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Supramolecular Coordination Chemistry

S upramolecular coordination compounds bear excep-
tional advantages over their organic counterparts. They are
available in one-pot reactions and in high yields and dis-
play physical properties that are generally inaccessible with
organic species. Moreover, their weak, reversible, nonco-
valent bonding interactions facilitate error checking and
self-correction. This Review emphasizes the achievements
in supramolecular coordination chemistry initiated by
serendipity and their materialization based on rational
design. The recognition of similarities in the synthesis of
different supramolecular assemblies allows prediction of
potential results in related cases. Supramolecular synthesis
obeys guidelines comparable to the “lead sheet” used by
small jazz ensembles for improvisation and therefore more
often leads to unpredicted results. The combination of
detailed symmetry considerations with the basic rules of
coordination chemistry has only recently allowed for the
design of rational strategies for the construction of a variety
of nanosized systems with specified size and shape.

(4 »”
Ever present never twice the same

Robert Irwin. Paul Getty Museum, Central Garden, Los Angeles.

1. Introduction

Lehn has described supramolecular chemistry as an
information science in which molecular subunits that contain
the necessary information self-assemble into large specific
structures.! Complementary and explicit interaction of
individual components with the appropriate symmetry and
geometry generates the product assembly. Consequently, self-
assembly has been recognized as a powerful tool for the
construction of supramolecular scaffolds, as demonstrated by
numerous excellent contributions.™

In 1988.”! we demonstrated that the synergistic effects of
serendipity and rational design,! based on the well-known
rules of coordination chemistry, enable assembly of metallo-
topomers of the classical purely organic coronates and of bi-
and tricyclic cryptates. Compared with the conventional
organic-based nitrogen-bridged structures 2 and 3, the new
complexes 5 and 6 feature metal ions that act as bridgeheads
linked by bis(bidentate) chelating ligands. The oxygen donors
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of the ligands are shared between the metal bridgeheads and
the encapsulated cations. The transition-metal complexes 4-6,
essentially analogous to 1-3, are accessible on a gram scale
and in excellent yields by simply mixing the bis(bