanar structure synthesized with salicylic hydrox-
amic acid (Hshi) and manganese, M{©,CCHg),[15-
MCuwn'"nshir-5] (Figure 56; Table 23%° The neutral MC ring
consists of a—[Mn""—=N—O]— repeat unit, and the five
hydroximate oxygen atoms of the MC ring encapsulate a
Mn' ion within the cavity. In addition, two acetate anions

can close upon themselves to form a ring structure. By
alternating the absolute stereochemistry at the metal, the two
planar shi~ ligands are necessary for ring closure. Although
not yet realized, it is predicted that an 18-MC-6 should be
accessible with shii if the absolute stereochemistry alternates
around the ring (e.gAAAAAA). This precise pattern is
observed for an aza-18-MC-6 described below with a
different ligand. When the two shi ligands on the same
metal are oriented in a planar fashion, the metals are placed
at 90 with respect to the fused six-membered and five-
membered chelate rings as in the near-planar 12-MC-4
complexes (Scheme 5). UWis experiments demonstrate
that in DMSO the MH(O,CH),[15-MCnshiy-5] complex
will convert over time to the related M(carboxylato)[12-
MCn"nshiy-4] complex3eo

To achieve planarity in 15-MC-5 structures the metals
must be placed at 108vith respect to each other, and this
may be achieved by creating two five-membered fused
chelate rings (Scheme 5). Ligands capable of this include
picolinic hydroxamic acid (picHA) and-amino hydroxamic
acids @-aminoHA). In these planar structures, the neutral
ring connectivity is [CU—N—Q]s with all five of the
hydroximate oxygen atoms in the same plane. With five
hydroximate oxygen atoms in one plane, transition metal ions
are not ideally suited for the central cavity due to their smaller
ionic radii and preference for only four ligand atoms in the
same plane. Therefore, this allows an opportunity for
lanthanide and actinide ions, which, due to their larger ionic
radii, can accommodate more ligand atoms in the same plane.
15-MC¢y'-5 structures with picHA have a neutral [tCu
N—O]s MC ring that uses the five hydroximate oxygen atoms
to bind cations such as EyFigure 57):62Gd" 62the uranyl
cation (U/I 022+)’463a Nal,463b Yy lll 463b Ag|’463b Hg” 4630 and
PB'.4630 Analogous 15-MGi-5 complexes have also been
prepared and shown to bind ''rions (LA" = Cée", P!,
Sm'", Dy", Er'") and P ions#63Moreover, by using chiral
o-amino hydroxamic acids, chiral metallacrowns can by
synthesizetf* (achiral glycine provides achiral metallac-
rowns'6?). This is accomplished by each ligand placing the
R group on the same face of the metallacrown, thus providing
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Table 2. Ligands and Metals Used for the Synthesis of 15-MC-5 Complexes, Their Guests (Neutral Guests Are in Bold), and-M
Distances

ring- cationic anionic (or av M—M CCDC
bridging ligand metal guest neutral) guest distance (A) ref refcode
salicylic hydroxamic acid Mn(lll)y — Mn(ll) 2 CHCO;, 4.64 460 YOBYUJ
2 CH,CO, 4.64 460 YOBZEU
CHsCO,, salycilate 4.64 460 YOBZEW
CH;CO;, 2-(2,4,5-trichlorophenoxy)acetate 4.63 461 HUHPIJ
2 HCO, 4.62 380 FILFOW
2 2-(2,4-dichlorophenoxy)acetate 4.65 384 IDUYOV
picoline hydroxamic acid Cu(ll) Gd(lll)  N@DMF 4.58 462 XEBJOD
Eu(lll)  2NOs 4.58 462 XEBJUJ
Eu(lll)  NOs OH 4.58 462 XEBKAQ
Uy 20 4.62 463a REJWIM
Ca(ll) 463a
Y1) 463b
Na(l) 463b
Ag(l) 463b
Hg(ll) 2 py 463b
Pb(ll) py 463b
Ni(ll) Pb(I1) py 463c
Ce(lll) 463c
Pr(l11) 463c
Sm(lll) 463c
Dy(Il1) 463c
Er(111) 463c
S-a-alanine hydroxamic acid Cu(ll) Nd(lll)  OF HO 4.61 464 RAPXUB
Eu(ll) 464
Gd(llr) 464
R-o-alanine hydroxamic acid Cu(ll) Nd(l11) 464
Sleucine hydroxamic acid Cu(ll) Eu(lll) 464
Gd(llr) 464, 474
Styrosine hydroxamic acid Cu(ll) Gd(ny 4H0 4.56 467 WIYLUL
Gd(ln 3 H0 4.56 467 WIYMAS
Gd(ly  3H0 4.56 467 WIYMEW
S-phenylalanine hydroxamic acid  Cu(ll) Nd(l1) 464
Gd(ll) 465a
Gd(lll) 2 terephtalate 4.55 465a IBODUY
Gd(lll)  isonicotinateH,O 470
La(lln 3 H0 4.59 465a IBODIM
La(lll)  adipate,2 H,O 4.61 465a IBODOS
Eu(ll) 464
Sm(lll)  NOs, H,0 4.57 466 WUQZUD
Dy(ll1) 465b
Dy(lll)  isonicotinate,H,O 470
Ho(lll) 465b
Th(lll) 465c¢
Y1) 465¢
Y1) isonicotinate,H,O 470
R-phenylalanine hydroxamic acid  Cu(ll) Sm(lll) NM™0 457 466 WURBAM
Smethionine hydroxamic acid Cu(ll) Nd(Ill) 464
glycine hydroxamic acid Cu(ll) Eu(lln) 464
Gd(ll)  NOs, 2 H,0 4.59 464,474 YEBQIG
Nd(l11) 464
S or R-mandelohydroxamic acid ~ Cu(ll) Nd(l11) 906

face differentiation. This R group orientation is enforced by lanthanide ions investigated, the ionic radius varies from 1.16
the metallacrown repeat unit: metalitrogen-oxygen. If Afor La" to 1.02 A for Hd" for eight-coordinate specié®

the ligand “flips” to place the R group on the opposite face, In addition, the ionic radius is highly dependent upon
then the metallacrown connectivity is not repeated, the coordination number as the ionic radius changes from 1.10
rotational sense is lost, and a macrocyclic complex is not to 1.27 A for Ld" as the coordination number increases from
synthesized. Therefore, by choosing enantiopure chiral 7 to 10%6° Thus, the lanthanide radius should greatly affect
ligands, enantiopure chiral face-differentiated metallacrowns the MC structure, in particular, the MC cavity radius. The
can be synthesized. Chiral 15-M&-5s have been synthe- MC cavity radius increases as the'lLionic radius increases
sized with S-alanine hydroxamic acitf* Sphenylalanine  with the maximum cavity radius being 1.15 A for'l'and
hydroxamic aciéf>465(Figure 58), an@-tyrosine hydroxamic  the minimum cavity radius being 1.06 A for Moln addition,
acid*®” that host a number of l'hions including L&',*6% the LA" ionic radius also determines the distance of the

Nd'" 464 Sm'' 466 and Gdf' 465467 central L' from the mean plane created by the oxygen
X-ray crystal structures have been determined for a seriesatoms of the MC ring. The larger the Y'nthe higher it

of { Ln""(NO3)3-x[15-MCecu'nis-pherar5](OH)} ,where LH' = resides above the mean plane of the oxygen atoms. The La

La", Nd", s, EU", Gd", TH", and Hd' andx = 0, 1, ion resides 0.68 A above the plane, whereas the smallér Ho

or 1.5, allowing the effects of the lanthanide ion radius on resides only 0.19 A above the plane. In essence, the smaller
the metallacrown structure to be determid&dFor the ion is better able to fit within the cavity of the MC. As the
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Figure 57. X-ray crystal structure of E¥NO3),[15-MCc/n(picHa)-
5]"-4(CH),NCHO, where picHA is picolinic hydroxamic acid. The
ligand forms two five-membered fused chelate rings, which place Figure 59. X-ray crystal structure of L&NOs;)[15-MCcyn(s—pheHar

the CU ions at 108 with respect to each other. This arrangement 5]?*-4H,0 when crystallized from water. In the solid state the MCs
allows for a planar 15-MC-5 to be formed. A Euon is captured associate to form dimers. A hydrophobic pocket is created by the
by the five ring oxygen atoms. Color scheme: aqua sphere, centralphenyl rings of the two MCs. Color scheme: aqua sphere, central
EU"; orange sphere, ring @ured tube, oxygen; blue tube, nitrogen; La'; orange sphere, ring Cured tube, oxygen; blue tube, nitrogen;
gray line, carbon. Hydrogen atoms, the NGrounteranion, and gray line, carbon. Hydrogen atoms, the two N@ounteranions,
lattice solvent have been removed for claffty. and lattice solvent have been removed for claf®{This figure

is modified from the supporting material of Zaleski, C. M.;
Depperman, E. C.; Kampf, J. W.; Kirk, K. M.; Pecoraro, V. L.
Inorg. Chem.2006 95, 10022.]

Figure 58. X-ray crystal structure of L'(NO3)[15-MCcy'n(s-pheHay
5]2+-4H,0, where pheHA is phenylalanine hydroxamic acid. The !\
use of a chirabi-amino hydroxamic acid creates a chiral MC with

one face differentiated from the other by the five phenyl rings. Color
scheme: aqua sphere, central'l.arange sphere, ring ¢ured
tube, oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen
atoms, the two N@ counteranions, and lattice solvent have been
removed for clarity’85[This figure is modified from the supporting
material of Zaleski, C. M.; Depperman, E. C.; Kampf, J. W.; Kirk,
K. M.; Pecoraro, V. L.Inorg. Chem.2006 95, 10022.]

Ln" ion increases in size, the MC attempts to increase the
cavity radius to accommodate the ion. However, the MC can Figure 60. X-ray crystal structure of G{NO3)[15-MCcu'ns-phear
expand only so far; thus, the larger'Lstill cannot reside 5]°* when crystallized from a mixture of methanol and water. The

MCs bind to each other via Gt Ocamonyibonds. The oxygen atoms
close the mean plane of the oxygen atoms. As a result Ofthat link the MCs together are not involved with the MC ring. The

this expansion, one observes that the metallacrowns adopfesylting helix has a positive pitch when S-pheHA is used. When
ruffled, planar, and bowled conformations to accommodate R-pheHA is used to synthesize the MC, the helix has a minus pitch.
the central ions. Similar ring deformations have been Color scheme: aqua sphere, central'Garange sphere, ring ¢u

observed with the 12-MC-4 structure types making a direct red tube, oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen

structural analogy to the chemistry of metalloporphyrins. ~ atoms, the NG counteranions, and lattice solvent have been
When crystallized from water, ['{15-MCcyins_pheriay removed for clarity!88 [This figure is modified from the supporting

. . - terial of Zaleski, C. M.; D E.C;K f, J. W.; Kirk
5] complexes form dimers in the solid state, where the phenyl E_a,vle.r.'é,‘jgcorzgs \', L.Ino’rg.egﬁgrrnn?gda 95 ’108?5 | Bl

rings of neighboring 15-Mg-5 associate to create a

hydrophobic “pocket” (Figure 59f>4°In contrast, when ions of each metallacrown, but the three isonicotinate
Ln"[15-MCcy'nis-phenarB] is crystallized from a 10:1 mixture  molecules stretch across the two metallacrown planes within
of methanol/water, helical chains of 15-M@-5s complexes  the cavity, with the pyridine nitrogen atom coordinating to
are formed (Figures 60 and 6%}.Inside the hydrophobic  the axial position of a Cuatom from one metallacrown,
pocket, a number of aliphatic and aromatic carboxylate guestsand the carboxylate bridging €and Gd' ions on the other
can be bound, such as terephthalate or isonicotinate. Interestmetallacrown. This different binding results in a considerably
ing to note is that whereas only one terephthalate moleculeshorter Lr-Ln distance in the latter (9.7 A) than in the
has been observed to bind inside the hydrophobic cavity of former case (11.6 A). The use 8tyrosine hydroxamic acid
these metallacrowns, there are three guest molecules encapS-tyrHA) results in a true dimer between two 15-MG5
sulated in the case of isonicotinate. The symmetrical tereph-complexes, with an even shorter+hn distance of 8.5 A8
thalate guest forms bidentate carboxylate chelates to the Gd One phenol group from each metallacrown binds across the
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Figure 61. Another view of the X-ray crystal structure of @d
(NO3)[15-MCecyins-phenay 52T with the helical character highlighted
with spheres. The connectivity is[Cu'—0O—Gd" —O—Cu'—0],—

. Color scheme: aqua sphere, central'Garange sphere, ring ¢u

red tube, oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen
atoms, the N@ counteranions, and lattice solvent have been
removed for clarity’8¢ [This figure is modified from the supporting
material of Zaleski, C. M.; Depperman, E. C.; Kampf, J. W.; Kirk,
K. M.; Pecoraro, V. L.Inorg. Chem.2006 95, 10022.]

hydrophobic pocket to a ring Ctdon on the opposite MC
ring. The result is a bound dimer in the solid state. Inside
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Figure 62. X-ray crystal structure of the vacant aza[15-MG5]
with the ligand 2,5-dimercapto-1,3,4-thiodiazole. The ligand pro-
vides a N-N bridge between the $hions, and the coordination
sphere about each Srion is completed by two butyl groups. Color

the CaVity created by the dimer, chloride and nitrate anion_s scheme: green sphere,lsmme tube, nitrogen; gray line, carbon;
may be bound. In these three examples, the smallest cavityyellow line, sulfur. Hydrogen atoms have been removed for

occurs when the guest bridges'dans of the metallacrown
(S-tyrHA); it expands with guests using both'Cand Lr"

clarity 476

as anchor points (isonicotinate), and the cavity is greatestthe standards upon which new MRI contrast agents are

when the guest spans both'Liions (terephthalate).
Electrospray ionization mass spectrometry of a MeOH or
H,O solution of the isonicotinatemetallacrown complex at
room temperature shows two strong peaks in the cone voltag
range of 25-75 V, corresponding to a single metallacrown
with one or two bound isonicotinate ligands, respectivély.
No peak attributable to §Gd[Cu(S-pheHA)]} x(isonicotinate)
(NO3), species was detectable over the® V cone voltage

range. Similar results were obtained with the dysprosium and
yttrium analogues. Also, no peaks corresponding to pyridine
adducts were detectable when a metallacrown/pyridine
solution was subjected to ESI-MS under the same conditions.
These experiments suggest that in solution only the car-

boxylate group of the guest molecule binds significantly to
the metallacrown, indicating dissociation of the metallacrown

compartments in solution. On the basis of the Weber and

Josel definition of solid-state hesguest complexe&? the
best description of the isonicotinatenetallacrown system

is as a clathratocomplex because the interaction between th

host and guest are retained by direct coordination bonds
however, the non-covalent association of the two metalla-
crowns observed in the solid state is disrupted in solution.
The [(en)Pt(2-hydroxypyrimidine)}™ metallacrown prepared
by Navarro et al. forms a similar compartmented structure,
with a [Cu(HO)s]?" ion sandwiched between facing pairs

of pinched-cone-shaped metallacrowns and held in place by

multiple hydrogen bond$? Likewise, the bis(double heli-
cate) [ZnL,], L = 2,2-bis(1-phenyl-H-tetrazol-5-yl)-1,1-
(1,3-benzenediyl)bis(ethen-1-olato), reported by Saalfesink
al. forms compartments in the solid state in which two THF
molecules are entrappé®. These two latter hostguest

e

compared’®> However, many more studies are required
before clinical applications can be fully assessed.

The chiral LA'[15-MCcy'n(a—aminoray5] complexes may
Iso be generated in solution from the correspondinty Cu
12-MCecy'nia—aminoray4d] (discussed earlier) complésé-400

Using optical spectroscopy (Uwis and CD), ESI-MS, and
IH NMR several researchers have observed thdfiX2d
MCcuy'N(a—aminonay4] complexes will convert to the corre-
sponding LH'[15-MCcy'n@—aminoHarD] complex upon the
addition of the LH' ion.39%40The CW[12-MCcy'na-aminoHay
4] molecule will also convert to the Uf15-MCcu'N—aminoHAr
5] molecule upon addition of U®".3% One study has
observed that by adding €uons to the generated 'n
[15-MCcy'N(o—aminoHarD] complex the original C{[12-
MCecy'N@—aminonar4] can be recoveretf® The reaction is
reversible only with LA [15-MCcy'na—aminonay5] complexes
containing smaller L# ions (Sn' and YB'"). The reaction
is irreversible for LH'[15-MCcy'n(o—aminoray5] complexes
with larger LA" ions (Ld" and Nd").

One azal5-MC-5 complex has been synthesized with Sn

'and 2,5-dimercapto-1,3,4-thiodiazole (bismothol-I) (Figure

62) 476 Alternating units of SN and bismothol-I generate a
metallamacrocycle with a repeat unit efSnv—N—N]—.
Each S¥ ion has a distorted octahedral geometry with two
butyl and two S atoms of bismothol-l completing the
coordination sphere. The 15-M@-5 complex does not
encapsulate any guests within the central cavity.

2.7. 15-MC-6

Metallacoronate 15-MC-6 complexes can be synthesized
with dialkyl ketipinate ligands with a [Ct+-O—C—C—0];
metallamacrocycle. The MC ring is neutral because each

complexes also dissociate when dissolved, but in contrastjigand has a 2 charge. One 15-MC-6 is capable of binding

to the isonicotinate metallacrown complex, they are clas-
sified as cryptatoclathrates.

Planar G#[15-MCc-5] complexes made with both chiral

one Cd cation within the central cavit{.” The Cd is bound
to all six oxygen atoms of the MC ring. Similar 1:1 MC/
cation complexes can be made with'Nahich resides the

and achiral ligands have been tested for their ability to behaveplane of the ring oxygen atoms; however, the complexes tend

as MRI contrast agent§2468474Proton relaxivity measure-
ments indicate that the ®@{15-MC-5] complexes have
higher relaxivity values than GdDOTA and Gd'-DTPA,

to stack in the solid state to create structures similar to the
fused Ni[12-MG"-4] complexe$34"" The fused dimer and
trimer Nd[15-MCcy-3] complexes have been prepared in
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Figure 63. X-ray crystal structure of the metallacoronate [15-
MCc-3] with the ligand 1,6-diert-butoxyhexan-1,3,4,6-tetronato

in which a NH;" is sandwiched between two MC complexes. The
MC ring has a—[Cu'—0O—C—C—0]- repeat unit, and each MC

is neutral. The positive charge is balanced by a hydroxide anion

hydrogen bonded to a methanol molecule. Color scheme: orange

sphere, Cli blue sphere, nitrogen; gray line, carbon; red tube,
oxygen. Hydrogen atoms and th®H counteranion have been
removed for clarity*’®

which the central Naof one MC binds to a ring oxygen of

Mezei et al.

Figure 64. X-ray crystal structure of a vacant expanded 16x{MC
4. The picoline-tetrazolylamide ligand creates two bridges between

the Ni' ions: N—C—0O and N-C—N; therefore, the metallamac-

the opposite MC and vice versa. This coordination creates arocycle could be considered either an expanded MC or an expanded
staggered MC arrangement in both the dimer and trimer. In @zaMC. The propeller configuration of the "Nions alternates

addition, two 15-MC-6 complexes are capable of binding
one K or NH;* cation by forming a sandwich complex in
which the cation is bound to the oxygen atoms of the MC
ring (Figure 63):77:478

2.8. 16-MC-4
Expanded 16-MC-4 complexes with a fMN\—C—0],

macrocycle have been synthesized with three different metals.

Two 16-MGy¢-4 have been synthesized from 2,3-dihydroxy-
pyridine and 2-hydroxynicotinic acitl® For 2,3-dihydroxy-
pyridine, the ligand binds bidentate with two oxygen atoms
to one Pd to form a five-membered chelate ring. The pyridyl
nitrogen of the ligand then binds to an adjacent fdbegin
the construction of the 16-MC-4 complex with-gPd'—
N—C—O0]— repeat unit. 2-Hydroxynicotinic acid uses a sim-
ilar bridging mode to generate the 16-MC-4 complex except
the two oxygen atoms of the ligand form a six-membered
chelate ring about the Pdon. Both 16-MC-4 complexes
contain a vacant central cavity. Picoline-tetrazolylamide
ligands lead to 16-MC-4 complexes with either' Nir Zn'
(Figure 64)%9 In 16-MCy;1-4, the NI' ions are connected

betweenA and A. Color scheme: orange sphere/'Nied tube,

oxygen; blue tube, nitrogen; gray line, carbon. Hydrogen atoms
and lattice solvent have been removed for clafity.

Figure 65. X-ray crystal structure of a vacant expanded 164WC

by five- and six-membered chelate rings from four ligands. 4 The ligand creates one bridge between theiblis: N-C—O.

Each NI' has propeller configuration with alternatingand
A stereochemistry about the MC ring. The!'Nbns are also
connected via NC—N bridges, so the structure could be

considered an expanded azal6-MC-4 complex also. NoPetweenA and A as in th \
scheme: orange sphere,'Nied tube, oxygen; blue tube, nitrogen;

gray line, carbon. Hydrogen atoms and lattice solvent have been

guests are bound inside the central cavity. Thé structure

is isostructural. A sulfur derivative of a picoline-tetrazoly-
lamide ligand leads to a similar 16-M@4 complex as
above®® The two structures are nearly isostructural except
that in the picoline-tetrazolylthioamide complex the rind Ni
ions are connected via-NC—S and N-C—N bridges to
create the metallamacrocycle. A second 164w@ complex
with a —[Ni"—=N—C—0O]- repeat unit can be generated via
a triazine-based ligand (Figure 6%%.Each NI' is bound to

The coordination about the WNions includes two O atoms from
one ligand, two N atoms from a second ligand, and two water

molecules. The propeller configuration of the'Nons alternates
the 16-MGi"-4 in Figure 64. Color

removed for clarity?8?

ligand and ring metal ion, similar expanded azal6-MC-4
complexes may be generated. Moieties of'C4% Ru'
(Figure 66)247484 Rl 237485 gnd | 248:485 with various
aromatic ligands, such a8-cymene and;®-cyclopentadiene,
alternate with ligands such as adenine to create a square
azal6-MC-4 complex that does not bind a guest molecule

two nitrogen atoms from one ligand and two oxygen atoms within the central MC cavity. One key structural difference

of a second ligand. The octahedral geometry about eath Ni

is observed between the azal2-MC-3 and azal6-MC-4

is completed by two water molecules. The propeller con- structures. In the trinuclear MCs, the-fC—N bridge is

figuration of the Nf ions alternates betweeh andA. The

composed of the atoms in positions 1 and 6 and the N bonded

result is a nonplanar 16-membered MC ring with a vacant to C6 of the ligand, which spans both rings of the purine-

central cavity.

like ligand, whereas in the tetranuclear MCs, the G+N

Nucleobases, nucleosides, and nucleotides are excellenbridge is composed of atoms in positions 7, 8, and 9

ligands to construct expanded azal2-MC-3 complexes with
a—[M—N—C—N]— repeat unit. By the addition of one more

(imidazole ring) of the ligand. This difference in binding
mode leads to two different MC structures. In addition,
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Figure 66. X-ray crystal structure of a vacant expanded aza[16-
MCgry-4]. The adenine ligand provides alXC—N bridge with the
imidzole ring. Coordination about the Rion is completed by;®-
benzene and a chloride anion. Color scheme: orange sphéte, Ru
blue tube, nitrogen; gray line, carbon; magenta line, chloride. Hydro-
gen atoms and lattice solvent have been removed for chéfity.

Figure 67. X-ray crystal structure of a vacant expanded aza[16-
MCpy-4]*". The monoanion of uracil provides theC—N bridges
between the Ptions, and coordination about the'Pion is
completed by ethylenediamine. Color scheme: orange sphére, Pt
blue tube, nitrogen; gray line, carbon. Hydrogen atoms and four
NOz~ counteranions have been removed for claiify.

4-imidazolecarboxylic acid can be used to generate an azal
MCri'-4 complex that is analogous to the nucleobase
examples abov&’ The nucleobase uracil may also be used
to generate azal6-MC-4 complexes (Figure 8%)The
monoanion of uracil can bridge four'Pibns to form a 16-
MC-4 complex with a—[Pt'—N—C—N]— repeat unit. The
coordination of the Ptions is completed by an ethylenedi-

amine ligand. The monoanion uracil ligands create a square

MC structure with the Ptions at the corners that do not
bind a guest within the central cavity. If the dianion uracil

ligand is used, a similar square azal6-MC-4 is generated“"

but four Pt(NH3), groups bind to the MC ring at each
corner’®” The Pt(NH3), groups are joined to the MC by
bonding to two oxygen atoms from two dianion uracil
ligands. In addition, 2-aminopyridonate can be used to
construct a mixed-metal azal6-MC-4 with' Rind Pd.487
The MC complex has &[Pt'-N—C—N—Pd'-N—C—N]—
repeat unit. Two PHNOs)(H-0) groups bind to the sides
of the MC ring via bonds from two amine groups.

Ditopic ligands with central pyrimidine rings provide a
N—C—N bridge, which can lead to square azal6-MC-4

Chemical Reviews, 2007, Vol. 107, No. 11 4959

Figure 68. X-ray crystal structure of a vacant expanded aza[16-
MCpy-4]*". Four ditopic 4,6-bis(2,2-bipyrid-6-yl)pyrimidine
ligands provide the NC—N bridges between the Phons, and
four triflate anions bridge between the 'Pions. Color scheme:
orange sphere, Pphblue tube, nitrogen; gray line, carbon; red line,
oxygen; yellow line, sulfur. Hydrogen atoms and four;SB;~
counteranions have been removed for clatity.

bipyridine groups linked by a pyrimidine ring. A variety of
ligand derivatives have been made with various substitutions
on the biprydine groups and the pyrimidine ring. Each ligand
binds two metal ions, and the octahedral coordination sphere
of the metal ion is completed by two ligands that are
orthogonal to each other. The result is ax22] grid with

four metal ions and four ligands, which create a-{M—
C—N]4 metallamacrocycle. Guests do not bind within the
central cavity. Homometallic C'd® and PH 48° (Figure 68)
azal6-MC-4 complexes have been made along with hetero-
metallic Fé,RuU',*° complexes. In additior\-(2-methylimi-
dazol-4-ylmethylidene)-2-aminoethylpyridine may be used
to generate an azal6-MC-4 complex with-fCu' —N—C—

N]— repeat unit® The complex has a square shape similar
to the azal6-MC-4 [X 2] grids, and like the [2< 2] grids,
guests are not bound within the central cavity.

Just as bis(diphenylphosphino)methane (dppm) can be
used to construct trimeric azal2-MC-3 complexes, tetra-
nuclear complexes can be synthesized with dppm with a
similar simple metallamacrocycle of alternating metal and
dppm units. 16-MG4-4 complexes with-[Pd'—P—C—P]—

gonnectivity have bound-chloride’24%3(Figure 69) ang,-

sulfide#*44950ne vacant structure has been crystallized with
a possible H atom located within the central ca¢/16-
MCcy-4 complexes have boung-sulfide #7498 y4-nt,n?-
C=C (acetylido)!®® us-Se?® WSz~ (Figure 70)315501
WSe 592 M0S2~,5% uy-phosphinidene (PgEls),%%3 ug-n?-
S,CC(CN)P(O)(OCHCHs)»,5%* and CU(NS,),.505 Azal6-
MCag-4 complexes have been synthesized that pir8 >
14-S€%% 14-Te (Figure 71P% u4-2,2-dicyano-1,1-ethylene-
dithi0|atet507,u4-772-52CC(CN)P(O)(OC|’4CH3)2,508/A3-8203,346
5,035,346 and uz-2-mercaptonicotinate®?

Five other bridging units have been used to generate 16-
MC-4 complexes. A metallacoronate with a [CtO—C—

O]s metallamacrocycle constructs a vacant MC from a Schiff-
base ligand (Figure 72}° A vacant 16-MGgv-4 with a
—[SnY—0O—P—-0]— repeat unit can be generated from
alternating units of diphenylphosphinate and Sn{gH
(Figure 731t A —[Ga"—0O—Si—0]— repeat unit constructs
a 16-MC-4 that binds a core [iD,]>~ moiety within the
central cavity and two [Li(THR) ™ cations to the outside of
the MC ring [THF = tetrahydrofuran] (Figure 74}2 The

complexes. The basis of the ligand is in essence two core Li ions bind to the oxygen atoms of the MC ring,
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Figure 71. X-ray crystal structure ofus-Te)[16-MChgq-4]2" with

the ligand bis(diphenylphosphino)methane. & Thkridges all four

. . Ag' ions with Ag—Ag metal bonds. Color scheme: magenta sphere,
Figure 69. X-ray crystal structure ofu-Cl);[16-MCpq'-4]*" with Ag'; green tube, phosphorus; gray tube, carbon; yellow tub&, Te

the ligand bis(diphenylphosphino)methane, which provides a Hydrogen atoms and two GEO;~ counteranions have been
P—C—P bridge. The molecule has a rectangular shape with two removed for clarity?°

short Pd-Pd bonds and two long PdPd contacts. Two chloride
anions provide bridges between two "Pwns. Color scheme:
orange sphere, Pdgreen tube, phosphorus; gray tube, carbon;
magenta tube, chloride. Hydrogen atoms and twg RBunteran-
ions have been removed for clarit§?

Figure 72. X-ray crystal structure of the vacant metallacoronate
[16-MCcy1-4]>" with bridges of G-C—O provided by the ligand
N-(pyrid-2-yl)methylidene-4-aminobutanoate. Two of the' @ns
have a bound CI¢ anion, whereas the other two Cions have
only a coordination number of four. Color scheme: orange sphere,

Figure 70. X-ray crystal structure ofu;-WSs)[16-MCcy-4]%+ with Cu'; red tube, oxygen; gray tube, carbon; magenta line, chlorine.
the ligand bis(diphenylphosphino)methane. The VSanion Hydrogen atoms and two CHO counteranions have been removed
bridges all four Cuanions, and the W bonds to all four Clions. for clarity 510

Color scheme: magenta sphere!;@gua sphere, W; green tube,
phosphorus; gray tube, carbon; yellow tube, sulfur. Hydrogen atoms |, the 12-MC-4 and 15-MC-5 structures. the principal axis
and two Pk~ counteranions have been removed for clattby. . . - ! ;

is perpendicular to the chelate rings about the metal ions,

whereas the oxygen atoms of the core bind to th# ®as creating nearly planar complexes that encapsulate a metal
of the MC ring. A 16-MGee-4 complex can be synthesized 0N within the central cavity. In the 18-M&-6 complex,
from a—[ReV—P—C—0]— repeat unit with the ligand tris- the principal axis is parallel to the chelate rings. This
(hydroxymethyl)phosphine (Figure 75% The MC ring binds arrangement allows for a barre_l-shaped molecule to be
four u-oxide oxygen atoms that bridge the fourRimg ions. ~ 9enerated that captures a GiGanion.

Furthermore, alternating ¢rand NS, groups provide the A series of azal8-MC-6 complexes have been made with

basis for a vacant 16-M&'-4 complex with a repeat unit @ variety of N-acylsalicylhydrazide ligands. Mh>6-522
of —[Cr'"—N—S—N]— (Figure 76)214 This latter structure ~ F€",?524Co" 523525 and G4 52* have been used as ring

is reminiscient of the molecular square topology. metal ions, and all of the structures made with different
ligands and metals ions are nearly isostructural. The first
2.9. 18-MC-6 N-acylsalicylhydrazide azal8-MC-6 was synthesized with

One 18-MC-6 complex has been synthesized withON N-formylsalicylhydrazidate with a-[Mn"'—N—N]— repeat
bridges>'®Using di-2-pyridyl ketone oxime (Hpko) and Gu unit (Figure 78f® Each MA' is in a similar distorted
a complex with a [Cli-N—O]s metallamacrocycle can be octahedral coordination environment with a propeller con-
generated that encapsulates a poorly coordinategGilon figuration. The Mi' ions have alternatings and A stere-
(Figure 77). The molecule is shaped like a band, distinctly ochemistry about the MC ring. The azal8-MC-6 does not
different from other metallacrowns constructed from pko  bind any guests within the central cavity.
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Figure 76. X-ray crystal structure of the vacant [16-M@-4]*~
complex with N-S—N bridges provided by b, ligands. The
coordination sphere of each'Cis completed by four Cl anions.
Color scheme: orange sphere,"'Ciblue tube, nitrogen; yellow
(}ube, sulfur; magenta line, chloride. Hydrogen atoms, AlEL™
countercations, and lattice solvent have been removed for cl&tity.

Figure 73. X-ray crystal structure of the vacant [16-M@-4]
complex composed of Sn(GH* groups bridged by ©P-0O
groups provided by the ligand diphenylphosphinate. Color
scheme: orange sphere, "Snred tube, oxygen; green tube,
phosphorus; gray line, carbon. Hydrogen atoms have been remove
for clarity 511

Figure 74. X-ray crystal structure of the [16-M&-4] complex o
with O—Si—O bridges provided by the ligand diphenylsilanediol.

The MC ring binds a LiO,2~ group within the core, and two Li-  Figure 77. X-ray crystal structure of thg(ClO,)[18-MCcu'n(pkor
(THF)* cations (THF= tetrahydrofuran) are bound outside the MC 6]} complex. The CIQ" is poorly coordinated within the central
ring. The coordination sphere around the gallium ions is completed cavity created by the barrel-like 18-MC-6. Each copper has a
by four methyl groups. Color scheme: orange spheré!:@eeen coordinated CHCN molecule. Color scheme: bronze sphere!;Cu
sphere, outer i, aqua sphere, centralt;ired tube, oxygen; purple  blue tube, nitrogen; red tube, oxygen; gray tube, carbon; green tube,

tube, silicon; gray line, carbon. Hydrogen atoms and lattice solvent chlorine. Hydrogen atoms, CkO counteranions, and lattice solvent
have been removed for clarigy? have been removed for clarity. Reprinted from ref 515, copyright

2005, with permission from Elsevier.

Two azal8-MC-6 complexes have been built from similar
ligands. An azal8-MC-6 can be generated fronl Aod
pyrazolate with a—[Au'-N—N]— repeat unit (Figure
79)202526 The structure consists of six Auons and six
pyrazolate anions. Each Aipn is two-coordinate with a
linear geometry. An azal8-M@-6 can be synthesized with
4-amino-3,5-dimethyl-1,2,4-triazole (admtPZJ The CU ions
are in either a distorted octahedral or a square pyramidal
environment, and the admtrz ligands alternate between above
or below the plane created by the six'Gons. A solvent
water molecule is contained within the central cavity.

2.10. 24-MC-6

Two 24-MCcy-6 complexes have been reported with a
[Cu'—=N—C—0]s metallamacrocyclé?®5°The ligand 6-meth-
_ yl-2-hydroxypyridine provides two NC—O bridges between
Figure 75. X-ray crystal structure of the vacant [16-M&4]  the Cif jons, which are in a distorted square-planar environ-
complex with P-C—O bridges provided by the ligand tris- ment (Figure 80). One bridge has a-R—O clockwise

(hydroxymethyl)phosphine. The four Rens are also bridged by : .
four 4-O anions. Color scheme: orange sphere’:Reeen tube, ~ Pattern, whereas the second bridge has aCON clockwise

phosphorus; red tube, oxygen: gray tube, carbon. Hydrogen atomspattern. Within the central cavity, a Ni® or Cu' 52° cation
have been removed for clarity? is captured by the six oxygen atoms of the MC ring. In
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Figure 78. X-ray crystal structure of the vacant aza[18-M@-

6] complex with the ligandN-formylsalicylhydrazidate. The Mh
ions are connected by-N\N bridges, and their coordination sphere
is completed by a C#OH molecule. The propeller configuration
about the M#' ions alternates betweeh and A about the ring.
Color scheme: orange sphere, 'Mrblue tube, nitrogen; red line,

Mezei et al.

Figure 80. X-ray crystal structure of the expanded'{24-MCq,-

6] complex with the ligand 6-methyl-2-hydroxypyridine. The'Cu
ions are connected by two-NC—O bridges, which proceed in
opposite directions. The central €is bound to the oxygen atoms

of the MC ring with clockwise bridges of ©C—N. Color
scheme: aqua sphere, central'Corange sphere, ring ®ublue
tube, nitrogen; red tube, oxygen; gray line, carbon. Hydrogen atoms,

oxygen; gray line, carbon. Hydrogen atoms have been removed[Ph'(NO;),]2~ counteranion, and lattice solvent have been removed

for clarity 516

Figure 79. X-ray crystal structure of the vacant aza[18-M®G5]
complex with the ligand 3,5-diphenylpyrazolate. Each Aas a
linear geometry, and the MC ring twists upon itself. Color
scheme: orange sphere,'Ablue tube, nitrogen; gray line, carbon.
Hydrogen atoms have been removed for clatify.

addition, a 24-MGg'-6 complex with 6-methyl-2-hydroxy-
pyridine captures a Naon within its central cavity3°

Two relatively simple expanded aza24-MC-6 complexes
have been synthesized witfM —N—C—N]— connectivity.
An aza24-MGg-6 complex can be produced with six Ag
ions and six 2-hydroxypyrimidine (Hpymo) ligands (Figure
81) 531 Each pymo bridges between two Agons to form a

for clarity.52°

Figure 81. X-ray crystal structure of the vacant expanded [24-
MCag-6] complex with the ligand 2-hydroxypyrimidine. The Ag
ions have a linear geometry, which is bridged by aM
connectivity. Color scheme: orange sphere’; Alye tube, nitrogen;
gray line, carbon. Hydrogen atoms have been removed for ctétity.

(methylated ligand). Also, like the azal6-M&4, the aza24-

MCcy-6 metallamacrocycle with a-[Cu'—N—C—N]—

repeat unit does not bind any guests within the central cavity.
A 24-MC-6 complex with—[Rh'"'—S—C—N]— connectiv-

ity can be produced with the ligand 6-purinethione riboside

(Figure 82)>*3The coordination about each Ris completed

by onen®-cyclomethylpentadiene, one bidentate 6-purineth-

ione riboside to form a five-membered chelate ring with the

sulfur and N(7) atoms, and the N(1) atom of an adjacent

6-purinethione riboside, which serves to bridge thé Rins

of the MC ring. The purine rings of the ligand create a cubic

MC ring that does not encapsulate any guest. The organiccavity within the center of the complex; however, the cavity

radical pyrimidine ligand 4-pyrimidinyl nitronyl nitroxide
(4PMNN) generates an aza24-MC-6 complex with" Cu
ions5%2 As in the pymo structure, each 4PMNN bridges
between the Clions to form a MC ring that does not bind
a guest.

A more complicated expanded aza24-pMG6 may be
produced fronN-(2-phenylimidazol-4-ylmethylidene)-2-ami-
noethylpyridine’®* This ligand is very similar to that used
to create an expanded azal6-MC4 except that a phenyl

hosts no central guest.

Four other unique 24-MC-6 complexes contairl'Ced',
and SH ring metal ions. A cyclohexane-like complex of
Cu', N-(2-pyridylmethyl)glycine, andN-(2-pyridylidene)-
glycine generate a 24-M@-6 that has a vacant central
cavity 37 The metallacoronate 24-MC-6 consists of fCu'—
O—C—0]- repeat unit. A different 24-Mgy-6 metalla-
coronate may be generated with an amino-tricarboxylate
ligand33* The key difference is that this metallamacrocycle

group substitutes for a methyl group at the 2-position. The with a —[Cu"—0—C—0]— repeat unit is capable of binding
use of the more sterically demanding phenyl group results a PH' ion within the central cavity using oxygen atoms not
in a hexameric complex instead of a tetrameric complex involved with the repeat unit. A 24-M&-6 macrocycle
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Figure 82. X-ray crystal structure of the vacant expanded [24-
MCryt-6]6* complex with the ligand 6-purinethione riboside. The
Rh!" ions are capped by®*-cyclomethylpentadiene and connected
to each other via NC—S bridges. Color scheme: green sphere:
Rh"; blue tube, nitrogen; yellow tube, sulfur; red line, oxygen;
gray line, carbon. Hydrogen atoms, £360;~ counteranions, and
lattice solvent have been removed for clafity.

Figure 83. X-ray crystal structure of the expanded [24-MC
6]~ complex. Each PUion is bridging to neighboring Pdions

via a [S-S—SJ* bridge. The metallamacrocycle encapsulates a
(C2S6)6~ anion within the central cavity. Color scheme: green
sphere, PY yellow tube, sulfur; gray tube, carbon. The Nand
{(CH3)N(CH,CHy)3:N}* countercations have been removed for
clarity 53>

consists of alternating Péind $2~ units to construct a repeat
unit of —[Pd'-S—S—S]— (Figure 83)*°> The 24-MC-6
encapsulates a;&° anion within the central cavity, and
each sulfur atom of the &S5~ anion bridges two of the ring
Pd' ions. A 24-MGv-6 is formed from six Sn(gHs)s™
groups and six diphenylphosphate anions (Figure&jhe
O=P—0 atoms of the diphenylphosphate provide the six
bridges in the MC ring. The overall metallamacrocycle has
a puckered configuration with the Snions in a trigonal

Chemical Reviews, 2007, Vol. 107, No. 11 4963

Figure 84. X-ray crystal structure of the vacant expanded [24-
MCsqv-6] complex with the ligand diphenylphosphate. The Sn-
(CeHs)s™ groups are connected via ®—O bridges. Color
scheme: orange sphere, "Snred tube, oxygen; green tube,
phosphorus; gray line, carbon. Hydrogen atoms have been removed
for clarity.536

Figure 85. X-ray crystal structure of the Ni24-MCy;-8]%+
complex with the ligand 1-[2-(6-methylpyridyl)]ethanone oxime.
The eight ring NI ions constitute a nonplanar MC ring, which
encapsulates a NDs core. Color scheme: aqua sphere, centréj Ni
green sphere, ring Ni blue tube, nitrogen; red tube and line,
oxygen; gray line, carbon. Hydrogen atoms, ¢l@ounteranions,
and lattice solvent have been removed for clatify.

2.11. 24-MC-8

Two 24-MC-8 complexes have been synthesized with
—[M —N—0O]— connectivity. A 24-MG;"-8 can be synthe-
sized with the ligand 1-[2-(6-methylpyridyl)]ethanone oxime
(Figure 85)238:53°The MC ring consists of connectivity [Ni-
O—N—Ni"=N—O—Ni"-=0—N—-Ni"—=0—N], and captures
an octahedral NiOs moiety. The second 24-MC-8 complex
is made from the oxime ligand di-2-pyridyl ketone oxime
(Hpko) and manganese ioff§.The manganese ions of the
MC ring are in three different oxidations+{2 3+, and 4t)
with a MC connectivity of [MH'—=O—N—Mn"—N—-0O—
Mn"—N—O—Mn"Y—0O—N],. In addition, the MC ring wraps
around a star-shaped 16-membered ring with the connectivity
of [Mn"'—O—Mn"—O—Mn"'—O—Mn"V —0O],. Interestingly,
the oxygen atoms of the MC ring and star ring originate from
nonrelated ligands. The S-shaped MC ring captures a
tetranuclear mixed-valent manganese core, '[Mm'",

bipyramidal geometry. The MC ring does not bind any guests (u,-O)(uz-O)a(uz3-OH)4(pko].

within the central cavity. A similar 24-Mg&v-6 has been
synthesized with dimethylphosphafé.

An aza24-MG¢g-8 complex can be generated from a
ligand similar to that used to synthesize tReacylsalicyl-
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Figure 86. X-ray crystal structure of the vacant aza[24-MG8]
complex with the ligand 3,5-dimethylpyrazole. The''Gue bridged
by the pyrazolate anions and byOH anions. Color scheme:

orange sphere, Cublue tube, nitrogen; red tube, oxygen; gray Ffigure 87. X-ray crystal structure of the vacant aza[30-M@-
line, carbon. Hydrogen atoms have been removed for cléfty. 10] complex with the ligandi-benzoylsalicylhydrazidate. The Nn

. . . ions have alternating propeller configurations/fand A about
hydrazide azal8-MC-6 complex&s.The additional steric  the MC ring. The structure has a similar connectivity with the aza-

bulk of N-isobutyrylsalicylhydrazidate creates the larger [18-MCy."-6] made withN-formylsalicylhydrazidate (Figure 78).
metallamacrocycle. Like the similar azal8-MC-6 complexes, Color scheme: orange sphere, Mrblue tube, nitrogen; red line,
the ring F&' ions have a propeller configuration with ©0xygen;gray line, carbon. Hydrogen atoms and lattice solvent have
alternatingA andA stereochemistry about the MC ring. In  Peen removed for clarity®

addition, the MC does not host any guests within the central
cavity.

3,5-Dimethylpyrazole and Cuions are also able to
produce an aza24-MC-8 complex (Figure 88)%* The
pyrazolate anions provide-N\N bridges between the eight
Cu' ions, and the Clions are bridged by-OH anions.
Each Cll ion has an approximately square planar geometry
within the MC ring, and the pyrazolate anions alternate
positions above and below the plane created by the eight
CU' ions. In addition, no guest molecules could be located
within the central cavity.

A decadentate diazine ligand generates an aza24-MC-8
complex with ring Nf ions#82 Each ligand is capable of
providing two N-N bridges and the coordination environ-
ment for three Ni ions; therefore, only four ligands are
needed to construct the 24-membered MC ring. Each Ni
ion is in a distorted octahedral environment withQy
coordination. Three water molecules are hydrogen-bonded
within the central cavity. In addition, the use of the \
heptadentate Ilgan_d 1’5'b's(zfhydro_xybenzaldehyde)th'ocar'Figure 88. X-ray crystal structure of the vacant expanded aza-
bohydrazone provides an azine bridge to create an aza24{32-Mcy;-8] complex. Two Ti coordination modes are present
MC-8 with a—[Cu"'—N—N]— repeat unit** Four of the Ct} within the structure. “Corner” Ti ions are capped by two
ions have a square planar geometry filled by two nitrogen #°-cyclopentadiene ligands and bound to nitrogen atoms from two
atoms, one oxygen atom, and one sulfur atom. The coordina-ligands. Ti" ions along the sides are also capped by tye
tion geometry of the remaining Cuions ranges from cyclopentadiene ligands, but the ions are bound by two nitrogen

distorted tri | bi idal to tri | bi idal t atoms of one ligand in a bidentate fashion. Color scheme: orange
Istorted trigonal bipyramidal 10 trigonal bipyramidal 10 gppere h; blue tube, nitrogen; gray line, carbon. Hydrogen atoms
distorted square pyramidal to distorted octahedral. The have been removed for clarit?

resulting geometry depends on the location of disordered

solvent molecules. ring as in the similaN-acylsalicylhydrazide 18-MC-6 and
2.12. 30-MC-10 24-MC-8 complexes. An isostructural'lFeomplex has also

An aza30-MC-10 can be constructed wiNFbenzoylsali- been synthesized.
cylhydrazidate, which provides the-NN bridges (Figure
87)5% The complex contains a [Mh—N—N]o metallamac- 2.13. 32-MC-8
rocycle and does not encapsulate any guests within the oval- A 32-membered ring with a [fi-N—C—N]g metallamac-
shaped cavity. The Mhions have a propeller configuration  rocycle with a dipyrimidine ligand forms a puckered structure
with alternatingA andA stereoconfiguration about the MC  with no encapsulated guest (Figure 88)Four of the T¥
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Figure 89. X-ray crystal structure of the vacant aza[36-MC

12] complex. The Z#ions are connected to neighboring'Zons — rjgure 90. X-ray crystal structure of the vacant aza[36-Me-
via N—N bridges provided by a pyrazole-based ligand and via 73] complex with the ligand\-trans-2-pentenoylsalicylhydrazide.
alternatingu-O andu-S bridges. Color scheme: green spheré;Zn — The hroneller configuration of the Mhions has a repeat unit of
blue tube, nitrogen; red tube, oxygen; yellow tube, sulfur; gray line, —[AAAA]— about the MC ring. The similar aza18-MC-6, aza24-
carbon. Hydrogen atoms have been removed for cléféty. MC-8, and aza30-MC-10 complexes have alternatngind A
configurations about the MC ring. Color scheme: orange sphere,
are bound to twon®-cyclopentadiene ligands and two Mn''; blue tube, nitrogen; red line, oxygen; gray line, carbon. Hy-
dipyrimidine ligands. These Tions alternate with a second drogen atoms and lattice solvent have been removed for CPéfity.
Ti" coordination mode in which the second'Tions are
bound to two n5-cyclopentadiene ligands and only one
dipyrimidine ligand in a bidentate fashion.

2.14. 36-MC-12

Three vacant aza36-MC-12 complexes have been synthe-
sized at the time of this review. Using 5-methyl-3-phe-
nylpyrazole, an aza36-MC-12 with a [Z”R-N—N];, met-
allamacrocycle can be generated (Figure ®89Fach zZ
ion is in a distorted tetrahedral coordination geometry and
is also connected to neighboring'Zions via alternating-S
andu-O bridges. Using a ligand that is similar to the ones
used to synthesize azal8-MC-6 complexes, an aza36-MC-
12 with Mn" ions andN-trans-2-pentenoylsalicylhydrazide
produce a metallamacrocycle with-gMn" —N—N]— repeat Figure 91. X-ray crystal structure of the expanded [40-MC
unit (Figure 90)*” Each Mn' ion has a propeller configu-  10] complex with the ligand 5-chloro-2,3-dihydroxypyridine. The
ration with the stereochemistry having a repeat unit of Pd'ions are connected via-©€C—N bridges, and the coordination
[AAAA]; about the metallamacrocycle. This configuration sphere of each Pds completed by a five-membered chelate ring,

is different from the similar aza18-MC-6, aza24-MC-8, and 2 pyridyl nitrogen, and a triethylphosphine group. Color scheme:
aza30-MC-10 complexes in which each Mior Fé' has orange sphere, Prblue tube, nitrogen; red tube, oxygen; gray tube,

alternatingA andA configurations about the MC ring. The ;?g?n"s”éﬁge;?ﬂ'gfécﬂcgﬁ?m’j ’b’;‘;??g‘:ﬁo“vr;% %}I%ﬁgﬁtfydmgen
36-MC-12 complex is vacant except for solvent molecules.

Using a ligand similar to the above MC, salicylaldehyde The flexible molecule folds back upon itself to create a
2-pyridinecarboxylhydrazone, an aza36-MC-12 complex can peanut-shaped ring, and the MC does not bind any guest
be constructed with a repeat unit 8fNi""—N—N]—. Like within the central cavity.

the Mn" aza36-MC-12, the Niions have a propeller

configuration with an absolute stereoconfiguration repeat unit 2.16. 60-MC-20

of [AAAA]554 The largest metallacrown structure synthesized to date is
a 60-membered metalladiazamacrocyéld.he highly puck-
2.15. 40-MC-10 ered, Q-symmetric icosanuclear manganese complex with

A 40-membered metallamacrocycle 40-MC-10 consists of a —(Mn"'—=N—N)— repeat unit was synthesized using the
a [Pd'—0O—C—N]ip metallamacrocycle created with the triply deprotonated pentadentate ligakeB-phenyltrans-2-
ligand 5-chloro-2,3-dihydroxypyridine (Figure 91jy. A propenoyl-salicylhydrazide (Figure 92). All NMn ions
similar ligand was used to construct a 16-MC-4 comgféx. have a distorted octahedral geometry and are in five diff-
The ligand binds bidendate to one'Pdorming a five- erentchemical environments. Eight of the twenty N-term-
membered chelate ring, and then bridges to an adjacént Pdinal 3-phenyltrans2-propenoyl groups fill in the inner
via the pyridyl nitrogen to generate the metallamacrocycle. cavity of the metallamacrocycle. Also, four phenoxy
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Figure 93. X-ray crystal structure of a metallacrown within a
Figure 92. X-ray crystal structure of the vacant aza[60-M@- metallacrown. An aza[18-Mg&-6] is bound to an aza[36-M&'-

20] complex with the ligandN-3-phenyltrans-2-propenoylsalicyl- 12] via bridgingus-O atoms of the larger MC binding to ¢ipns
hydrazide. The propeller configuration of the Wions has arepeat  of the smaller MC. The Cuions of each MC are connected via
unit of —[AAAAA][AAAAA]— about the MC ring. The similar N—N bridges from pyrazolate anions apg-O or uz-O bridges.
azal8-MC-6, aza24-MC-8, and aza30-MC-10 complexes have This structure can dimerize with a second identica{ HZ&MCc,-
alternatingA and A configurations about the MC ring, and the 6][36-MCc¢y-12]} structure to entrap a Clanion between the
related aza[36-Mfm-12] complex has a propeller configuration — oxygen atoms of the smaller MCs. Color scheme: orange sphere,
repeat unit of—-[AAAA]— about the MC ring. The coordination  Cu' ions of azal8-MC-6; green sphere,'dan of aza36-MC-12;
sphere about the 20 manganese ions is completed by 18 DMSOblue tube, nitrogen; red tube, oxygen; gray line, carbon. Hydrogen
and 2 HO molecules. Color scheme: orange sphere!'Molue atoms have been removed for clafij.

tube, nitrogen; red line, oxygen; yellow line, sulfur; gray line,

fcc?rrt():?z:r.it)l/_'g‘,‘gmgen atoms and lattice solvent have been removed2_18_ Molecular Wheels

2.18.1. Introduction

Molecular wheels provide unique metallamacrocycle con-
nectivity with a one-atom bridge between metals ions; the
2.17. Metallacrowns within Metallacrowns repeat unit is [M-X]. The complexes typically have a

) circular shape; however, the shape may deviate from a perfect

Although not technically metallacrowns because each jrcle. The molecular wheels are similar to the molybdenum
metallamacrocycle is not discrete, a series of interestifg Cu gxide wheel compounds pioneered by Mt 55559 How-
metallamacrocycles have been synthesized witbu' —N— ever, the molecular wheels are not nearly as large (théeMu
N]_ Connectivity (Figure 93350 Azametallacrowns of size wheels may reach sizes of 176 Mo |éﬁ$ and the ring
18-MC-6, 24-MC-8, 27-MC-9, 36-MC-12, and 42-MC-14  connectivity is only one-dimensionah simple circle. The
can be generated in which the 'Cions are interconnected  Miiller wheels have a torus shape with the Mo connectivity
by pyrazolate anions on the outside of the ring ang§yH also in a second dimension. Molecular wheels may be
bridges on the inside of the ring. [A €uring is also synthesized frons-, d-, andf-block metal ions, and bridging
synthesized, but the NN connectivity is broken by an  atoms include most of theblock elements except the noble
~0O,CCH; group; however, this ring may be considered a gases. Although not traditionally considered a metallacrown,
molecular wheel (18-MC-9) because theOH bridges these molecular wheels, which are typically open structures
remain intact to give a metallamacrocycle. See below for a with a vacant cavity, have sometimes been referred to as
more extensive treatment of molecular wheels.] The MC MCs as some of these molecular wheels bind metals within
rings are then connected to each other by tf@H bridges the central cavity. When referred to as metallacrowns, these
of a larger ring, which bind axially to Cllions of a smaller ~ wheel complexes follow a similar naming scheme with a
ring to give the Cl ions of the smaller ring a distorted 2X—MC—X designation, wher¥ is the number of bridging
square-pyramidal geometry. The set of 36-MC-12 and 18- heteroatoms andXis the total number of atoms within the
MC-6 azametallacrowns then dimerizes with an identical set wheel. Various sized molecular wheels have been made
of azaMCs to capture a Clanion between the central including 8-MC-4, 10-MC-5, 12-MC-6, 14-MC-7, 16-MC-
cavities, creating a supramolecular sandwich. Two similar 8, 18-MC-9, 20-MC-10, 22-MC-11, 24-MC-12, 28-MC-14,
supramolecular complexes have also been assembled: in on82-MC-16, 36-MC-18, and 48-MC-24 (Table 3).

a 36-MC-12 hosts an 18-MC-6 on one face and a 27-MC-9

on the opposite face and encapsulates gCéanion, whereas 2.182. 8-MC-4
in the other a 42-MC-14 hosts a 24-MC-8 and a 18-MC-9  Although not wheel-shaped, 8-MC-4 complexes have the
on opposite faces and encapsulates @S@nion>° same cyclic connectivity as other molecular wheels. These

groups are directed to the inner side of the system, contrary
to all previously observed metallacrowns.
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Table 3. Ligands and Metals Used for the Synthesis of Molecular Wheel Complexes, Their Cavity Radii, and Guests

ring- cavity CCDC
bridging ligand metal radius (A) guest ref refcode
PhN(SQ). Mgs 757 LISRUA
Alg 758 HUQNUC
HUQPEO
bis(2-oxyethyl)(methyl)amine, oxo di 2.19 759 DAVYOO
bis(2-oxyethyl)(2-hydroxyethyl)amine % 1.01 Na 760, 761 CUMSEI(01)
0.88 Mr?t 762 XUTSIO
0.85 Fé* 763 AQOKAS
acetate, hydroxide Gr 0.68 764 FAGDOH
methoxo Mr 0.88 Mr?t 765 PAZVER
PAZVOB
2-hydroxymethylpyridine, hydroxo Mn 0.89 Mre+ 766 NITBEX
0.88 Mr?t 767 IPULUA
bis(2-oxyethyl)(benzyl)amine Mn 0.92 Mre+ 768 PAKPAT
bis(2-oxyethyl)(methyl)amine Mn 0.90 Mre+ 768 PAKPEX
bis(2-oxyethyl)(ethyl)amine Mn 0.91 Mr?t 768 PAKPIB
methoxo Mr 1.00 Na 770 NOCJEU
3-methoxy-2-salicylideneamino ke 0.85 Fé+ 771 TUSFOC
hydroxo, oxo Fe 1.34 772 WILGUT
methoxo Fe 1.05 Na 773,774 YIYRED
YIYRIH
TUMSUP
methoxo Fe 0.90 Lit 775 NECDUU
bis(2-oxyethyl)(2,5-dimethylbenzyl)amine Fe 1.01 776 ABOKUX
bis(2-oxyethyl)(ethyl)amine ke 1.01 77 RAHBOS
bis(2-oxyethyl)[3,5-bis(4’-methoxycarbonylbenzoxy)benzyllamine s Fe 1.05 778 BEQQUK
bis(2-oxyethyl)(3,5-diert-butylbenzyl)amine Re 1.12 778 BEQREV
Ine 1.23 778 BEQRAR
bis(2-oxyethyl)(3,6,9-trioxadecyl)amine Fe 1.10 779 SACZAY
bis(2-oxyethyl)(-butyl)amine Fe 1.10 779 SACZEC
bis(2-oxyethyl)(ethyl)amine ke 1.12 779 SACZIG
bis(2-oxyethyl)(3,6,9-trioxaundecyl)amine de 1.11 779 SACZUS
bis(2-oxyethyl)[naphth-2-yl)methyllJamine ke 1.10 779 SADBEF
bis(2-oxyethyl)[naphth-1-yl)methyllamine ke 1.11 779 SADBIJ
bis(2-oxyethyl)(3-cyano-3,3-diphenylpropyl)amine sFe 1.04 779 SADBOP
bis(2-oxyethyl)(3,6-dioxaoctyl)amine ke 1.08 779 SADBUV
bis(2-oxyethyl)(benzyl)amine ke 1.10 779 SADCEG
bis(2-oxyethyl)(allyl)amine Re 1.07 779 SADCIK
bis(2-oxyethyl)(hex-5-enyl)amine ke 1.05 779 SADDAD
bis(2-oxyethyl)-hexyl)amine Fe 1.04 779 SADDEH
bis(2-oxyethyl)f-octyl)amine Fe 1.03 779 SADDIL
bis(2-oxyethyl)-decyl)amine Fe 1.09 779 SADDOR
bis(2-oxyethyl)(3-oxapentyl)amine ke 1.10 779 SADFAF
bis(2-oxyethyl)(8-phenoxy-3,6-dioxaoctyl)amine sFe 1.08 779 SADFEJ
bis(2-oxyethyl)[(5-naphth-1-yloxy)-3-oxapentyl]Jamine sFe 1.06 779 SADFIN
bis(2-oxyethyl)[(5-(2-(phenylethynyl)phenoxy)-3- Fes 1.11 779 SADFOT
oxapentyllamine
bis(2-oxyethyl)[3,5-bis(allyloxy)benzyllamine ke 1.06 779 SADFUZ
bis(2-oxyethyl)(8-phenoxy-3,6-dioxaoctyl)amine sFe 1.10 779 SACZOM
bis(2-oxyethyl)[2-(phenoxy)ethyl]Jamine ke 1.11 779 SADBAB
bis(2-oxyethyl)(5-phenoxy-3-oxapentyl)amine sFe 1.01 779 SADCAC
bis(2-oxyethyl)(4tert-butylbenzyl)amine Re 1.05 779 SADCOQ
bis(2-oxyethyl)[2-(1,3-dioxan-2-yl)ethyl]amine ke 1.06 779 SADCUW
bis(2-oxyethyl)g-decyl)amine Fe 1.05 779 SADDUX
n-propylthioacetato Co 1.16 779 PTACCO
3-(diphenylphosphino)propionato [30) 1.26 781 CAWJIT
Nig 1.25 781 CAWJEP
1,5-di-p-tolyl-1,4-penta-azadienido, methoxo £o 1.47 782 FIHJEL
38,41,44,47,50,53-hexamethyl-1,7,13,19,25,31-hexaazahexa-  Cus 0.36 783 KEGRAP
benzohexatriconta-1,3,6,9,13,15,18,21,24,27,31,33-
dodecaene-4,10,16,22,28,34-hexaolato, acetato, hydroxo
bis(2-oxyethyl)(2,5-dimethylbenzyl)amine Eu 1.21 2 NaBr 785 QOZPAW
bis(2-oxyethyl)(benzyl)amine Gu 1.11 2 LiCl 785 QOZPEA
2-pyridylmethanolato zn 0.79 Zret 786 TUQJAQ
trifluoroacetato, ethoxo Nb 2.02 787 ERIJIY
0xo, hydroxo Sk oxalate 789 JODLET
oxo, ethoxo H 790 DANRUF
5,17-ditert-butyl-26,28-bis(carboxymethoxy)-11,23,25,27- Phs 6 HO 791 WOPWIH
tetraoxocalix(4)arene
0X0 NiMo4 793 RUNXON
2,6-bis(dimethylaminomethyl)phenylthiolato oL 794 TIBCOW

ethanethiolato Ni 795, 798 NIEMER(01, 02)
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Table 3. (Continued)

ring- cavity CCDC
bridging ligand metal radius (A) guest ref refcode
N,N-dimethylmercaptopropylamine Ni 797,799 DENSEU
JEZHAX
methanethiolato Ni 800, 802 SEHXOS
n-propylthiolato N 801 JOXMOY
YEGSIM
1-hydroxyethane-2-thiolato i 804 CHESNI(01)
1,1-dicyanoethene-2-thid-perthiolato Cy 671 LUDNUT
4,6-dimethylpyrimidine-2-thione Gd 805 YEDNEA
n-propylthiolato Pd 806 PDPRMC
2,4,6-tri-isopropylphenylthiolato Al 807, 808 SOLTES
RUVGEU
2-tert-butyl-benzenethiolato Au 756 YESQIV
2,2,6,6-tetramethylpiperidide egs benzene 737 HECVEQ
toluene 737 HECTIS
dimethylamido, fluoro Td 809 QENVOU
2,3-dimethylbut-2-ene, chloro Al 810 SELCOB
chloro Cu 2 (1,3,5-triazine) 811 ADIHAW
bromo Cuy 2 (1,1,1-tris(diphenyl- 812 BEFDOF
phosphino-
methyl)ethane)-

cyclotriphos
phorus-cobalt

diisopropyldiselenophosphato Ag 813 FIBNIN
phenylselenolato Bi 2Br 814 LOFZIP
chloro \% 2CI- 815 GOHMIZ
(2,6-bis(benzoylamino)phenyl)phosphato sCa n HO 816 EDUNOG
perfluorobenzoato, oxo di 2.14 toluene 817 YUZNAI
methacrylato, oxo B 818 SUPQOJ
acetato, ethoxo, hydroxo gV 1.70 819 NAMPAS
benzoato, ethoxo, hydroxo sV 1.71 820 AQUPOR
methoxo \§ 2.42 oxalato 821 SEJYOV
benzoato, hydroxo Gr 822 HIPGOC
acetato, hydroxo Gr 823 QEBDIK
p-chlorobenzoato, hydroxo er p-chlorobenzoate, 2 0 824 YIUTEQ
acetato, hydroxo Gr H.O 825 UCOMAA
pivalato, hydroxo & 826 AYUCOM
acetato, oxo M 1.04 cér 828 APUZOA
3,3-dimethylbutyrato, bis(2-oxyethyl)(2- Mng 828 FIQSUU
hydroxyethyl)amine
tris(2-oxyethyl)amine Re Cs" 90, 829 NEWRIQ
OBIXOM
1,1,1-tris(oxymethyl)ethane, benzoato sFe 830 LULMIO
pivalato, phenoxo Re H.0 831, 832 EHOQEX(01)
benzoato, phenoxo Ee H,O 831 ENEVOI
acetato, methoxo Go NH4* 833 PAQFAO
2-oxypropane-1,3-diyl-bis(acetylacetonimin- Cug 834 RUTMAU
ato), hydroxo
2-oxypropane-1,3-diyl-bis(salycilaldimine),  Cus 835 MUTNEU
hydroxo
1,3-dimethylamino-2-propanolato, isocyano, Cugs 0.65 [Cu(HO),)?" 619 WAHYEK
hydroxo
methoxo, oxo Mg 836, 838, DAWYAB
839, 840 PUVFAN
WEDLAS
WEDLIA
ICUSII
methoxo, oxo Me oxalate 837 SAKPID
ethoxo, oxo Me oxalate 821 SEJYUB
o-phenylenediphosphonato Mo 841 IMAQUI
p-tert-butylsulfonylcalix(4)arene, acetato &d 843 BEPKEN
Nds 843 BEPKIR
Smy 843 BEPKUD
Prg 843 BEPLAK
ethoxo Bj 844 XOVPED
0X0 WaSry 846 PIYVIC
sulfido Fe 847 QADLIR
ethoxycarbonyl-methylthio Ni 848 DARGOS
2,4,6-triisopropylphenylthiolato Gu 667, 849 FIRRED
KIDSOF
diisopropyl-dithiophosphato Gu S 850 ZEVFAH
bis(diphenylphosphino)methane, perfluoro- Pds 851 LAHMUC

phenylthiolato
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ring- cavity CCDC
bridging ligand metal radius (A) guest ref refcode
2-aminoethanethiolato GBdAU, 852 LOVJIOV
CoPdbAQ: 852 LOVJUB
diisopropylamido MgNay ferrocenyl 853 ACOMEK
MgsNay ruthenocenyl 854 BIGVET
MgaNay osmocenyl 854 BIGVIX
1,1-bis(2-pyrrolyl)cyclohexane S 855 QIVGAD
pivalato, fluoro Cs 2.02 856 IFUZOY
DMF 856 IFUZUE
Me,NC(O)Me 856 IGABAT
Me,NC(O)Me, DMF 856 IGABEX
2 CH,CN 856 IGABIB
THF 856 IGABOH
hexane 857 ADIZOC
1.99 "BuNH," 859 TUSCIT
CrgV> 2.01 EsNH,+ 858 BEMCIG
CrsZn 1.99 EfNH," 858 BEMCUS
Cr/Ni 1.99 MeNH,* 859 TUSBOY
1.99 EtNH,* 859 TUSCAL
1.99 "PLNH," 859 TUSCEP
1.99 "OcuNH,* 859 TUSCOZ
Cr,Co 1.99 MeNH," 859 TUSBUE
Et;NH,* 859 TUSCUF
CrzMn EtNH" 859 TUSDEQ
CriFe EbNH," 859 TUSDIU
Cr,Cd E&NH," 859 TUSCIT
Fes 2.00 "PrNH;" 861 YAPSAK
Fe/Mn "PLNH," 861 YAPRUD
Fe,Cd "PrNH;" 861 YAPSEO
FesNi "PrNH," 861 YAPSIS
FeZn "PrNH," 861 YAPSOY
Fe,Co "Pr,NH,* 861 YAPSUE
V7Zn "PrNH;" 861 YAPTAL
VNI "PrLNH," 861 YAPTEP
2,6-bis(salicylideneaminomethyl)-4-methylphenolato  ¢N&g 862 MEWFOJ
pivalato, fluoro CiV> 241 (cyclohexyhNH," 863 FANKEL
CrgNi (cyclohexylpNH," 860, 863 FANKIP
phenylthiolato Ni9 864 AHAYOX(01)
chloroacetato, methoxo e 865 VIJFEZ(10)
acetato, methoxo ke 866 NAHHOT
3-(4-methylbenzoyl)propionato, methoxo e 867 FAMQIT(01)
pivalato, methoxo Fe 831, 832 EHOQIB(01)
acetato, methoxo G 868 GUHWAH
acetato, ethoxo G 868 GUHWEL
hydroxo, sulfido Mao 2CI- 870 VUZNUZ
acetato, oxo Mo 2 [Y(H20)s]3* 871 CAKLIK(01)
2-methoxyethoxo Yo 872 SEFFAK
Dy10 873 LABDIC
acetato, methoxo MCrs 874 VASBEX
VASBIB
0xo0, sulfido, aqua M@ 21" 876 CuUCzoP
pivalato, fluoro CsNiz 3.11 (TACNRNi 877 FAQBOP
chloro Cuo CH;CN 878 EFAHAU
phenylthiolato Niy THF 864 AHAYAJ
AHAYEN
borophosphato M 1.51 NH,™ 879 HOTHON
1.37 K+ 879 HOTHUT
bis(2-oxyethyl)(methyl)amine, acetato Mn 777,880 RAHBIM(02)
MANRID
bis(2-oxyethyl)(-butyl)amine, acetato Mn 880 MANRAV
MANREZ
methoxo Fe 881, 882 FESJAO(01)
2-hydroxo-2,2-diphenylacetato, methoxo 1Fe 883 OFUQAH
proline, methoxo Fe 884 ESAMOA
6-chloro-2-pyridinato, acetato @o 885 MUDVIQ
[N[EP 887 PONRIT(01)
biphenyl-2,2-dicarboxylato, isonicotinato Gd 888 LABXAO
0x0, hydroxo Ma; 889 RABTIT
acetato, methoxo MCres 874 VASBIB
3-methylcatecholato SNas 890 MUBGUL
bis(2-mercatophenyl)sulfido ke 891 FAFGAV
2,6-diisopropylphenylamino, ethyl Mg 892 ROBDUH
2-methoxyphenylimido Sh 893 NAFWAS
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Table 3. (Continued)
ring- cavity CCDC
bridging ligand metal radius (A) guest ref refcode
2,2,6,6-hexamethylpiperidide Mgs 6 phenyl 894 MEHHIQ
6 tolyl 894 MEHHOW
pivalato, fluoro CiCuwp 2 Me;NH, " 858 BEMCOM
N,N',N"'-triisopropylguanidinato, chloro Mg 895 QAQSUW
tri-tert-butylsilylthio, chloro Fe; 896 OHOKUR
Conz 755 IVATEE
tri-tert-butyl-silylthio, bromo Fe 896 OHOKOL
Ni12 755 IVATII
N-(trimethylsilyl)triethylphosphanimino, chloro in 898 NEWQEL
phenylselenolato Re 899 YITVUS
YITWED
tert-butylsulfido A 900 CAYZOR(10)
1,1,1-tris(hydroxymethyl)propane, acetato, methoxo, oxo 16MnN 901 DABTOQ
bis(2-oxyethyl)(2-hydroxyethyl)amine, acetato Mn 828 FIQSOO
1,1,1-tris(oxymethyl)ethane, benzoato, ethoxo 16Fe 830 LULMEK
y-cyclodextrin Phs 5 H,0O 902 POJGOK
m-xylylenediamine bis(Kemp's triacid imide), acetato, Feis NOs~, H.O 903 NAXLAZ
methoxo, hydroxo
3-methyl-3-pyrazolin-5-one, acetato, hydroxo 2Ni HO 904 QEMHOF

metallamacrocycles typically have either a square or rect- Ni%.5%° Halide anions provide one-atom bridges for a number
angular shape, although the polygon can be slightly distortedof 8-MC-4 complexes. Fluoride 8-MC-4s have been syn-
in many instances. 8-MC-4 complexes with oxygen atom thesized with TV,700.7017zyV 702 HflV 702 mixed-valent Shy-
connectivity have been synthesized witH,3P Al" 5617563 SV, "% mixed-valent YB,Yb'" 5,704 Yb!" 795 and mixed-metal
TiV (Figure 94)3647580 \/IV 581,582 \/V 583-587 mjjxed-valent AI,Tillh, 706 Chloride 8-MC-4 complexes include metal ions
VIV,\/V, 588,589 \|nll 590 \|nlll 591592 mixed-valent MHM- Al 707 Mpll 591,592 mixed-valent CCU',, 708 Pd' 709 Sp!

Nl 5 593594 dlll 595-601 C gl 590 NJjil 602,603(C§ 604-607 C i 590,608-619 (Figure 96)7,10'711Hg” 712 Bjill 711,713 714T RV 715 mixed-metal

Zn'l 602,620-625 (GV 626,627 NPV 628 NPV 629-633 |\|glV 634 Li',ThV,,715 and mixed-metal Al,EU',.716 8-MC-4 com-
MoV,835 MgV 636637 Ryjl 638 P(fl 639,640 Cfl 641 TgV 632,633 plexes with bromide include pAL7 S 718 P! 717 and B, 719
mixed-valent WoWV',,842\WV! 643 ReV 513 RgV! 632 GV 644-646 and 8-MC-4 complexes have been synthesized with iodide
S 647 ptl 648 Ay'll 849 YV 650 gnd U1.651.652 In addition, bridges between Cions’?° 8-MC-4 complexes have been
several mixed-metal 8-MC-4 complexes with an oxygen constructed with nitrogen bridging atoms with metals
atom bridge have been synthesized includingAli',,%53 Li'72L.722 N&,723 Cu,7?47728 Gd",729.730 pd! 731 Ag! 727.782
Li',Gd",,658 Na,Ni",654 AlllEU',65 TiV,MoV',65% and Srlv,733 UV 734 mixed-metal |_|i2|\/|g||2 (Figure 97)7’35,736
Re";_,M0VY',.6%2 8-MC-4 complexes with sulfur atom mixed-metal N&Mg",,73673” mixed-metal KoMg",,”3® and
bridges have been constructed with mixed-valeHga! 557 mixed-metal KZn",.739 The four mixed-metal alkali metal
Co',658:659 Nj!l 657.660-663 (Figure 95), mixed-valent Nj- nitrogen 8-MC-4 complexes are novel complexes that behave
Ni'l,,664 Nj2:5+ 664 Ci 665676 Znll 677679 GV 680 p(fl 681,682 as inverse MCs that bind one or two oxygen atoms within
Ag' 683692 C(l! 693 !l 694 pl 695 Hgfll 693 T|!Il 69 mjxed-metal the central cavity® 8-MC-4 complexes with phosphorus
Cd',AU',,59 mixed-metal NiLAU',5% and mixed-metal Cpr bridging atoms have been made with"&*! Cu (Figure

g

Figure 95. X-ray crystal structure of a vacant 8-M@4 complex.
bridges. The coordination of eachTion is completed by a CI Each NI' ion is bridged to neighboring Nions by twou-N-methyl-
anion. Color scheme: orange spheréV Tied tube, oxygen; gray  4-mercaptopiperidine ligands. Color scheme: green sphefe, Ni
line, carbon; magenta line, chloride. Hydrogen atoms have beenyellow tube, sulfur; blue line, nitrogen; gray line, carbon. Hydrogen
removed for clarity?®® atoms have been removed for clafi).

Figure 94. X-ray crystal structure of a vacant 8-M&-4 complex.
Ti'V ions, capped byj®>-CgH1; groups, are connected by fourO
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e 9 oy cse s of o vkrt g VS K SRS oL e e
complex. Each ion is bridged by ong.-Cl" to neighboring ligands. Color scheme: orange sphere; Gieen tube, phosphorus;

SH" ions and surrounded by an additional four terminal &ions. ; '
Color scheme: orange syphere, lisbmagenta tube, chloride. gray line, carbon. Hydrogen atoms have been removed for cl&tity.

Hydrogen atoms and Z;Bipyridinium and 4,4bipyridinium /
countercations have been removed for clafify. N/ ~

/ N

Figure 99. X-ray crystal structure of a vacant 8-Mg4 complex.

The Ad ions are bridged via a-Se provided by four [SeC(SiMg] ~
ligands. Color scheme: green sphere!;Agllow tube, selenium;
Figure 97. X-ray crystal structure of an inverseufO,)[8- magenta line, snhg:or:; gray line, carbon. Hydrogen atoms have been
MCi'umqg'-4] complex. Thes-block metals are disordered about the removed for clarity:

metallamacrocycle with 50% Li and 50% Mg occupancy at each

metal site. The metal ions are connectedpbl bridges, and the

molecule encapsulates a peroxide anion within the central cavity.

Color scheme: orange sphere!;lgreen sphere, Mg blue tube, Vo

nitrogen; magenta line, silicon; gray line, carbon. Hydrogen atoms

have been removed for clarity®

98),/42743 Gd" "1 mixed-valent AtAu';7** Au',’*® and

mixed-metal MH' ,Au',.746 8-MC-4 complexes have also been

generated with repeat units effAg'—Sel-"4" (Figure 99)

and —[Sn'—Te]—.7*8 In addition, 8-MC-4 complexes may

be synthesized that contain mixed heteroatoms in the MC

ring. Examples include 8-MC-4 complexes with repeat units /—

Of—[Ti 1] _C|_Tilll —O]—,749—[Fé'—F—Fel” —O]—,75°—[Mn”—
Cl—Mn"—0]—,7* —[Mn"—N—Mn'—0O]—, ! —[Cu'—Br—
Cu—S]—,*2 —[Cu'—CI-Cu—S]—,%*3and —[Cu'—I-Cu—

S]— 753 /

2.18.3. 10-MC-5 Figure 100. X-ray crystal structure of a vacant 10-M&5

. omplex. Each Niion is bridged to neighboring Niions by two

Two ”n_g"'Shaped 10-MC-5 complexes have been generatec/ﬁ-ethanethiol ligands. This complex is similar to the 8-M&4 in

with a [Ni'—S]s metallamacrocycle. These complexes are Figure 95. Color scheme: green sphere};Nellow tube, sulfur;
similar in shape and ligand type to the 8-MC-4, 12-MC-6, gray line, carbon. Hydrogen atoms have been removed for ciétity.
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Figure 101. X-ray crystal structure of two interpenetrated 10-

MCau-5 complexes. Each Aton is bridged to neighboring Au

ions by oneu-S fromtert-butylthiophenol. The complexes have a

rare pentagon shape. Color scheme: green and aqua sphére, Au

yellow and magenta tube, sulfur; gray line, carbon. Hydrogen atoms Figure 103. X-ray crystal structure of g Na[12-MCgg1-6]}
have been removed for clarit® complex. Each P& ion is connected to neighboring 'Féons via
oneus-O oxide and ongi-O methoxide. The:s-O oxide bridges
also bind to the encapsulated'NBhe coordination about each'fFe
is completed by a bidentate dibenzoylmethane ligand. Color
scheme: aqua sphere, 'Narange sphere, Fe red tube, oxygen;
gray line, carbon. Hydrogen atoms, Gtounteranion, and lattice
solvent have been removed for clarity.

Figure 102. X-ray crystal structure of a vacant 12-M-6
complex. Each T is connected to neighboring 'Tiions via one
-0 oxide and on@-O alkoxide from theN-methyldiethoxoamine
ligand. Color scheme: orange spheréV Tied tube, oxygen; blue
line, nitrogen; gray line, carbon. Hydrogen atoms and lattice solvent
have been removed for clarit}?

Figure 104. X-ray crystal structure of a vacant 12-M&G6

. . complex. Each Niion is bridged to neighboring Niions by two
and 16-MC-8 complexes described above and below (Figure,,__hyqroxyethane-2-thiolato ligands. This complex is similar to

100)%%7>* In addition, a —[Ni"'—S]— repeat unit can  the 8-MGy-4 (Figure 95) and 10-MG-5 (Figure 100) complexes.
construct a 10-MC-5 that has a pentagon shape with'a Ni Color scheme: green sphere,"Nyellow tube, sulfur; red line,

ion captured in the central cavit{2 Two interpenetrated 10-  oxygen; gray line, carbon. Hydrogen atoms have been removed
MC-5 complexes can be produced with-fAu'—S]— repeat  for clarity.’®

unit (Figure 101Y56 Each AU has a linear geometry with

tert-butylthiophenol providing the bridging sulfur atom. )

These four complexes are some of the rare examples ofcentral cavity, many 12-MC-6 complexes may trap a guest
molecular wheel complexes that contain an odd number of Within the central cavity: 12-M@¥-6 encapsulates N&©°7%!

ring metal ions. Mn'", 762 and Fd;753 12-MCyq',mn" -6 encapsulates M/
12-MCun"un" ;-6 encapsulates Mry¢6-769 12-MCy,-6 en-
2.18.4. 12-MC-6 capsulates Nd7 12-MCr¢-6 encapsulates an fdon;’ 7!

12-MC-6 complexes with oxygen one-atom bridges can 12-MCgd'-6 encapsulates 19°77>and Na (Figure 103y0.773.774
be synthesized with ring metals M7 Al 758 TiV (Figure 12-MCcy'-6 encapsulates two N#ons;® 12-MCzy1-6 en-

102) /59 V!V 760-763 Cylll 764 mixed-valent M#H,Mn'", (disor- capsulates Zh78 and 12-MGyv-6 encapsulates an 'Fe
dered over all metal site$)S mixed-valent MfizMn'" ;,766-769 ion.”® Sulfur atoms may also provide one-atom bridges for
Mn!!t 770 pel 771 Eglll 90.772-779 Cll 780782 Njjll 781 C ! 783-785 12-MC-6 complexes with metal ions '\/P* Ni" (Figure
anl ,786 NbIV,787 MOVI ,788 |nIII ,778 SH/’789 HfIV,790 PHI ’791 mixed_ 104)795—804 CUI,671 Cdll ,805 Pdl ,806 and Au'756,807,808

metal NI',CrV',, 79?2 and mixed-metal NpMoY',.7® Whereas ~ Just as with the 10-Mg-5 complex, an AUS inter-
some 12-MC-6 complexes do not have a guest within the penetrated 12-MC-6 may be synthesized with interlocking
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Figure 107. X-ray crystal structure of a vacant 12-M@-6
complex. Each Al is connected by-Cl~ to neighboring Al' ions.

In addition, 2,3-dimethylbutene provides a bridge between each
Al'"jon. Color scheme: orange sphere!! Ainagenta tube, chloride;
gray line, carbon. Hydrogen atoms and lattice solvent have been
removed for clarity?1°

Figure 105. X-ray crystal structure of two interpenetrated 12-
MCau-6 complexes. Each Adon is bridged to neighboring Au
ions by oneu-S atom fromtert-butylthiophenol. The hexanuclear
structure is similar to the interpenetrated 10-M& complexes

in Figure 101. Color scheme: green and aqua sphere yallow

and magenta tube, sulfur; gray line: carbon. Hydrogen atoms have
been removed for clarit{p®

Figure 108. X-ray crystal structure of a vacant [14-MG7]%~
complex. Each V' is connected to neighboring"Vions by two
u-Cl~ ions. Two of the ring W ions have an additional Clanion
bound, and the coordination sphere of ea¢hi¥ completed by a
HoC4N2~ group. Color scheme: orange spher&,;Vhagenta tube,
chloride; blue line, nitrogen; gray line, carbon. Hydrogen atoms
and HC;NHz* countercations have been removed for clafidy.

Figure 106. X-ray crystal structure of au6-CsHsCHg)[12-

MChnd mg",-6] complex. Thes-block metals are connected viaN ) )

bridges from the ligand 2,2,6,6-tetramethylpiperidide. The encap- Ti'V 817.818\/lll 819,820\/IV 821 Cylll 822-826 \|nlll 827 mixed-valent
sulated toluene is deprotonated at opposite ring positions with the Mn",Mn'" ;,828 F@ll 90.829-832 Clll 833 Cyl 619,834,835V 836-840

methyl group disordered over the two sites shown. The complex is mixed-valent Md,MoV' 841 Cd' 842 Nd'' 843 Sl 843 Gd!l 843

similar to the ,(¢4-Oz)[8-M(|:Lilegn2-4] complelx in Figure 97. Color Bi'll 844 mixed-metal NACU'»,845 and mixed-metal W -
scheme: orange sphere,'Ngreen sphere, Mgblue tube, nitrogen; SHY,86 In addition, 16-MGyi-8 encapsulates one e

ray tube, carbon. Hydrogen atoms have been removed for cirity. h
orey yered b4 ion 827 16-MCr¢1-8 may encapsulate one 'dsn®82°(Figure

109), and 16-M@;-8 may capture one Cwithin the central
cavity 8% Furthermore, 16-MQ@v-8 encapsulates a,0,>~
moiety (Figure 110§2 Sulfide 16-MC-8 complexes may be
; 10 _ 1 _ 811 _ 1 _ 812 _ 1_ constructed with F'é847 Ni" (Figure 111)8,48 CU|,677’849'850
(SFeI?_uglas g?]?g'_[BiEF_uSe(]:_I]mi [Cu=8r—, [Ag Pd 2! and the mixed-metal systems [(0éd'Cd'Ag'],*>?and
’ ' [Co"Pd'Cd'Au'],.852 16-MC-8 complexes with-[Na'—N—
2185, 14-MC-7 Mg"—N]—repeat units encapsulate metalloceneq[Eels) ]+~
. . (Figure 112), [O%(C5H3)2]47, and [Ré(C5H3)2]47.853'854A
A 14-MC-7 comlplex has been syntﬂ_}esmed \)’V_'th a metal- [gmi-N], metallamacrocycle may also construct a 16-MC-8
lamacrocycle of [V/-Cl]; (Figure 108f*> The V'V ions are  complex?ss Fluoride anions can generate 16-MC-8 com-
connected by twe-Cl bridges between each ion. plexes with C¥ #5685 mixed-metal W,Cr''¢ (Figure 11358
2186, 16-MC-8 mixed-metal MCr'"'; (where M' = Mn", Fé', Cd', Ni", and
S Cd' and the metal sites are disordered over the whole #fig),
16-MC-8 complexes with oxygen atom bridges have been mixed-metal Ni,Cr'",80°and mixed-metal MM'"; systems
constructed with a variety of metal ions including G (where M = Cr" and M' = Mn", Fd', Cd', Ni", zZn",

rings (Figure 105)%6 12-MC-6 complexes with other one-
atom bridges include repeat units efNa'—N—Na—N—
Mg"—N]— (Figure 10637 —[TiV—F]—,8° —[Al''—CI]—
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Figure 109. X-ray crystal structure of g C<[16-MCgg1-8]}*
complex. Each P& ion is connected to neighboring 'Feions

via two u-O bridges from two different ligands of tirethanolamine.
The inter-oxygen bridges also bind to the encapsulatéddds
Color scheme: aqua sphere,'Gsrange sphere, e red tube,
oxygen; blue line, nitrogen; gray line, carbon. Hydrogen atoms,
Cl~ counteranion, and lattice solvent have been removed for
clarity 829

Figure 110. X-ray crystal structure of &(C,04)2"[12-MCyv-6]}2~
complex. Each V ion is connected to neighboringWions via
two u-O methoxide bridges. The four oxygen atoms of the
encapsulated [§D,]2~ also bridge the V ions. Color scheme:
orange sphere,'V; red tube, oxygen; gray tube, carbon. Hydrogen
atoms, (-C4Hg)4N* countercations, and lattice solvent have been
removed for clarity??!

Cd', Mg"; M = V" and M' = Zn", Ni"; and M"' = F€!
and M' = Mn", Fé', Cd', Ni", Zn", Cd'; in all three varieties,
the metal ions’ positions are disordered over all metal
sites)8ét

2.18.7. 18-MC-9

A few examples exist of 18-MC-9 complexes. A 18-MC-9
complex can be generated with a fF@—Fe—0O—Na—0];
metallamacrocycl&? whereas a connectivity of [\V-F—
VII_F_CrlII_F_ CrIII_F_ CrIII_F_ CrIII_F_ CrIII_F_
Cr'"—F— Cr'""—F] generates a different 18-MC-9 (Figure
114)83 A ring 18-MC-9 complex with a-[Ni"—S]— repeat
unit has a structure similar to the ring 8-MC-4, 10MC-5,

Mezei et al.

=

Figure 111. X-ray crystal structure of a vacant 16-MG8
complex. Each Niion is bridged to neighboring Niions by two
u-ethyl 2-mercaptoacetate ligands. This complex is similar to the
8-MCy;'-4 (Figure 95), 10-M;-5 (Figure 100), and 12-M@'-6
(Figure 104) complexes. Color scheme: green sphete yiilow
tube, sulfur; red line, oxygen; gray line, carbon. Hydrogen atoms
have been removed for clarit®

Figure 112. X-ray crystal structure of aug-Fe'(CsHs),)[16-
MChnd,mg",-8] complex. Thes-block metals are connected via
u-N bridges from the ligand diisopropylamide. The encaps-
ulated metallocene [f€CsH3),]*~ is bound to all of the ring metal
ions via the carbon atoms of the aromatic ring. The complex is
similar to the complexesu-O,)[8-MCyi,ug",-4] (Figure 97) and
(16-CeH3CH3)[12-MCpd g',-6] (Figure 106). Color scheme: aqua
sphere, F& orange sphere, Nagreen sphere, Mg blue tube,
nitrogen; gray tube, carbon. Hydrogen atoms have been removed
for clarity 853

(Figure 115)%4 Using fluoride as the bridging ligand €d
Cr''g and Ni'Cr'"'s wheels may be generatéd.In the Cd-

Cr''g complex, the Clis in an ordered site as opposed to
some mixed-metal wheels in which the metals are disordered
over all positions.

2.18.8. 20-MC-10 and Larger Molecular Wheel Based
Metallacrowns

20-MC-10 complexes with oxygen bridges can be syn-
thesized with P& (Figure 116)331:832:865867 Cplll 868,869)\|gV.870
mixed-valent MdsMov's,871 Y 872Dy (Figure 117F73and
mixed-metal MH'sCr'"' 5 (disordered metal site8j* A flex-
ible, sulfur-bridged Ni wheel of formula Ni;o(u-SBuU)1o-

12-MC-6, and 16-MC-8 complexes with the same repeat unit (u-SCHCH,SMe)c has been reported® When crystallized
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Figure 115. X-ray crystal structure of a vacant 18-M&G9
complex. Each Niion is bridged to neighboring Niions by two
u-SGsHs ligands. This complex is similar to the 8-M@-4 (Figure

. _ 95), 10-MGy"-5 (Figure 100), 12-M&-6 (Figure 104), and 16-
Figure 113. X-ray crystal structure of a [16-M&wv-8]"  \cC -8 (Figure 111) complexes. Color scheme: green sphete, Ni
complex. The metal ions are connected to each other via bridging ye|iow tube, sulfur; gray line, carbon. Hydrogen atoms have been
u-F anions. A (CHCH;,);H,N* cation is hydrogen-bonded within  {amoved for clarit;?ﬁ“ ’

the central cavity. Pivalate anions also bridge each metal ion. Color

scheme: orange sphere,'Crgreen sphere, ¥; magenta tube,

fluoride; red line, oxygen; gray line, carbon. Hydrogen atoms have

been removed for clarit§p®

G )

Figure 116. X-ray crystal structure of a vacant 20-M@-10
complex. Each P& ion is connected to neighboring 'Féons via
two u-O bridges from two methoxide groups. An additional
chloroacetate anion bridges eacH'"Fen to its neighboring P&
ions. Color scheme: orange sphere! fed tube, oxygen; magenta
line, chlorine; gray line, carbon. Hydrogen atoms have been
removed for clarity?%°

Figure 114. X-ray crystal structure of a [18-Mg&v,-9]~
complex. The metal ions are connected to each other with bridging v 876 . .
u-F anions. A (GH11),H,N* cation is located within the central S—Mo"—0]-.%"® Fluoride can be used to generate mixed-

cavity. Pivalate anions also bridge the metal ions, and the methyl metal 20-MC-10 complexes with NCr! #0877and NI'Cr!! 0
groups of the pivalate anion are shown as overall disordered (disordered metal sites in both complexes). A repeat unit of
positions. This structure is very similar to the [16-MGyV,-8]~ —[Cu"—CI]— constructs a 20-MC-10 complex (Figure

complex in Figure 113. Color scheme: orange spher€; green 118878 The analogous Brcomplex has also been synthe-
sphere, W; magenta tube, fluoride; red line, oxygen; blue line, sized
d .

nitrogen; gray line, carbon. Hydrogen atoms have been remove ) ) )
for clarity 863 One 22-MC-11 complex with a[Ni"—S]— repeat unit

(Figure 119) has a ring structure similar to the oth@Ni'—
from toluene/hexamethyldisiloxane, this complex has an S]— molecular wheels 8-MC-4, 10-MC-5, 12-MC-6, 16-MC-
ellipsoidal shape (transannular'™iNi" distances= 9.50— 8, and 18-MC-g*

11.11 A), and two thioether groups of the S&LHH,SMe 24-MC-12 complexes with oxygen bridges can be gener-
ligands penetrate into the cavity of the NSy, toroid. ated with ring metal ions ¥ (the complex encapsulates
Crystallization from benzene/hexamethyldisiloxane yields a either a K ion or a NH," cation)®’® mixed-valent M's-
circular form (transannular Ni-Ni" distances= 10.08- Mnl'lg,777.880F¢ll 881-884 Cl 885 Nj!! (Figure 120)86:887Cd! 888

10.34 A), which in contrast has a benzene molecule Mo 8° mixed-metal MH'¢Cr'¢ (the metal ions are disor-
encapsulated in the central cavity. A mixed-bridged 20-MC- dered over all the ring position&)} and mixed-metal Ng
10 can be made with Mowith a repeat unit of-[MoV— SH"6.89 Sulfur bridges can be used to construct a 24gMC
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. Figure 119. X-ray crystal structure of a vacant 22-MG11
Figure 117. X-ray crystal structure of a vacant 20-M{-10 complex. Each Nfiion is bridged to neighboring Niions by two
complex. Each DY ion is connected to neighboring Byions via 1-SCeHs ligands. This complex is similar to the 8-M@-4 (Figure
two u-O t_)rldges from two oxygen-alkoxo atoms of two methoxy- 95), 10-MGy'-5 (Figure 100), 12-M-6 (Figure 104), 16-Mg-8
ethanol ligands. Color scheme: orange spheréel';Ded tube, (Figure 111), and 18-M@-9 (Figure 115) complexes. Color
oxygen; gray line, carbon. Hydrogen atoms have been removedgcheme: green sphere,'Nyellow tube, sulfur; gray line, carbon.
for clarity 87 Hydrogen atoms have been removed for clafify.

Figure 120. X-ray crystal structure of a vacant 24-MG12
complex. Each Niion is connected to neighboring 'Nions via a

-0 of an acetate ligand ang@O from the 6-chloro-2-pyridonate
ligand. An additional acetate anion bridges each Mn to its
neighboring Ni ions. Color scheme: green sphere!;Nied tube,
oxygen; blue line, nitrogen; magenta line, chlorine; gray line,
carbon. Hydrogen atoms and lattice solvent have been removed
for clarity 886

Figure 118. X-ray crystal structure of a vacant 20-M@-10
complex. Each Clion is connected to neighboring €ions via
u-Cl bridges. The coordination sphere of each' @icompleted
by the tridentate ligand OC(GJzCH,NHCH,CH,N(CHj),. Color
scheme: orange sphere, 'Cugreen tube, chloride; blue line,
nitrogen; red line, oxygen; magenta line, fluorine; gray line, carbon.
Hydrogen atoms have been removed for clatify.

ure 123§°2 lead to molecular wheel complexes that do not
12 complexé* 24-MC-12 complexes with nitrogen bridges bind any guests within the central cavity.

include metals MY,2%? SB" 2% and mixed-metal kMg'"e A 36-MC-18 may be generated from a [EeO]is met-
(Figure 121y Halide 24-MC-12 complexes have repeat gallamacrocycle (Figure 12493 The structure is very similar
units —[Cu" —F—Cr" —F—Cr"' —F—Cr"" —F—Cr -F—Cr"' — to the other—[Fe!'—0O]— molecular wheels and does not
':;7— %8 ][Mg"—%lg 8—9;895 —_I[IFe“—CI:{|S9—7,89618_9”7—[Fé'—75%r]— bind a guest within the central cavity.

, _BCO _C[LQ_S' #=[Ni=Cl] =" =[Nif —Br] —,"and The metallamacrocycle [Ni-O]p4 constructs a 48-MC-4
—[Zn"=CI]=.%%In addltllon, a 24-MC-12 pg;nplex can be  molecular wheel (Figure 125%* The structure represents to
constructed from a-[Fe' —Se}- repeat unit. date the largest molecular wheel synthesized with 3d metal

A [Ag'-SLi4 metallamacrocycle constructs a 28-MC-14 5q.
complex (Figure 122% Each Ad has a linear geometry
with SC(CH); ligands providing the:-S bridges. The MC

ring consists of two twists near the ends of the molecule. 2.19. Complex Metallacrown Structures

One Fé& 24-membered wheel exists with a halide bridgfe. Whereas most metallacrowns adopt relatively straightfor-
The —[Fe'—I]— repeat unit creates a 28-MC-14. ward configurations, there are a few examples that truly

Four 32-MC-16 structures have been synthesized with contain an enormous number of atoms following a complex
oxygen atom bridges. Metallamacrocycles of [MnO]6,°* ring connectivity. The stereodiagram of the copper metal-

[Mn"—O—Mn""—0]g,828 [Fe" —0]16,2%° and [P —0O]y6 (Fig- lahelicate shown in Figure 126 contains 28"Gons held
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Figure 121. X-ray crystal structure of a vacant 24-MGyg',-12 Figure 123. X-ray crystal structure of a vacant 32-M{-16
complex. Thes-block metal ions are connected viaN bridges complex. The Pbions are connected via twoO atoms from two
supplied by the ligand 2,2,6,6-tetramethylpiperidide. A phenyl ring ?-cyclomaltooctaose, a cyclodextrin, ligands. Color scheme: orange
is bonded to an Mgwith anipso C—Mg ¢ bond and to two K sphere, Ph red tube, oxygen; gray line, carbon. Hydrogen atoms
throughs bonds. Color scheme: green sphere!'Mgange sphere, ~ and lattice solvent have been removed for clatiy.

K'; blue line, nitrogen; gray line, carbon. Hydrogen atoms and lattice
solvent have been removed for clarity.

Figure 122. X-ray crystal structure of a vacant 28-Mg14

complex. The Agions are connected via-S bridges from SC-
(CHa)3 ligands with a P(@Hs)s group completing the coordination
about each Ag The MC ring is twisted near the ends of the Figure 124. X-ray crystal structure of a vacant 36-MG-18

molecule. Color scheme: dark green sphere}; Agliow tube, complex. The F# ions are connected to neighboring'Fens via
sulfur; green line, phosphorus; gray line, carbon. Hydrogen atoms two 4-O methoxide bridges or oneO oxide bridge. Acetate anions
and lattice solvent have been removed for clatity. also bridge the neighboring dons, and the ligandhxylenedi-

amine (XDK) bridges neighboring feions. For the sake of clarity

together by 20 ligand&. This complex is prepared under the XDK ligands have been reduced to only the,C@roups. The
conditions that are similar to those described fot! [¥5- a?gltjatec?)rl‘(')cr’gsé ﬁé‘&g.a‘éfatr?eerge;@;'éggg tﬁgaecgid tgnt_hg:aco
MC.C“"N(“T"”"‘"OHA)'S] comple_:xes, using-norvaline hydrc_)x- ﬁne, Earbon. Hydrogen atomg ang lattice solvent Haveyt?eeﬁ ?en%/oved
amic acid and Cu(OAeg)in the presence of NiLI in for clarity 9%
methanol, but leaving L't out of the synthetic protocol. It
has been suggested, and supported with significant evi-demonstrate a pronounced twist. Each wing has fivé Cu
dence, that the solution species under these conditions isions and three norvalHA. One of the five €ions acts as a
actually a highly strained C{1L2-MCc/n(o—aminoHay4] Struc- hinge between the central core and the cap. It is at this point
ture395:396,398,399,401.49¢ one dissolves this metallahelicate into  that the copper adopts a propeller configuration that induces
methanol, the observed mass spectral peaks are mosthe structural twist of the molecule. All four copper ions of
consistent with the 12-MC-4 formulation, not the helicate. this type in the metallahelicate retain the same absolute
Nonetheless, the solid-state structure is fascinating. stereochemistry (eithek or A). A second copper ion of the

The metallahelicates have been prepared with severalwing forms a binuclear copper acetate capping group at the
resolvedo-aminohydroxamic acids (leuHA, isoleuHA, ala- end of the molecule. Six halide ions are coordinated loosely
HA, norvalHA). Two strands compose three structural to copper ions. Two observations point to the reproducibility
domains. In the center of the structure is a fused core thatof these structures. First, the metallahelicate can be prepared
contains eight copper ions and eight norvalHA ligands with a variety ofa-aminohydroxamic acids. Second, the pitch
between the two strands. At either end of the helicate are of the helicate can be controlled by the choice of resolved
two capping groups composed of two sets of wings that starting hydroxamic acid. When S-norvalHA is used, the
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Figure 127. X-ray crystal structure of the metallacryptate [\n
Mn'"! 22(pd0|)12(/13'oc|'|3)12({113'Q)6(,M4'O)10(QH)z(HgO) (OCH)4]*

ClO4, where pdol- = dipyridylketonediolate ion. The core
connectivity and metallacryptand strands have been highlighted.
The structure contains four unique Mn ions. The core contains 16
Figure 125. X-ray crystal structure of a vacant 48-MG24 Mn'" ions (purple and green), and the metallacryptand strands
complex. The Ni ions are connected to neighboring'Nons via contain a total of 4 Mhions (orange) and 6 Mhions (aqua). The
bridging O atoms from acetate anions, hydroxide oxygen atoms, Molecule displays slow magnetization relaxation in both the solid
and Oxygen atoms of the monodeprotonated anion of 3.methy|-3- State and frozen solut|0n. C0|0r SChemeZ I’ed tube, OXygen; blue

pyrazolin-5-one. Color scheme: orange sphere; Kéd tube,  tube, nitrogen; gray tube, carbon. Hydrogen atoms and lattice
oxygen; blue line, nitrogen; gray line, carbon. Hydrogen atoms and Solvent have been removed for clarity. Reprinted with permission
lattice solvent have been removed for clafity. from ref 905. Copyright 2005 American Chemical Society.
)\ /P\ illustrated in Figure 127895 Unlike the previous metalla-
"\ ," 2 (M \r"" M helicate, this manganese-containing metallacryptate is stable
< w\% < M in DMF solution. In addition, it displays slow magnetic
7 SN 77 A relaxation phenomena consistent with being a single-
Vs | }.,'W;lt& O ‘ﬁﬁ?’;ﬂ;‘ molecule magnet.
™ é. = ™ . { =0 \ ™M This metallacryptate contains 26 manganese ions, 22 of
< Y W O=¢ < which are in thet+3 oxidation level and 4 of which are2
ﬁr ‘ . o p 3 ot ions. Two different salts have been prepared (azide and
X WA 5L a 'F% OS5 perchlorate), and it has been shown that these have slight
‘:\ g ) “'\ 8 1) structural differences that lead to significant perturbations
\’\‘_ by " m 7 in the magnetic properties. The general structure consists of
ol (- four strands having T molecular symmetry forming a
| 'T} metallacryptand as illustrated in the stereodiagrams of Figure

~ 128 for the azide salt. There are four Mions in yellow
\ \‘\ ‘Tf‘ * that form the apex of tetrahedral corners. Each of thesé Mn
ions is linked by two di-2-pyridyl methane diol ligands

Figure 12‘.:5I Stereo:i:w of the f( ray cryNstaI stru::)ture of metal (pdoP") and a Ml ion giving a connectivity between Mn

- - - i - —C—0— n_0—C— —
lahelicate [Cutft-norvalHAy(O,CCH):fCl{CHOH)(H0), where  1O1S that follows =[O~ C~O—Mn"—0~C~0] . There are
L-norvalHA = L-norvalinehydroxamic acid. The traditional 15- 4 apex positions (MH and 6 edges connecting these points

MC-5 ligandL-norvaline --aminohydroxamic acid) was used to ~ (Mn'"), giving 10 manganese atoms in the metallacryptand
prepare a molecule that contains a collapsed 12-MC-4 core in eachportion of the structure. The inner core, described in Figure
ﬁtrs‘”% of rt]hre r’;‘e\}agihf"‘fartﬁ- "Ig’drﬁ%te” d%}/ﬁﬂ‘s irr‘rﬂ 'aitt'rf?rsﬂ"re?t 127, contains an additional 16 atoms. All of these manganese
ave been removed fof clarty. keprinte PETMISSION TIOM TET 415 have at-3 oxidation state. In particular, there are four
73. Copyright 2003 Wiley. .
Mn'" ions that are part of an adamantane core that are
particularly important for the magnetic behavior of these

hinge atoms have thé\ absolute stereochemistry and a Molecules. The azide counterions are directly bound to the
helicate with a positive pitch (P) is isolated. The opposite Mn'" ions of the cryptand portion of the structure. In contrast,
chiralities (A and M) are recovered from a synthesis with the perchlorate salt has water, hydroxide, and methoxides
D-norvalHA. coordinated to the Mhions with the perchlorate in the lattice.

A rather simple metallacryptate composed of eight'Ga  This difference causes a breakdown of the symmetry for the
ions, eight shi~ ligands, and three bound Neations was perchlorate structure and leads to enhanced magnetic be-
described in section 2.4. A far more complex structure is havior.
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[log g = 47.42(4)] measurement® The [CuL4]*" species
is EPR silent at liquid nitrogen temperature or above.

Similar 12-MC-4 metallacrown structures have also been
suggested to form in solution and the solid state wit&mino
hydroxamic acid ligands, although no crystal structure
determination has confirmed the structural identity of such
species to date. Gwcomplexation equilibria in MeOH/D
(9:1) solutions withS-phenylalanine an&tryptophan hy-
droxamic acid ligands, along with ESI-MS studies, suggest
the existence of [GilL4]?" species, besides other species such
as [CuL], [Culy], and [Culy] .3% The formation constants
are logp = 51.58(9) and 52.37(11), respectively. In the ESI-
MS spectra, the most abundant species in both cases
correspond to [CilL4]?". In the case oB-a-alanine-hydrox-
amic andR--aspartic hydroxamic acids, formation constants
of log f = 40.16(1) and log3 = 49.24(6) were found,
respectively?*® The formation of a [CsL4]2" species was
also suggested witgy-glutamic hydroxamic acid, log =
39.76(7){%t and withy-aminobutane hydroxamic acid, log
B = 36.72(6)}°% In the latter case the structure was
confirmed by X-ray crystallographf2°

Although single-crystal X-ray diffraction studies on met-
Figure 128. Stereoviews of the X-ray crystal structure of Mn allacrowns formed witha-amino hydroxamic acids or
Mn'"5o(pdol) o(u3-OCHs) 12(uz-0)s(ua-0)1o(N3)s, Where pdd~ = picoline hydroxamic acid have not been able to identify 12-
dipyridylketonediolate ion. This metallacryptate is very similar to MC-4 structures so far, solution studies suggest the existence
the molecule in Figure 127. The only difference is the peripheral of such structures under certain conditions. However, the
anions. This metallacryptate contains azide anions about the{Cu[Cu;L4]}2+ cation cannot have a planar structure like the

periphery, whereas the molecule in Figure 127 contains methoxide 3+ : .
anions, hydroxide anions, and a water molecule about the periphery.{ Ln[CusLs]}°" cation, because the fused 5,5-membered

Both views highlight the metallacryptand strands with the chelate rings formed by these ligands would give rise to a
{Mn1(0?")1(MeO )¢ core removed. The azide analogue also Strained structure. A comparative density functional theory
possesses slow magnetization relaxation in the solid state: (a) view(DFT) calculation on C{{12-MC-4] with a- and5-alanine
along the two-fold axis; (b) view along the three-fold axis. Color hydroxamic acids shows that the four peripheral' @Gns
scherme: Orrlziitrr]ggeesnphg?';ey’ mqggri%mer&ymgggg ube, oxygen: _in both metallacrowns form an almost planar structife.
solvent héve been removed %or clarity. Reprinted with permission The de\_llatlon from_ planarity is larger in the case of the
from ref 58. Copyright 2003 Wiley. former ligand, the dihedral angles between the foul iGos
being 3.0 for thea-form and 1.4 for the 5-form. Also, the

central CU ion is farther away from the quasi-plane formed

i i by the four peripheral Cuions in the case of the-form
3. Solution Behavior of Metallacrowns (0.98 A) than in the case of th&form (0.50 A). An even
3.1. Solution Integrity Studies more pronounced difference can be seen in the coordination

geometry of the Cliions, which is nearly square-planar for

As it became obvious from the previous sections, X-ray the 8-form but markedly distorted for the-form. This fact
crystallography has been widely used and often is the mostis reflected in the calculated formation constants for the two
definitive technique for the structural characterization of metallacrowns, logg = 40 with a-alaHA and logB = 49
metallacrowns. Nonetheless, many metallacrowns have awith g-alaHA.
robust structure that is maintained in various solvents and |n an attempt to crystallize such{&u[CusL4]}2* species
even in the gas phase. This section is focused on metallac{L = «-amino hydroxamic acid), a methanolic solution of
rown solution chemistry. Cu' and Snorvaline hydroxamic acid in a 5:4 ratio in the

The formation of the pentanuclear Cu(ll)-metallacrown, presence of Cl was left to evaporat® The crystals that
[CusLsH-4]*" (HL = B-alanine-hydroxamic acid), for which  grew out of this solution were characterized by X-ray
a CU[12-MCc,-4] structure had been determined by X-ray crystallography as a high-nuclearity metallahelicate, with the
diffraction, was studied by potentiometric titration in agueous formula [CtpsL o(OAC).Cla(MeOH)(H,0)] (Fig. 126). This
solution?®® The results show that the major species in the result suggests that the [@u]?" species observed by ESI-
pH range 4.5-9 is the pentanuclear species [CsH_4)**, MS studies could also be a fragment of such a metallahelicate
with a stability constant log = 46.66(7). Below pH 4.5, formed under the measurements conditions. Alternatively,
the formation of a Cut species is presumed, with alfg  the metallahelicate may convert into the proposed 12-MC-4
= 12.85(3). The stability of the pentanuclear species is alsowhen dissolved. All studies agree that the ESI fragment
confirmed by absorption spectroscopy, which shows-dd  consistent with a 12-MC-4 species can easily be converted
band at 616 nm from pH 4 to pH 9. Below pH 4 Cis into 15-MC-5 species upon addition of a lanthanide or uranyl
uncomplexed; the band at 616 nm is replaced by a band atjon,.
820 nm, which is characteristic for the €aqua ion. At high Upon mixing of equimolar amounts of Cwacetate and
pH values the complex decomposes due to ligand hydrolysis.an a-amino hydroxamic acid ligand, the initial blue color
The Cd'/p-alaHA system was later re-examined by another of the solution changes to dark green. The-ths spectrum
group, and similar stability constants were found by both of the final solution shows two absorption bands, one at
potentiometric [logs = 47.83(5)] and spectrophotometric  650-660 nm and another at 34350 nm, whereas its ESI-
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MS spectrum contains peaks that can be unambiguouslychemical shifts of the proton resonances of the different salt
assigned to [Cil4)?", [CusL4(H20)3]X t, and [CuL4(LHy)- complexes can be attributed to anions bound to the para-
(H20)]X* (where X is a monoaniorffe Similar results were ~ magnetic metal center in the case of CBr—, and TFA..
obtained with an analogous-hydroxy hydroxamic acid  Binding of anions to the Mt ions of the metallacrown ring
ligand, mandelohydroxamic acid, although no 12-MC-4 causes a subsequent downfield shift in therksonance.
peaks were seen in the ESI-MS spectifrlJpon titration These spectra further prove that the anions are bound in
of UO?" or a lanthanide ion into these solutions, the peaks solution. Whereas the mass spectrometry results do not allow
assigned to 12-MC-4 disappear and new ones appear thafor conclusions about the integrity of the (NagIjNaBr),

can be assigned to 15-MC-5 species, GdXJGj?" and and (KBr) salt complexes of the metallacrown (probably
GdX;[CusLs] ™. Likewise, the absorption maximum at 650  due to the poor solubility and low volatility of those
660 nm gradually shifts to 556660 nm with a concomitant ~ complexes), theitH NMR spectra are consistent with the
change of the color to dark purple-blue; the observation of retention of metallacrown structure in solution. Analogous
isosbestic points suggests the presence of only two inter-conclusions can be drawn from thel NMR data of the
converting species in the solution. The 12-MC-4 to 15-MC-5 naphthylhydroxamic acid-based metallacrowns.

conversion upon addition of U®" or a lanthanide ion was The dependence of structural integrity of the salt com-
also monitored and confirmed by NMR and CD spectros- plexes of [12-MGunn(shir4)] ON concentration was studied
copy. by UV—vis spectroscop¥?? The absorbance varies linearly

This work has recently been extended to picoline hydrox- between 0.03 and 0.12 mM in GEN, MeOH, and DMF.
amic acid, which is also suggested to form a 12-MC-4 This adherence to Beer’s law confirms that the metallacrown

structure with Cti based on ESI-MS, NMR, and UWis complexes do not dissociate a0.04 mM concentrations.
spectra and elemental analy&i$The ESI-MS spectra show Upon treatment of a methanolic solution of MHCOO)-
peaks that can be assigned to bothdG{#* and [CuL4]- [(12-MCunnshir4)] with excess pyridine and slow evapora-

X* ions. The'H NMR spectrum shows four lines of equal tjon, crystals of the expanded 15-MC-5, MRICOO)[(15-
intensity that correspond to one set of pyridine-ring signals. MCyishi-5)(py)] were isolated®® When these crystals
Upon addition of a lanthanide salt, the resonances corre-were dissolved in DMSO, the conversion of the 15-MC-5
sponding to [Cel4]** disappear and four new lines corre-  pack to 12-MC-4 was observed, as indicated by the disap-
sponding to Ln[CtLs]** appear. The same process was also pearance of the absorption band at 580 nm and appearance
observed by ESI-MS spectrometry. It was also shown by of a new band at 440 nm in the UWis spectrum. The
ESI-MS and NMR spectroscopy that addition of' Nins to conversion is complete in 1 h, and the final spectrum is
[CusL4** in DMSO solution generates a symmetrical identical to the one of an authentical MRCOOY[(12-
[NiCuaL 4]** species (with the nickel ion occupying the cavity MCy,nsni-4)] sample. The interconversion was explained
formed by the four copper ions). by the strength of pyridine nitrogens to occupy equatorial
The solution integrity of [12-M@ninhir4)] and [12- positions of the M polyhedron, whereas the weak oxygen
MCun''nmray-4)] metallacrowns (shi= salicylhydroxamic donors of DMSO prefer the JahiTeller axis in the distorted
acid, nHA = 3-hydroxy-2-naphthohydroxamic acid) was octahedral configuration.
investigated using mass spectrometry &idMR and UV— The solution integrity of Ctiand NI' 15-MC-5 complexes
vis spectroscop§3? DMF solutions of the salt complexes was studied by mass spectrometry and NMR, -6, and
(LICI) 2[12-MCpyin nshiy4)], (LIBr)2[12-MCun'inshiy-4)], and circular dichroism (CD) spectroscop$? Solutions of Ln-
(LITFA)[12-MCwun'"nshir4)] (TFA = trifluoroacetate) in a  (NO3)s[15-MCcu'npicriay-5] OF LN(NO3)3[15-MCcyingiyta)-5]
3-nitrobenzyl alcohol matrix gave strong molecular ion peaks (Ln = La", Nd", Sm", EU", Gd", Dy", Ho", Efl', Yb'')

in the FAB-MS corresponding to Li[12-M&"nshir4)]- in H,O, MeOH, or DMF were subjected to FAB-MS and/or
Peaks of higher mass to charge ratio due to the binding of ESI-MS. In each case, molecular ion peaks and intact ion
halide ions were also observed: (LiCI)[12-M@nshiy4)] peaks are observed, corresponding to mass-to-charge ratios
and (LiCh)[12-MCun'"nehiy4)]. In the case of (LICH12- that contain one or two nitrate ions associated with the

MCun'"nnray-4)], the molecular peak corresponding to Li- metallacrown. Similar results were obtained for Ln(#
[12-MCun'"n(nHay-4)] was observed along with higher mass  [15-MCyi'nicnay-5] (Lh = Gd" and Nd') in DMF solutions
peaks consistent with chloride binding. In all cases, the by FAB-MS". The stability of metallacrowns in DMSO and
observation of the peaks with the expected isotopic distribu- MeOH solutions was also studied By NMR of the
tions at higher mass to charge ratio, consistent with anion paramagnetically shifted resonances of the ligand protons.
binding, suggests that the anions remain bound to the A DMSO-ds solution of Ln(NQ)3[15-MCcy'npicHa)-5] Shows
metallacrown in solution. Similar results were obtained using four distinct paramagnetically shifted resonances. Because
ESI-MS in acetonitrile and methanol solutions. In addition, each picoline hydroximate has four chemically distinct
the solution integrity of MN(OAG[12-MCun'"'nshi-4)] and protons, the simplicity of the spectrén seeing only one
Mn(OAC)[12-MCun"npHa-4)] was confirmed by observa-  set of ligand resonancesan be attributed to the 5-fold
tion of molecular ions, consistent with the retention of pseudosymmetry of the metallacrown. Similarly, Me@H-
metallacrown structure in either acetonitrile or methanol solutions of Ln(NQ)3[15-MCcy'npicHa)-5] or Ln(NO3)3[15-
solution. Further information supporting the stability of [12- MCcy'naminoHay5] (@minoHA= glyHA, S-alaHA, S-pheHA,
MCun"nshi4)] metallacrowns in CECN, MeOH, and DMF S-leuHA, S-tyrHA, S-valHA) showed only one set of ligand
solutions was obtained B{4 NMR spectroscopy. The pres-  resonances immediately upon preparation and after 5 days,
ence of only one set of signals, together with the observation and no free ligand resonances were observed in the diamag-
that selective deuteration of the ligand in theathd then in netic region. U\~ vis titrations also showed that metallac-
both the H and H; positions eliminates one and then two of rowns are intact in DMF and stable to the presence of
these resonances, demonstrates that the observed resonanaescess lanthanide. Furthermore, the optically active metal-
are due to a single species in solution. The changes in thelacrowns can be conveniently studied by CD spectroscopy.
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The CD spectrum of an-1 mM solution of Nd(NQ)3[15-
MCecu'n(s-aiaHay-5] in either HO or HEPES buffer (pH 7.0)
shows no evidence for decomposition for 14 days. The signal
at 630 nm (the maximal negative intensity for tBésomer)

is lost, however, upon addition of acid (pH 2.14), D-alaha
(5 equiv), or NaEDTA.

3.2. Selective Binding of Cations and lon Pairs

The organometallic 12-MC-3 complexes made with a
N—C—0O bridge have shown alkali cation and ion-pair
selectivity??” (See Figures 16 and 17 for representative
examples.) The first ionophore 12-MC-3, [(cymenée)Ru
(hpy)]s where hpy is 3-hydroxy-2-pyridone, binds' lsind
Na; however, it does not bind '¥?8 The complex has an <
affinity for LiCl twice as high as NaCl. When the aromatic Figure 129. X-ray crystal structure of UB[15-MCcunis prear
group bound the metal is increased in size as §{@Ei)e)- 5] with the aliphatic dicarboxylate adipate anion. The adipate anion
Rlé'y (CSSS?I#CT]ZCHS)S')RUI' agg &Sépgntamelthyk?ygozen-l binds bidentate to each l'don but binds only on the outside faces
tadiene , the analogous 12-MC-3 complexes bind only of the MC—the adipate does not enter the hydrophobic pocket
Li' ions22° For all metallacrowns studied, the presence of created by the phenyl rings of tt&phenylalanine hydroxamate
alkali metal ions can be detected electrochemically: the peakligand. Color scheme: aqua sphere, centraf Larange sphere,
potential is shifted by>300 mV toward anionic potential ~ "ng CU'; red tube, oxygen: blue tube, nitrogen; gray line, carbon.
upon binding. Because the metallacrowns themselves arer'-ggg(\),ge%nfﬁtrogrsr’it’}%acounteran'ons’ and lattice solvent have been
neutral, the cations are bound as an ion-pair in the solid sate, '
as revealed by the X-ray crystallographic results. In addition,
the 12-MC-3 complexes appear to bind the alkalalide
ion pairs in solution also (CDghnd CDROD), as evidenced
by the significant downfield shift of thtH NMR signals of
the pyridonate and the arene protons upon addition of the
respective alkat-halide salt. The nature of the halide ion
affects the stability constants. With the 12-MC-3 [Ru
(cymene)(hpyd complex, NaCl has the highest stability
constant and Nal the lowest. The 12-MC-3 [RDsH5CO,-
CH,CHj3)(hpy)]s complex will selectively bind Liin water

even in the presence of large excesses df KlaCd, Mg" ; et J
) R ! 5] with the aromatic dicarboxylate terephthalate anion. The tereph-
and C&.2%° This 12-MC-3 has a LiNd selectivity greater thalate anion binds monodentate to eacH'Gah on the outside

than 1000:1. When a dlffergnt bridging |'95_md- 3-hyroxy-4- face of the MCs. In addition, the terephthalate enters the hydro-
piperidino-methyl-2-(H)-pyridone (hpm), is used, even phobic pocket created by the phenyl rings of 8phenylalanine
greater selectivity can be achieved. 12-MC-3 metallamac- hydroxamate ligand and binds bidentate to eacH Guleating a
rocycles with p-CHsCsH4CH(CHa)2)RU' 234 and (cymene)- one-dimensional chain of MCs. Color scheme: aqua sphere, central

RU 238 can selectively bind Liover Na by a factor of 20000 Gd"; orange sphere, ring ¢ured tube, oxygen; blue tube, nitrogen;
at neutral pH gray line, carbon. Hydrogen atoms, BiGcounteranions, and lattice

o solvent have been removed for clartfy?2
A related iridium metallacrown, [It(»°-pentamethylcy-

clopentadiene)(hpyywas developed into a fluoride-recogni- (- i i .

. . n°-pentamethylcyclopentadiend)(hpy)ls stabilize the elu
tion agent* Whereas (L|c|)[|f“(;75-7p¢ntamethylcyclopen- sive LiFHF moiety (Figure 18! It is particularly interesting
taQ|ene)(rl1”pygg has the samé&H and’Li NMR spectrum as  pacause the FHFanion contains a very strong hydrogen
(LiBF) [Ir™ (7>-pentamethyicyclopentadiene)(hpy)] CDCL/ bond, and the FHFanion has never been captured before
CDsCN (2:1), indicating that the ion-separated, solvated py 4 molecular host. The Lbinds to the ring oxygen atoms,
<1:omp|ex is present, addition of BMF produces a distinct  5nd only one fluoride is bound to the'LThe second fluoride

H NMR spectrum. The selectivity was tested in the.presenceiS hydrogen-bonded to the first, and the resulting overall
of a 50-fold excess of Cl Br™, I, and NQ", and in all  ghape is an FHFanion bound in a bent fashion.

cases the exclusive formation of the Bdduct was deter- The 12-MGuiinen4 complexes also selectively bind
mined by'H and’Li NMR spectroscopy. These experiments cations and agior(fsl)simultaneoué‘???sm% H NMR and

S:‘}?r\lli\; t?at thtere]}b%e-rﬂgnt;o:ed mrr(]atallag:ovtvn II’S at E:jgh mass spectrometry indicated that the 12MGsny-4 com-
attinity receptor for fluoride ions, comparabie to cryptands. plex binds LI preferably over Naand K with K' ions having

The organometallic 12-MC-3 complexes made with a the |owest affinity. In addition, the M[12-Mgnnir4]* (M*
N—C~O bridge are also able to stabilize reactive molecules — | ji N&. or K') has the highest affinity for Clanions. Of

within the central cavity. Two 12-MC-3 complexes of the anions investigated the trend is G¢ SCN- > Br~ >
[(cymene)Rti(hpy)]s bind a NaSiFs molecule between the  ifluoroacetate> F~ ~ |-,

two MCs (Figure 19%32 Each central cavity uses its oxygen

atoms to bind one sodium atom, and then theSimoiety 3.3. Selective Anion Binding

connects the two Naons. This encapsulation represents one

of the few examples in which Néns are coordinated to a When synthesized from water, the"L[d5-MCcy'ns-phetiar
SiF?™ anion7°® The 12-MC-3 complexes [(cymene)Ru 5] complexes form a dimer in the solid state. A hydrophobic
(hpy)ls. [(7°-pentamethylcyclopentadiene)Rtnpy)]s, and pocket forms between two MCs as a result of the interaction

Figure 130. X-ray crystal structure of GH{15-MCcy'n(s-pheHaF
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) Figure 132. X-ray crystal structure of Gd"NO3[15-MCcy/'ns—tyrHa)-
Figure 131. X-ray crystal structure ofGd" Cl,[15-MCcy'nis-tyrHa)- 5]},*". The NQ~ anions bind only within the hydropho(biéyrpo)cket

5]}2*". The CI anions bind only to the outside faces of the MC  ¢'he M complexes and bridge across the dimer to connect two
complexes. Two phenol oxygens bind across the hydrophobic yjna cyl jons. Two phenol oxygens also bind across the hydro-

pocket to generate a bound dimer. Color scheme: aqua spherepopic pocket to generate a bound dimer. Color scheme: aqua
central Gd'; orange sphere, ring Cured tube, oxygen; blue tube, sphere, central Gt orange sphere, ring Gured tube, oxygen:

nitrogen; magenta tube, chloride; gray line, carbon. Hydrogen atom p| e tybe, nitrogen: gray line, carbon. Hydrogen atoms and lattice
and lattice solvent have been removed for clafity. solvent have been removed for clarffy.

of the phenyl rings of opposite MC complexes. Within this
hydrophobic pocket, guests may be bound. As evident from
single-crystal X-ray analysis, aliphatic dicarboxylate guests
bind to the outside faces of the MC dimer and aromatic
dicarboxylate guests bind within the hydrophobic pocket
(Figures 129 and 130@§°470:910.914n | a'[15-MCcy'n(s-pheHAF

5], aliphatic adipate binds bidentate to thé'Len the outside
face of the metallacrown with one of the carboxylate groups.
The second carboxylate group binds bidentate to'4iba

of a second MC on the outside face. The adipate therefore
joins the two dimers together to create a one-dimensional
chain of “dimers of dimers”. On the other hand, aromatic
terephthalate _dogas enter the hydrpphobic cavity and bindsFi ure 133, Xerav crvstal structure off Gd' Cl(NO)15-
across the cavity in a bidentate fashion to the twd Geintral M%c u"N(SftyrHA)'S]}Z-the Bétructure isa hybric} of the s?t(ructz)r[es with
ions of the two G#[15-MCcuy'n(s-pherar5] complexes. The  only CI- or NOs~. The NG~ anions still reside in the hydrophobic
terephthalate joins the two MCs together through the pocket, and the Clanions still reside on the outside faces of the
hydrophobic cavity. In addition, the terephthalate binds MCs. Color scheme: aqua sphere, centrdl' Gatange sphere, ring
analogously to the adipate by joining the dimers through the CU'; red tube, oxygen; blue tube, nitrogen; magenta tube, chloride;
outside faces to create a one-dimensional chain of “dimers 9 line, carbon. Hydrogen atoms and lattice solvent have been
of dimers”. Comparable aliphatic and aromatic dicarboxylate removed for clarity:

guesl'ltls display a similar binding beha;/i‘é?. " | of the tmeda ligand, and minor upfield shifts of the aromatic

Ln'"[15-MCcy-5] complexes, where Lh= La" and G, protons of the 1-MeCligand. Saturation was achieved after
synthesized witl$-tyrosine hydroxamic acid (S-tyrHA) form >3 equiv of F was added. The downfield shift of the methyl
a true dimer because one phenol oxygen of each MC resonances suggests either that GFhydrogen bonding is

stretches across the interior cavity to bind to rind'@ns  yresent or that the host structure is reorganized upon fluoride
of the opposite MC. These complexes may be made with binding.

two CI~ anions bound to the outside faces of the MCs or

two NO;~ anions bound within the interior of the cavity 3.4, Metallacrown Ligand Exchange

(Figures 131and 132§/ The dimer LY [15-MCeuis-yrny- The solution dynamics of 9-MC-3, 12-MC-4, and 15-MC-5
5] does not have a preference for chloride anions, as when,, | ~i0s solvents was studied B,M NMR sbectroscopy
a 10:3:1 ratio of CI_:NO3 ‘MC was crystalllged,_ a hybrid 5,4 mass spectrometry. When 9-ME -3 is mixed with
structure that contained two Chnd two NQ~ anions was 9-MCyo*Nmhay-3 in CHCN or with 9-MGyo®ne-otshiy3 In

recovered even though there was an excess ofa@lons  p\iE ‘there is no evidence for ligand exchange after 48 h,
(Figure 133). In addition, a preformed Li15-MCoe.n(s-yrra)- as all of the proton peaks from 9t]he NMR spgctrum of the
5] dimer with two CI' anions is capable of binding an  mixtre can be assigned either to one or to the other metal-
additional two N@~ when excess NaN{Qs added to the  |5cr0wn6° These results not only indicate that the metal-
solution of the chloride-only analogue. lacrown structures are retained in the given solvents but
The metallaazacrown complex [(tmeda)Pd(1-MaGN4]s- also show that rapid dissociation equilibria that would
(ClOy)s (tmeda= N,N,N,'N'-tetramethylethylene-diamine, scramble the ligands is not operative in £H or DMF
1-MeC™ = 1-methylcytosine deprotonated at exocyclic amino solutions. However, when 9-MfG3 nshiy-3 is mixed with
group) was studied in solution b4 NMR for fluoride 9-MCyo*nmHa)-3 in MeOH,H NMR shows relatively rapid
binding?*® Shifts of several metallaazacrown-host proton exchange: after approximately 6 h, the scrambling of ligands
resonances were detected in the presence of fluoride ion inappears to be complete and new resonances appear that are
DMSO-ds: a marked downfield shift of the NH resonances,  not present for the starting metallacrowns or for the ligands
a moderate downfield shift of two of the four Gkesonances  in protonated or deprotonated forms. The assignment of
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these resonances to mixed-ligand metallacrowns was con-which reduces the rate of ligand exchange.

firmed by FAB-MS, which shows mass peaks for both  In contrast to 12-MC-4 complexes, the 15-MC-5 metal-
starting metallacrowns and both mixed-ligand metallacrowns lacrowns appear to be more prone to ligand exchaftdgoth
9-MCyo¥ NshipnHay-3 and 9-MGyo3nshinHay-3- Kinetic stud- NMR and ESI-MS studies show that when equimolar
ies showed that the ligand exchange is first order with an amounts of Nd(N®@3[15-MCcy'n(s-tyra)-5] and Nd(NQ)s-
overall rate constant equal to the sum of the individual first- [15-MCc'ns-prenay5] solutions are mixed together, ligand
order rate constants from each participating spe&ies@.31 scrambling occurs and mixed species forfd(NOs)3[15-

+ 0.02 ITl) The kinetic |abl|lty of g'MG/03+N(Shi)-3 in MeOH MCCU”N(SftyrHA)x(SfpheHA)y'S] with Xy ratios of 5:0, 4:1, 3:2,
allows it to be used as a probe of the integrity of 12-MC-4 2:3, 1:4, and 0:5. Metal-exchange studies showed tht Ca
and 15-MC-5 metallacrowns in solutions containing MeOH or Ln" ions are replaced by the Y® ion in the corre-
(vide infra). sponding metallacrowns with both picoline andamino

To eliminate the thermodynamic penalties when ligand hydroxamic acids, establishing 15-MC-5 metallacrowns as
exchange reactions between metallacrowns based on differengfficient uranyl-sequestering ageft§:°3.9%
ligands are studied, thermodynamically equivalent copper_12—3. 5. Relaxivity Studies
MC-4 complexes prepared from protio- and deuterio-
salicylhydroxamic acid were used in further studi&sThe
ESI-MS spectra of [CY12-MCcy'neshiy4)] and [CU (12-
MCecu'nshir4)] iIn CH3CN were recorded separately and then
in a 1:1 mixture. Both molecular ions, at/’z 919 for the
former and atm/z 926 for the latter metallacrown, are
observed in the initial mass spectrum. A mass spectrum o
the same mixture take6 h later shows no observable ligand
mixing between the metallacrowns, demonstrating the solu-
tion integrity of the shi—-based copper metallacrown in gH

The presence of tightly bound, highly paramagnetic metals
in Ln"[15-MCcy'n@minonay5] prompted proton relaxation
enhancement studies for possible use as magnetic resonance
imaging (MRI) contrast agents. The metallacrown structure
has several potential advantages in this application compared

¢to the currently used MRI contrast agents [Gd-DTPANd
[Gd-DOTA]". It has been shown that the magnetic suscep-
tibilities of metal complexes including Guwand Gd' ions

can be enhanced compared to single-ion complexes. The 15-
metallacrown-5 structure provides five oxygen atoms for

coordination, whereas three or four other sites are possibly

Further eyidenlce demonstrating that ligand exchange does, qijable for the coordination of water. Nd(N@(OH)[15-
not occur with [CU(12-MCe.'n(iganar4)] came fromfH NMR MCecy'nes-alaray5] has four water molecules directly bound
studies using 9-MGonena-3, which is known to be o Nl “the site that would be occupied by ih a MRI
kinetically labile in MeOH:%®38¢ Equimolar solutions of  .qntrast agent. [Gd-DTPA] and [Gd-DOTA] have only
either [CU (12-MCeu'nisnir4)] or [CU'(12-MCey'nnnay-4)] and one site for the coordination of water and have relaxivities
9-MCyvo**n(ra-3 In MeOH showed no sign of ligand ot 4 g8 and 4.7 mM? 72, respectively (at 298 K and 20
exchange in théH NMR after 24 h. Furthermore, FAB-MS \1147) 12 \yhereas complexes with two sites for water binding
of the 1:1 solutions mentioned above showed mass peaks,ave a relaxation rate of 6.3 mM st under the same

c_>n|y for the starting metallacrowns. As a control, mixed- ondition<13 Another advantage of the 15-MC-5 complexes
ligand metallacrowns were prepared directly and showed the 5, or [Gd-DTPA}- is that they have a large planar, disk-

expected mass peaks for mixed-ligand species. These resultgye srycture that favorably affects the reorientation rate of
prove that the two copper 12-MC-4 complexes are kinetically the molecules in solution. The reorientation rate and number

inert to ligand exchange. of coordinating water molecules are known to have a
In the case of the manganese metallacrowns [12- significant effect on relaxation rafé294

MCun"nshiy-4)] and [12-MGunnnHa)-4)], solution dynamics The proton relaxation rates of a series of 15-MC-5

was studied byH NMR spectroscopy®? A CH3CN or DMF metallacrowns, Gd(N€)s[15-MCcy'npicra)-5], La(NOs)3[15-

solution containing equimolar amounts of (Naglp- MCecu'npichay-5], and GA(NQ)3[15-MCeyn(s-aminoHarD] (@ami-

MCuin" N(gshiy-4)] and (NaCR[12-MCynnshi-4)] was moni- noHA = glyHA, S-tyrHA, S-alaHA), were measured at
tored by'H NMR as a function of time. No ligand exchange different concentrations in water at 2G and 30 MHZ%2 It
was observed within 7 days. Identical results were observedwas found that the larger planar structures have enhanced
for all of the other salt complexes (LiCl, LiBr, NaBr, KBr) relaxivities, in keeping with the higher relaxivity of Gd-
of [12-MCun"nshiy-4)] @and [12-MGun"nnay-4)] in DMF or (NO3)3[15-MCecy'n(s—tyrHa)-5] of 9.43 mM* st compared
CHsCN. In methanol, however, a different behavior is with 4.22 mM s for the smaller, more compact Gd(N@
observed:*H NMR of a mixture of (NaCR[12-MCn"nshir [15-MCcy'nes-alanayb]. In addition, the relaxivities of Gd-
4)] and (NaCl[12-MCun"nnra)-4)] shows that ligand scram-  (NOs)3[15-MCey'ns—tyrria)-5] and GA(NQ)3[15-MCeu'nipicHay-
bling occurs. The rate of ligand exchange was estimated by5] (9.8 mM s are significantly higher than the relaxivity
monitoring the peak ared\) for the new resonance at5.10 of [Gd-DTPAF~ and [Gd-DOTAY.

ppm. Plotting log[A — A)/(A — A.)] versus time gives a A qualitative comparison of the relaxivity of La(NJa-

line for which the slope is 2.48 0.02 h'%, indicating that [15-MCcy'nepichay-5] with the Cd-aqua ion leads to the
the approach to the equilibrium mixture is first-order, as in conclusion that these metallacrowns retain their integrity in
the case of 9-MGo3nshiy-3, With an overall rate constant  water. The relaxivity of the Caqua ion is 0.81 mivt 51,912
equal to the sum of the individual first-order rate constants If the metallacrown is dissociating and binding to water, the
from each participating species. The LiCl analogues, (LiCl) relaxivity of La(NGs)3[15-MCcy'nepicHa)-5] would be equal
[12-MCunneshi-4)] and (LiCly[12-MCun' nnHay-4)], how- to 5 x 0.81 mM s ! because the concentration is per cluster
ever, do not exchange ligands in methanol within 2 days asand there are five copper ions per metallacrown. The
monitored by eithetH NMR or mass spectrometry. The relaxivity of La(NOs)s[15-MCcy'npicHa-5] (R1 = 0.94 mM 1
stability of the LiCl metallacrowns can be explained by the s is actually closer to the relaxivityfa 5 mM solution
closeness of the lithium ion to the metallacrown core (only of copper(ll) ions bound in a macrocycle (Cui@aneN,
0.64 A above the best-fit plane of the four manganese ions),R; = 0.94 mM1s71), where its relaxation rate is 0.70'g/62
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Additional temperature- and frequency-dependent relax- the magnetic susceptibility of a molecule and simultaneously
ivity measurements have been carried out on analogous Gd-increase the number of exchangeable"dmund water
(NO3)3[15-MCcy'n(s-aminonay5] metallacrowns (aminoHA= molecules.
glyHA, S-valHA, S-pheHA, S-leuHA, S-tyrHAY* The
results confirm the previous observation that the relaxivity 4 Functional Applications of Metallacrowns
of the gadolinium-containing 15-MC-5 complexes is ap-
proximately twice as high as the relaxivity of [Gd-DTPA] Metallacrowns have been used for a variety of functions
and [Gd-DOTAJ over the whole temperature and frequency including bioactivity, molecular recognition, catalysis of
range. This is in accord with the presence of two coordinated organic reactions, mimics of surface science, building blocks
water molecules in the first coordination sphere of the for one-, two-, and three-dimensional solids, liquid crystals,

metallacrown complexes, compared to one for the [Gd- and single molecule magnets. This section of the review will
DTPAJ?> and [Gd-DOTA] complexes. For all metallac-  cover this wide array of functions.

rowns studied, the relaxivities increased by a factor of

1.65-2 as the temperature decreased from 45 €&t a 4.1. Bioactivity

magnetic field strength of 0.47 T. This indicates that the

residence time of water does not limit the proton relaxivity. ~ 12-MCy-4 complexes have shown antibacterial activity
The relaxivities of the metallacrowns show a linear depen- and the ability to alter the structure of pDNA. (See Figures
dence on the molecular weight at magnetic field strengths 44—46 for representative examples.) The vacant [12-
of greater than 1 T. However, the relaxation profiles do not MCy'ngshippko)z4]1(X)2, where X = SCN-, NNN-, and
exhibit the dispersion peak at high frequency, which is OCN-, and the NI(O,CCHy)s[12-MChi'nship(pkoyp-4] COM-
characteristic for slowly rotating paramagnetic molecdles. plexes were tested as antibacterial agents ag&asillus
Thus, the decrease in mobility of the metallacrowns causedsubtilis (Gram-positive),Bacillus cereus(Gram-positive),

by increasing their molecular weight through the attachment Staphylococcus aure&ram-positive) X. campestrigGram-

of larger substituents to the-amino hydroxamic acid is  negative) Escherichia col{Gram-negative), ang. mirabilis
insufficient to maximize the relaxation at frequencies used (Gram-negative}°® All of the metallacrowns showed higher
in clinical applications. The paramagnetic contribution of the activity than simple Ni(GCCH), with the vacant metalla-
Cu' ions relative to the lanthanide ions was also investigated crowns showing the highest activity. In addition, the vacant

by measuring the relaxivity of La(N{k[15-MCcu'neaminoHay metallacrowns bound to pDNA caused concatemers to form
5] and was found to be within-26% depending on the atlow concentrations of MC and precipitates to form at high
magnetic field strength and ligand. concentrations of MC. The NO,CCHs)2[12-MChi'nship(pko),-

Of course, there are issues beyond simple relaxivities that4] complex did not bind to pDNA. In addition, the fused
are important in developing a useful MRI contrast agent. In metallacrowns NpXz[12-MCitnshippko,41[12-MCitnshiyipkor
particular, one must assess the stability of the proposed agenfl], where X° = 2 4-dichlorophenoxypropionate, 2,4,5-
in the presence of biological reductants or metal-chelating trichlorophenoxyacetate, 2-methyl-4-chlorophenoxyacetate,
agents. Using CD titrations, it has been shown that metal- 2,4-dichlorophenoxyacetate(+)-6-methoxye-methyl-2-
lacrowns alone are stable in pH 7.0 solution for over two Naphthaleneacetate, afi)-4-isobutylo-methylphenylac-
weeks with virtually no evidence of decomposition. It is also €tate (ibuprofen), were tested for antibacterial activity against
known that these molecules do not exchange hydroximateB. subtilis (Gram-postive),B. cereus(Gram-postive),S.
ligands rapidly under these conditions. Transmetalation of @ureus(Gram-positive) X. campestrigGram-negative)E.

Gd" by Zn' in metallacrowns was investigated by measuring C0li (Gram-negative), an&. mirabilis (Gram-negative}°
proton relaxometry at 0.47 T. The results show that whereas The most active complex was the 12-MC-4 with 2,4-
the metallacrown complexes Gd(N@15-MCc./n(s-aminoHar d|chlorophen0xyprop|o'nate. The 12-MC-4 complexes with
5] with aminoHA = S-tyrHA, S-pheHA, or S-leuHA 4-d|chlorophenoxyprop|onate, 2,4,5-trichlorophenoxyacetate,
transmetalate more quickly than [Gd-DTPA]the analogous ~ 2:4-dichlorophenoxyacetate, afi)-6-methoxye-methyl-
metallacrowns with aminoHA= S-valHA or glyHA are 2-naphthaleneacetate affect the structure of pDNA, whereas
characterized by transmetalation behavior intermediate be-the complexes with 2-methyl-4-chlorophenoxyacetate and
tween those of the open-chain [Gd-DTPAlomplex and ibuprofen do not.

the macrocyclic [Gd-DOTA] complex*’4 Therefore, the two Manganese metallacrowns have also been tested for
latter metallacrowns appear to be remarkably stable in theantibacterial activity. (See Figures 38 and 56 for representa-
presence of Zhions. However, the addition of acid (to pH tive examples.) MX[12-M@n"nehir4], where MX =

2, which might be found in the stomach) leads to immediate Nay(salicylato}, Mn",(O,CH),, and Mri' (O,CCHg),, and
complex decomposition for all of the above-mentioned MX[15-MCwn"nship5], where MX = Mn'(2,4,5-trichlo-
metallacrown$®? Furthermore, excess hydroximate ligand rophenoxyacetatg)Mn' (2-methyl-4-chlorophenoxyacetate)
causes decomposition of the Ln(R)e)15-MCcy'neaminoHAy Mn''(2,3-dichlorophenoxyacetate) Mn'" (2,4-dichlorophe-

5] to Cu'(hydroxamate) Finally, strong chelating agents noxyacetate) Mn"(O,CH),, Mn(O,CCHg),, and Mr'(sali-
such as EDTA will quantitatively remove €and LA" from cylato), were tested for antibacterial activity ver8usubtilis

the metallacrown. Interestingly, the serum iron transport (Gram-postive)S. aureugGram-positive) E. coli (Gram-
protein transferrin will not destroy the metallacrown. Un- negative), andP. bulgaris (Gram-negative}®t All of the
doubtedly this is due to slow kinetics of metal removal (the metallacrowns showed more activity than simple "Mn
large metallacrown apparently cannot fit into the iron-binding (herbicide)} compounds or M¥(carboxylate) salts. The
site to initiate metal removal) because transferrin should be complex Mn (2,4,5-trichlorophenoxyacetasf)5-MCyn' n-
thermodynamically capable of removing 'Cérom these shi-5] displayed the most activity among the MCs tested.
metallacrowns. Despite these setbacks, these metallacrowngn additional study with more manganese metallacrowns,
illustrate in principle a new design strategy to both enhance both 12-MGuq'nshiy-4 and 15-MGan' neshirS complexes, did
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not reveal antibacterial agents superior to'k&y,5-trichlo-
rophenoxyacetatgf}l 5-MCyun''n(shiy-5].3°

4.2. Molecular Recognition

The organometallic 12-MC-3 complexes made with a
N—C—N bridge have shown molecular recognition in water
at pH 7 in*™H NMR experiment&¥! (see Figure 20 for a
representative complex). The 12-MC-3 complex>{pen-
tamethylcyclopentadiene)RIL)] s, where L is 9-methylad-
enine, adenosine;-Aeoxyadenosine, or methyl-&denosine
monophosphate, will accept aromatic amino acids such as
Sphenylalanine and&-tryptophan only within the central
cavity?** STryptophan has a higher binding constant than
Sphenylalanine for all four 12-Mgy-3 complexes. Non-
aromatic amino acids such &histidine, S-alanine, and
Sproline do not interact significantly with the 12-Mg@-3
complexes. However, more hydrophobic amino acids such
asS-isoleucine andleucine associate slightly with the 12-
MCrp1-3 complexes. In a more complete study, the four
compounds above andjftpentamethylcyclopentadiene)fRh  Figure 134. X-ray crystal structure of the vacant aza[12-M€E
(2',3-dideoxyadenosing)jwere studied with a number of 4] complex with the ligand 3,5-dicarbgecbutoxypyrazole. The
guest$4> These additional studies reveal that all five MC catalyzes the conversion of alkenes into the corresponding
complexes also do not bind the nonaromatic amino acids cyclopropane derivative. Color scheme: orange sphert,biue
Swvaline andS-glutamine. The five 12-M@;1-3 complexes Lu;v% Eﬁ?ﬁ?génrgse'hn%f’iégrﬁ% gray line, carbon. Hydrogen atoms
do bind the aromatic carboxylic acid guestaminobenzoic '
acid, m-aminobenzoic acidp-aminobenzoic acid, benzoic into the corresponding cyclopropane derivative (Figure 134;
acid, phenylacetic acid, 4-methoxyphenylacetic amd, Scheme 6¥3° The yields are>70% and average a 3:1
methoxylbenzoic acid, anatnitrobenzoic acid. In addition,  diastereomeric excess (trans/cis). Three inverse:gzz2ifl)-
the aliphatic carboxylic acid guest cyclohexylacetic acid and (Hpz)X[9-MCcy'npz-3] complexes, where pz is pyrazolate
1-adamantanecarboxylic acid do bind in the cavity just as and X is (QCCH;)z, (0.CCHs)(OCHz), or (OCHg),, also
strongly as the aromatic guestthe opposite of the ali- catalyze the reaction of olefins with diazo compounds to form
phatic amino acids. In a competition study between phenyl- cyclopropane derivatives (Figure 135)The yields average
acetic acid and cyclohexylacetic acid wity§{pentameth- ~ 73% with the X= (OCH;)> 9-MC-3 performing the best
ylcyclopentadiene)Rh(2'-deoxyadenosing)]the host mol-  with a 86% yield. These reactions proceed with a cis/trans
ecule did not show a preference for either guest molecule.ratio in favor of the more hindered product. The 24-
. MCcu'n@mpzr8, Where dmpz is dimethylpyrazolate (Figure
4.3. Catalysis 86), will stoichiometrically oxidize PRito O=PPh at 60
Several copper-pyrazolate-based metallacrown systems’C under inert atmosphere in pyridine, toluene, or halocar-
show catalytic activity. The azal2-M@p.»-4, where Hpz* bons, but at 60°C and with a dioxygen atmosphere in
is 3,5-dicarbosecbutoxypyrazole, 3,5-diert-butylpyrazole, pyridine, the reaction is catalyt®® The 24-MGy'ndmpzr8
3,5-diphenylpyrazole, catalyzes the conversion of alkenescomplex also catalyzes the conversion of carbon monoxide

Scheme 6. Schematic Representation of the Reactions Catalyzed by Metallacrown Complexes

O
R/ + /_{ [Cu(3,5-R%,pz)]4 or R R//,I'A‘\\\\H . H/,AH
Nz/ OEt Cu3(OH)pz3(CH3CO,),(Hpz) H COOR R COOR
PPh,
> OZPPh?,
CO ~ Co,
Oa/py
[Cu(3,5-Meypz)(OH)]g
ArNHz
> ArN=NAr
(C4HsCH,)NH

C6H5 CH2N:CHC6H5

[Cu(3,5-Phypz)],
2p-RC6H4NH2 + 02 > p-RC6H4N=NC6H4-p-R + 2H2O
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Figure 135. X-ray crystal structure of the inverse azgOH)[9-
MCc-3] complex with the ligand pyrazolate. One pyrazole and
two CH:CO,~ anions bind terminally to the Cuions. The MC

catalyzes the reaction of olefins with diazo compounds to form the
corresponding cyclopropane derivatives. Color scheme: orange

sphere, CYJ blue tube, nitrogen; red tube, oxygen; gray line, carbon.
Hydrogen atoms have been removed for clafify.

to carbon dioxide, of aromatic amines to azobenzenes, and

of dibenzylamine tdN-benzylidenebenzylamine. In addition,
the azal2-Mgy-4 complex with 3,5-diphenylpyrazole cata-
lyzes the conversion of primary aromatic amines to the
corresponding azobenzenes in 100% yield (Figure'2n
contrast to the 24-Mg&/'nw@mpzr8 complex, the activity of the
azal2-MGy-4 complex did not decrease with time.

4.4. Mimics of Surface Science

The 12-MC-3 complexes synthesized with-gPt—P—
C—P]— or —[Pd—P—C—P]— repeat unit (see Figures 25

Mezei et al.

Figure 136. X-ray crystal structure of C{NOs),[12-
MCcy'n(s—p-pheray4], Where SB-pheHa isSB-phenylalanine hy-
droxamic acid, and Cy(O,CCeHs)s, Which form the monomeric
unit of the two-dimensional chiral solid. A carbonyl oxygen of the
MC binds to a Cliion of the paddlewheel dimer (PD) to form a
one-dimensional chain. Color scheme: aqua sphere, central MC
Cu'; orange sphere, ring MC ®ugreen sphere, PD Cublue tube,
nitrogen; red tube, oxygen; gray tube, carbon. Hydrogen atoms,
benzoic acid guest, and lattice solvent have been removed for
clarity 391

30 for representative complexes) are excellent models for
chemical reactions that may happen at metal surfaces.
Extensive reviews have been written on the complete nature

of these surface model syste#§?>8Using primarily*H and
31P NMR, activities at the Ror Pd center may be followed
including mimics of organic transformation chemical
reactions%6&268,279,330ChemisorptiOr@,ﬁl,264,274,278,282,284,285,293
oxidation of heterometallic catalyst¥,2°0-2*%and sulfidation
of heterometallic catalys8!292

4.5, Building Blocks for One-, Two-, and
Three-Dimensional Solids

As noted in the section on 15-MC-5 structural types!'t.n
[15-MCcy'n(s-pheHard] complexes can form one-dimensional
helical chains when crystallized from a mixture of methanol
and water (Figures 60 and 6'§.Within the chain a carbonyl
oxygen of one metallacrown binds axially to a'Gon of

Figure 137. X-ray crystal structure of the @(NO3);[12-
MCcy'n(s—g-pherard]-Cu'(O,CCeHs),4 two-dimensional chiral solid

in CPK display with the view highlighting the channels created in
the solid state. The nitrate anions, which form the second dimension,
are perpendicular to the plane of the paper and are not visible in
this view. The paddlewheel dimers are in scarlet, and the metal-
lacrowns are in gray. Hydrogen atoms, benzoic acid guest, and
lattice solvent have been removed for clafty.

(space groupP4,), whereas the use of thR enantiomer
results in the Minus (M) helix (space grosls).

A homochiral two-dimensional network may be synthe-
sized with Clu(NO3)2[12-MCCU"N(sfﬁfpheHA)-4] and the pad-
dlewheel dimer (PD) CiO,CCsHs), (Figures 136 and

an adjacent metallacrown. The metallacrowns are placed at137)3%1.910911An undulating one-dimensional chain is con-

90° with respect to each other, with the interior of the helix
formed by the MC side without phenyl rings. Due to the
pseudo-fivefold symmetry of the metallacrown, a molecular
square cannot be obtained. Instead, thg,&y—Cu' bond

is perpetuated down & screw axis to give a helical chain.
Viewed down the screw axis, the metallacrowns form the
sides of a “square” with the phenyl rings directed to the
outside. The solid is homochiral with the choice of ligand
determining the pitch of the helix. Using tt&enantiomer

structed of alternating units of 12-MC-4 and PD. A carbonyl
oxygen of the 12-MC-4 binds axial to a Cion of the PD

to generate a connectivity pattern efQc—Cu'rmc—On—
CU"CMC—OH_CUHRMC_OC_CulpD_CU”pD—]n, where Q is

a carbonyl oxygen, @is a hydroxamic oxygen, CHyc is

a Cu' ion of the MC ring, Clcwc is the Cl encapsulated
within the central cavity of the MC, and & is a CU ion

of the PD. In the second dimension, a nitrate anion binds
12-MC-4 faces to each other via a 'Gyc—O—N—O—

of phenylalanine hydroxamic acid results in the Plus (P) helix Cu'ryc linkage. A channel of dimensions 8 9 A runs
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Figure 138. X-ray crystal structure of the vacant aza[18-M@-

6] (gray) with 1,2-bis(4-pyridyl)ethane (scarlet) to create a three-
dimensional solid. The view highlights the channels created along
the c-axis in the three-dimensional framewoi,N-Dimethylfor-
mamide solvent (green) molecules line the inside of the channel.
Hydrogen atoms and lattice solvent have been removed for
clarity 518

Figure 140. Schematic of how the 24-M&-12, exotridentate
isonicotinate, and di(4-pyridyl)ethylene molecules combine to form
a three-dimensional solid. Reprinted with permission from ref 88.
Copyright 2003 Royal Society of Chemistry.

hydroxamic acid is used to construct the solid, the mirror
image homochiral two-dimensional network is produced.
Azal8-MC-6 complexes made wilracylsalicylhydrazide
Figure 139. X-ray crystal structure of the molecular wheel 24-  ligands can be used to generate three-dimensional solids.
MCcq-12 with 4-O bridges from isonicotinate and diphenate Using N-acetylsalicylhydrazidate (dshz) and MH, a
ligands.exo Tridentate isonicotinate ligands create a pillar column hexanuclear metallamacrocycle can be synthe§F2‘e'Eh|s

of molecular wheels, and then the pillars are connected via 1,2- . :
di(4-pyridyl)ethylene ligands, which are seen on the perimeter of azal8-MC-6 complex can then be connected with 1,2-bis-

the above molecule, to form a three-dimensional solid. Color (4-pyridyl)ethane (bpea) to form a three-dimensional network

scheme: orange sphere,Cded tube, oxygen; blue line, nitrogen;  (Figure 138). The bpea binds to four of the ring Mions
gray line, carbon. Hydrogen atoms have been removed for c¥&tity. of one azal8-MC-6 and then bridges to adjacent complexes

to create the three-dimensional network. The azal8-MC-6
perpendicular to the 12-MC-4-PD chain. The faces of the acts as a helical tecton in which the bpea ligand bridges with
12-MC-4 form the ceiling and floor of the channel, whereas 4,/4; screw symmetry. The-16 A channels are filled with
the walls of the cavity are formed by the overlap of the N,N-dimethylformamide (DMF) solvent molecules, and the
phenyl rings of the MC $-pheHA ligand and the PD  DMF molecules may be exchanged with other organic
benzoate ligand. Inside the cavity a guest benzoic acid solvents. WhenN-lauroylsalicylhydrazide is used as the
molecule is bound via hydrogen bonds to an amine nitrogen ligand, a similar aza18-MC-6 is produced, but when the 18-
of the MC ring, to a water molecule, which is bound to a MC-6 complex is combined with bpea, two different three-
ring Cu' ion, and to an oxygen atom of a nitrate anion, which dimensional networks are obtain8One network is exactly
is bound to a ring Cliion (this nitrate is not involved in  the same as with fashz-the metallamacrocycle acts as a
bridging the MC faces to form the second dimension). The helical tecton that is bridged by the bpea ligand witldg
benzoic acid guest is also involved in two quadrupolar screw symmetry. In the second network, the metallamacro-
interactions with phenyl rings of the 12-MC-4 complex. cycle still acts as a helical tecton but the bpea bridges via
Additional solvent molecules are also located within the 3,/3; screw symmetry. This results in solvent-filled channels
cavity. Furthermore, if theR-isomer of f-phenylalanine  with a size of 2.0 nm. Both solids retain their crystallinity
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Table 4. Transition Temperatures ¢C), Enthalpies (kJ-mol~%; in Parentheses), and Lattice Parameters (A) for the Hexagonal Columnar
Mesophase%

compound phase transition behavior X-ray data ref

Au'3[(3,5-bis(3,4'-di-n-decyloxyphenyl)pyrazolg] K59 (112.1), Cal64 (2.8), 32.4 +0.2) 208
Au'3[(3-(3',4',5-tri-n-decyloxyphenyl)-5-(3,4"-di-n-decyloxyphenyl)pyrazole] K 36.5, Coh 59 (5.8),l 31.7 &0.2) 208
AU'3[(3-(2,3,4-tri-n-decyloxyphenyl)-5-(3,4",5"-tri-n-decyloxyphenyl)pyrazole] ~ Col, 22 (5.9),1 31.1 &0.2) 208
Au'3[(3,5-bis(3,4',5-tri-n-decyloxyphenyl)pyrazole] K 35 (6.8), Col 58 (4.9),1 30.8 @&0.2) 208
Au'3[(3,5-bis(methyl)-4-4-heptyl)pyrazole] heating 209
K 71 (5.4),K' 116 (12.1))
cooling
1112 (3.4), Cal99 (8.9),K
AuU'3[(3,5-bis(methyl)-4-4-octyl)pyrazole} heating 209
K 56 (1.8),K’' 112 (31.2)|
cooling
| 85 (3.5), Col61 (26.7) K
Au'3[(3,5-bis(methyl)-4-6-nonanyl)pyrazole] heating 209
K82 (27.1)K" 90 (2.6),I
cooling
139 (22.3)K
Au'3[(3,5-bis(methyl)-4--undecanyl)pyrazole] heating 209
K 87 (7.9),l
cooling
| 14 (23.4)K
Au'3[(3,5-bish-octyl)pyrazole} heating 209
K 58 (9.2),K’ 80 (48.6),l
cooling
I 52 (55.4)K

aK, K', crystalline phase; Cglhexagonal columnar mesophaseisotropic phase.

upon removal of channel solvent; however, when the solvent decyloxyphenyl, 34',5-tri-n-decyloxyphenyl; R = H, n-

is reintroduced, the networks do not retain their crystallinity. heptyl, n-octyl, n-nonanyl, n-undecanyl) form hexagonal
Additional studies of similar solids have shown that these columnar mesophases at room temperaif#?° Although
networks are capable of binding guests with size and podality the parent pyrazole ligands are not mesogenic, coordination

selectivity>?! _ _ to gold results in complexes with liquid crystal behavior.
A three-dimensional solid may also be generated from a 1pq nuclearity of these complexes was confirmed by

g;f&%lsgghes\llﬁ:r'gﬂ%ééiC%mgzgﬁ’ggglég%a)(aé?; is molecular weight and mass spectrometry measurements,

isonicotinic a’cid, and dpe is 1,2—di(4—pyridyl)etﬁylene (Fig- whler_ea_ls the .I'qlu'd . crystalline l?ehhawor W?]S dSt#d'e.d by

ures 139 and 140F8 The 24-MC-12 has a repeat unit of polarizing optical microscopy (with an attached heating

—[Cd'—O]— with the oxygen atoms provided by the dpa cooling stage), differential scanning calorimetry, and X-ray
diffraction.

and pya ligands. The metallamacrocycles are linked together
in one dimension to form a pillared structure. An above MC  Optical microscopy under polarized light reveals that the
is bound to a below MC via sigxotridentate isonicotinate  texture of these compounds is fanlike and pseudo-focal-conic,
ligands, which bridge between two above'Cdns (the  characteristic of hexagonal columnar mesophases. On cool-
carboxylate group bridges two Cdons of the same MC) g these complexes exhibit a hysteresis phenomenon, and
and one below CH(pyridyl nitrogen of the ligand coordi- ¢ |iquid crystal phases remain metastable for long periods
nates). The pillars are tlhen I|nkedh|'nhthej second and tﬁ'rd at room temperature. The hexagonal columnar structures of
géqeigﬁ'%?%xg’lﬁg ﬂﬁe igands, which bind to every other the liquid crystalline phases are clearly demonstrated by
9 X-ray diffraction analysis. Transition temperatures and
- enthalpies, as well as lattice parameters for the discotic
4.6. Liquid Crystals mesogens, are presented in Table 4. These complexes stack
Liquid crystals have formed a very important technological jnto columns not only in the mesophase but also in the
properties of such phases is an area of constant industrialyiffraction measurement of [A(B,5-Me-4-(n-octyl)-pz)k.
and academic research. In particular, the ability to control | his complex, the three Au atoms form an almost perfect
the addressability of such materials using polarization, equilateral triangle with Au-Au separations of 3.335(2)
photochemical, and electrochemical or magnetochemical3 356(1) A, and they lie in a plane with the three.pyrazolate
switching is of particular interest. For this reason, the field ri'ngs AS éxpected the peripheraoctyl groups attached

of metallomesogens (metal-containing liquid crystals) has . 4
developed because metals offer an attractive method for.tO the pyrazolate ligands are severely disordered. Interest-

altering these physical properties. Numerous metal motifs INdly, the complex forms “dimers” through intermolecular
have been attached to mesogen-inducing ligands, notanyAU"_'AU contacts of 3.255(2) A, which are stacked in atll_ted
metalloporphyrins, and recent studies that have developedfashion to form columns in the crystal phase. These tilted

mesogenic metallacrowns have been reported. columnar stacks are converted to flat columnar stacks during
Aza9-MGCyy-3 structures of the formula [A{8,4,5-R,Rx,Rs- the phase change. Thus, AAu interactions seem to play
pz)]s synthesized from 3,4,54fR;,Rs-pyrazole (R, Rs = an important role in forming the hexagonal columnar

methyl, n-octyl, 3,4'-di-n-decyloxyphenyl, 23 ,4'-tri-n- structures of the mesophases.
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47. Single-Molecule Magnets (SMMS) may tunnel though the barrier instead of being thermally
) activated to the other side. This tunneling therefore increases

The first SMM, Mri"'sMn"4015(O.CCH)16(H20)s (Mn1z- the rate of magnetization relaxation and decreases the
acetate), was first synthesized in 1980 by°lisand then  gpservable blocking temperature considerably. The tunneling
recognized as an SMM in 1993 by Christou, Hendrickson, manjfests itself in magnetic hysteresis experiments, where
Gatteschi, and co-worke?s:°!°The field of SMMs has been  gtep-Jike behavior is observed in the coercive sweeps.
intensely studied ever sin&&ngThe term “single-molecule  gecause the tunneling causes the magnetization to drop
magnet” was coined by chemists, but the phenomenon hasapidly, steps are observed in the hysteresis curves instead

been studied for a number of years using nanoparticles undeip smooth lines, which indicate thermal transitions. Due to

the designation superparamagnetism. Superparamagnetisithe tunneling process, the highest observable blocking
is the phenomenon in which a single magnetic domain is emperatures 7 K at 500 Hz for Mi,-acetatél7.918

located within a solid. Transition metal nanoparticles such
as Fé',0; with a diameter of<60 nm contain no magnetic
domain walls; thus, the nanoparticles contain only one
magnetic domain and are known as superparamagfiet¥.

In oscillating magnetic fields, superparamagnets will display
a frequency-dependent magnetic signal as the magnetizatio
of the sample is slow to relax upon switching of the field.

The slow magnetization relaxation is due to ordering of the Jahn-Teller axis. The main area of research has focused
€ slow mag : ; ng ~ upon manganese carboxylate compleX@é recent avenue
spin within the sample. The idea of a single magnetic domain

can be extended to isolated molecules. If a molecule is into the field of SMMs has been the inclusion of lanthanide
be exte ! ; Iecuies. Y€ 1S ions within complexe&#5-%2 Lanthanide ions are highly
sufficiently isolated from its neighbors so as to have

o . I . : attractive because they not only potentially provide a large
negligible intramolecular magnetic interactions and if the number of unpaired electrons but also are highly magne-
molecule is anisotropic with a net magnetic spin, then each

individual molecule may behave as a single magnetic toanisotropic due to spirorbit coupling.

domain—a superparamagnet or a single-molecule magnet. Metall_acrown structures represent a logical extension of
. ; the previous work in the field of single-molecule magnetism.
The properties of SMMs are derived from the slow

. L .~ Metallacrown complexes typically have a large number of
relaxation of magnetization over a thermal energy barrier. P ypicaly J

The energy barrier height is determined from the spin of the metal ions contained within a small volume; thus, the metal

molecule and the amount of molecular magnetoanisotro centers can interact to provide a large spin for the molecule.
. - - 9 PYiin addition, certain metallacrown frameworks have proven
D, with the relationE = $|D|. The moleculaD parameter

arises from summation of the individual anisotropy of each to be generic with the substitution of a variety of metal types

. X . X into a ligand framework being feasible. Furthermore, met-
g&%‘:tf oSer\]/te?rr.ifl_t'A%hn? gllgcmgliicclg?nspltgg I(;/ ilslﬁt?:ggvgés gillacrowns are c_apa_ble of containing both transition metal
is, a sf)herical c<,)mplex, the molecule will not behave as an '°NS and lanthanide ions within a single complex. This area
SMM because the individual anisotropies of each magnetic of SMM rese_arch has just begu_n to be explored. .
center will negate each other. At low enough temperatures, Other reviews have extensively detailed E?e single-
only the ground state of the complex will be occupied and Molecule magnet properties of molecular whé&is> a type
the distribution will be equal between the “up” and “down” ©f metallacrown, so only a general listing will be given

ground spin states. In an applied field, all of the molecules P€low. The focus of this review has been cyclic metal.
will align with the field. As the field is reversed at a certain  COMPIexes with two atom bridges between metal centers;

frequency, the magnetization of the molecule will begin to thus, the single-molecule magnetism portion of this review

realign to the opposite ground state by “climbing” the thermal Will focus on traditional metallacrowns.

energy barrier. However, if the barrier is sufficiently large, =~ Molecular wheels have greatly expanded the field of
then the magnetization will not be able to realign at the same Single-molecule magnetism. The structural basis is very
frequency of the magnetic field. This can be manifested in similar in all of the complexes with one-atom bridges
ac magnetic susceptibility experiments by the observation between metal centers, and the structures have been described
of a frequency-dependent signal. As the frequency is lowered,above. The complexes MsMn",; {Mn"[12-MCun' un" ;-

the temperature at which the magnetization will not able to 6]},"% Mn'"s {Ce&V[16-MCyy"-8]},%2" Mn"gMn'"'g {32-
keep in-phase with the oscillating field will also lower MCwn"-16},526Mn'eMn'' g { 24-MCyn!gun'-12},"7"83%-%%nd
because at high temperatures the magnetization is realigningVin"2Mn"'1gMn" {32-MCy"-16} *°* represent manganese

at a faster rate. Therefore, for Mracetate with ars = 10 molecular wheels that behave as SMMs. In addition, the
ground spin state and a moleculdr of 0.47 cnt?, the  complex Niz {24-MCyi'-12} represents a molecular wheel
theoretical blocking temperature (temperature at which that behaves as a SMM (Figure 128)%7.%'Recently, a
frequency dependency is first observed) would be 47icm Cd'z complex{ Cd'[12- MCcq'-6]} has been identified as a
(~68 K) 917918 The theoretical blocking temperature is also Single-molecule magnét A very interesting fusion between
known as the effective blocking temperature or the effective molecular wheels and metallacrowns has been described by
energy barrier to magnetization relaxatidsy;. However, Saalfrank’695°0ne can see conversion of the ferric corro-
blocking temperatures are never observed at these theoreticafand to ferric wheels. They represent an interesting path to
values due to quantum tunneling of the magnetization. In making heteronuclear assemblies. In addition, the molecular
an applied magnetic field, the energy diagram becomesstars have recently been shown to behave as SKWs.
shifted with the spin states aligned with the magnetic field  Just like the first identified SMM, many years passed
becoming lower in energy and the states aligned against thebetween synthesis and recognition of SMM behavior for the
magnetic field becoming higher in energy. If spin states in first 12-MC-4. The M (O,CCHg);[12-MCun"nshiy4] com-
opposite wells of the spin ladder align, then the magnetization plex possesses a frequency-dependent ac magnetic suscep-

SMMs have been made with a variety of transition
metal ions including mangane%&,iron,%1922cobalt?30-932
nickel 23935 vanadiun®®® and variety of heterometallic
transition metal§3"-°* However, SMMs based on Mnions
have been the most popular becausé''Nas four unpaired
lectrons per ion§ = 2) and large anisotropy due to its
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a)

Figure 141. (a) Schematic of an ideal Mh plane in MA[12-
MCun"nshir4]. The individualD parameters of each Mnion are
directed along the JahiTeller axis of the ion, which is perpen-
dicular to the plane of the four Mhions. The black dot in the

middle of the square represents the center of the plane. (b) Measure

Ojann-Teler—Mn'"' —center angles of M{§12-MCynnshiy-4] in rela-

Mezei et al.

crystallized in two different polymorphs: dimer units and
helical chains. Thus, not only can the effect of the central
Ln" be investigated but also the effect of the metallacrown
solid state arrangement. ML5-MCcy'nes—phenard] and
Dy"[15-MCecy'ns—pheray5] Were investigated for potential
SMM behaviof® because previous MHoand Dy" [15-
MCcu'ngpicHa-5] complexes possessed high magnetic mo-
ments?®? In the solid state, the Hb and Dy" [15-
MCcu'nis-pheriayD] complexes in either polymorph displayed

a frequency-dependent ac magnetic susceptibility signal, a
hallmark of SMMs. However, the solid state behavior could
also be caused by magnetic ordering, glassy behavior, or a
combination of both effects. In addition, the observable
dlocking temperatures (below 4.5 K for hycomplexes and

6 K for HO"' complexes) were independent of polymorph

tion to the center of the plane. Color scheme: red sphere, oxygentype. This indicates that the polymorph type had no effect
atoms; green sphere, estimated center; black, blue, magneta, angn the magnetic properties. To clarify the solid state

brown spheres, ring Mhions.

tibility signal in both the solid state and a frozexiN-

dimethylformamide solutiof8® The energy barrier to
magnetization relaxationUes) is 21.1 K. Moreover, the
complex displays hysteresis beldl K with the width of

the hysteresis loop increasing with increasing magnetic field
sweep rates; the widening of the hysteresis loop indicates

that the slow relaxation of the magnetization is due to SMM
behavior and not magnetic ordering. The 'NID,CCH;),-
[12-MCunnishi-4] complex is a planar square of four MC
ring Mn" ions with a Mr{ ion encapsulated within the central
cavity. The complex provides an opportunity to directly
control the molecular magnetoanisotrofy, of a SMM.
Most SMM complexes approach spherical symmetry; thus,
the individualD components of each ion tend to cancel one
another. However, in the 12-MC-4 topology, the salicylhy-
droxamic acid (Hshi) ligand enforces a planar arrangement
among the MH ions of the metallacrown ring. Therefore,
each individuaD component of each Mhcan be combined

to create a large moleculdd parameter (Figure 141).
Examination of the exchange coupling within the complex
reveals that the four ring Mhions are antiferromagnetically
coupled to each othed (= —6.0 cnt?) and that the MW
ions are antiferromagnetically coupled to the central' Nth

= —4.2 cn1Y). The overall ground spin state of the molecule
is only S = 1/,; however, the large amount of molecular
magnetoanisotropy due to each Mion (D = —3.0 cn?)
allows the MC to behave as a SMM. The central'Ms of
paramount importance to the SMM behavior becausélihe
(CN[12-MCunnshi-4]} T analogue does not behave as an
SMM. The Mr'(O,CCHg),[12-MCuyin'nshiy-4] complex is a
rare example of a method to directly control the molecular
D parameter. Most efforts in the field of SMMs are directed
toward increasing the ground spin state. The'[MB8-
MCun"nshir4] complex instead strives to increase deliberately
the amount of molecular magnetoanisotropy by controlling
the topology of the complex through alignment of single ion
magnetoanisotropy.

Planar 15-MGy'nis—pheHayd complexes are capable of
binding a multitude of LH ions within the central cavity.
This capability now allows for the investigation of lan-
thanide-based SMMs. Although not the first SMMs to
combine lanthanide ions and transition metald, n"'[15-
MCcu'ns—pheHard] complexes create the opportunity to
perturb only one variable with the structure; thus, the SMM
properties can be investigated within a ligand framework.
Furthermore, the LA[15-MCcyn(s-pheHay5] complex can be

observations, the complexes were dissolved in methanol. This
process also eliminates the polymorph differences. Only the
frozen solution of the DY[15-MCcy'n(s—pherayd] complex
retained the frequency-dependent magnetic behavior. There-
fore, only the DY'[15-MCcy'n(s-phenayrD] can be considered

a SMM. In addition, because the polymorph type had little
bearing on the magnetic properties, the one-dimensional
helical chain of MCs can be considered a chain of SMMs.
The Ln"[15-MCcu'nes-pheray5] System provides an excellent
model to study central ion effects and polymorph effects on
magnetic properties. Future work will likely focus on the
effect of other LH' ions within the [15-MGy'n(s-pheHar5]
ligand framework.

The first metallacrown structural type with more than one
atom bridges to behave as a SMM was a set of manganese
metallacryptate structures: [MyMn" x(pdol)(uz-OCHs)1-
(/13-0)6(/,£4-O)10 (N3)5], MnogN3, and [Mr1'4Mn“'22(pdoI)12(,u3-
OCH)12(13-O)6(1t4-O)10(OH)2(H20) (OCHg)3] - ClO4, Mg
ClO,.589%5The overall topologies of both complexes are very
similar. The metallacryptand structure can be considered a
three-dimensional structure consisting of six strands with
repeat units of [@-C—O—Mn""—0—-C—0], which are
connected by four Mh ions. The resulting adamantoid
structure creates a [4]-metallacryptand. The metallacryptand
encapsulates &éMn;5(0?7)12(MeO™)1¢} core. In the solid
state, both structures possess a frequency-dependent ac
magnetic susceptibility signal. In addition, a frozen solution
of the Mn,sClO, complex dissolved in dimethyl sulfoxide
also possesses a frequency-dependent ac magnetic suscep-
tibility signal; thus, the MpsClO4 complex is a SMM% The
MnyeN3 complex is insoluble in most common solvents; thus,
no frozen solution experiments could be conducted. However,
due to the similarity of the two complexes, it can be safely
proposed that the MgN; complex is a SMM. In the solid
state, the MgCIlO, complex has higher energy barrier to
magnetization relaxatior¢) than the MagN3 complex,Ues
= 36.24+ 2.0 K for MnyClO4 andUeg = 16.5+ 0.7 K for
MnyeN3. On the surface these values are intuitive. The
Mn,eN3 molecule hag symmetry due to the peripheral azide
anions. In the MpCIlO, molecule, the azide anions are
replaced with a mixture of hydroxide ions, a water molecule,
and methoxide anions; thus, the symmetry is lower in the
Mn,sClO, molecule. The MgN3s molecule has a greater
degree of symmetry, so it should have a lower amount of
molecular magnetoanisotropy and a smdlgf becauséJqs
= F|D|. The Mn,ClO, should have the highddey value
because the molecule is less symmetrical and possesses a
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Figure 143. 28-MC-10 ring of Li'sMn'"';Mn"V,. Color scheme:
aqua sphere, DY, orange sphere, Mt green sphere, M¥; red
tube, oxygen; blue tube, nitrogéf.

Figure 142. Stereoviews of MpClO, indicating how the periph-
eral anions affect the Mh, core: (a) view down the pseudosC
axis; (b) side-on view. Note that one of the Mions is unique
compared to the other three. One Mion (yellow) is directed
toward the methoxide ligands, whereas the other three are directe
toward the water/hydroxide anions. Color scheme: yellow and blue . .
spheres, MH: gray spheres, carbon; red sphere, oxygen. Hydrogen The three manganese ions of the repeat unit are bound by
atoms, perchlorate anion, and lattice solvent removed for clarity. the ligands in a fashion comparable with, but not identical
Reprinted with permission from ref 905. Copyright 2005 American  to, that of M (O,CCHg),[12-MCun'nshiy-4]. Additionally,
Chemical Society. the metallacrown-type ring captures two'Lions. The Dy

higher molecularD value. The ground spin state was analogue possesses a frequency-dependent ac magnetic
presumed to be the same for both molecules since only thesusceptibility signal in the solid state below 4 K, whereas
peripheral anions have been perturbed. Thus, the change ithe TB" and Gd' do not exhibit a frequency-dependent
Uerr is due to only a change in symmetry. However, analysis behavior above 1.8 K. Furthermore, the 'Dynalogue is

of the in-phase ac magnetic susceptibility data reveals thathighly magnetoanisotropic as evident from nesting behavior
S= 4 or 5 for MngN3 and S = 7 for Mn,ClO,. A closer in isotemperature variable-field magnetization studies. Be-

inspection of the M#, inner core of the metallacryptate cause only one of the three molecules possesses SMM
reveals the discrepancy of the ground spin states. In thebehavior, the manganese ions alone cannot be the source of
MnsN3 complex, the MH 4 core hasTy symmetry. If all of the observed magnetic behavior. The interaction of the
the metal centers are antiferromagnetically coupled, the anisotropic DY' ions with the manganese ions is crucial.
ground spin state of the core = 0. In the MnClO;4 However, the identity of the L ion is vital as not any
molecule, the MH 4 core only has<Cs, symmetry. The change anisotropic LH' will lead to SMM behavior, i.e., Th. The

in the peripheral anions causes a structural change that iPy" analogue is the first SMM to contain both lanthanide
perpetuated to the inner core of the molecule! One of the ions and manganese ions and only the second SMM to
Mn'" jons of the core is unique compared to the other three contain transition metal ions mixed with lanthanide metal
Mn'!" ions, with differing bond distances and bond angles ions®° Thus, the metallacrown analogy provided an op-
(Figure 142). This structural perturbation of the core causes portunity to create large mixed-¢ metal complexes that

a change in the coupling strength between the''Mons. behaved as SMMs.

The result is a core with aB = 2 or S= 3 ground spin The related complexes, 'aMn"¢(H,shi)(shi)(salk(O2-
state. Therefore, the change in the core magnetic couplingCCH)4(OH)(CHsOH)g], where Hsal is salicylic acid, are
accounts for the discrepancy between the ground spin stateslaughter compounds of the 'LsMn"' ;Mn" 5(H,shi)y(Hshi),-

of the two molecules. Consequently, the largkg for the (shi)io(CHzOH);0(H20), complexe$%? Again, these metal-
Mn,sClO4 molecule is due to not only an increase in he  lacrown-like molecules are based on the salicylhydroxamic
parameter but also an increase in 8garameter. These two  acid ligand (some of the 4dhi hydrolyzed to salicylate during
complexes illustrate an excellent example of how simple the synthesis). The molecules do not have the traditional
changes of the peripheral structure of a molecule can causemetallacrown repeat unit, but instead possess a repeat unit

Figure 144. 22-MC-8 ring of Li",Mn"'s. Color scheme: aqua
sphere, HY; orange sphere, Mh red tube, oxygen; blue tube,
J1itrogen?62

gross changes in the magnetic properties. of [Mn"—=N—-O—Ln"-O0—N—-Mn"-0—Mn"—-N—-0Q],, a
Although not traditional metallacrowns, the l'lgMn' ;- 22-MC-8 ring (Figure 144). In addition, the metallacrown
Mn"5(H,shi)(Hshi(shi)io(CHsOH);o(H20), (L' = Th'", ring encapsulates two 'hions. For the DY and Hd'

Dy, and Gd') complexes contain remnants of traditional analogues, both molecules possess a frequency-dependent
metallacrowns. The complexes are made with the familiar ac magnetic susceptibility signal in the solid state. However,
metallacrown ligand salicylhydroxamic acid{fti) and have ~ when frozen N,N-dimethylformamide solutions of both

a repeat unit of [MKY —O—N—Mn"—N—O—Mn""—N—-O— complexes were investigated, only the''Dgnalogue retained
Ln"—O—Ln"—0O—N],, a 28-MC-10 ring (Figure 143f! the frequency-dependent magnetic behavior. Thus, only the
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Dy'"';Mn'"'s analogue can be considered a SMM. Like the

parent complexes, the manganese ions alone are not creating

the SMM behavior; the identity of the anisotropic'Lns
crucial. In addition to confirming the solid state observations,
the frozen solution measurements provided insight into
possible magnetic interactions in the solid state. In thé Ho

analogue, magnetic ordering or glassy behavior may be
causing the frequency-dependent magnetic behavior. The

packing of the molecules is compact within the solid state

as the metal centers on neighboring molecules closely

approach one another. Along theaxis, a Hd' ion of one
molecule is only 5.52 A from a Hb of a neighboring
molecule. Along thea-axis, two Md' ions of different

molecules are separated by 7.83 A. In addition, a water
molecule serves as a hydrogen-bond bridge between metha-

nol molecules that are coordinated to Mions on separate
molecules. When the Hb analogue is placed in frozen

solution, these intramolecular interactions are removed; thus,
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some type of application ranging from MRI contrast agents,
to single molecule magnets, to building blocks of one-, two-,
and three-dimensional solids. Metallacrown chemistry obvi-
ously has much potential for growth, and we look forward
to these new discoveries.
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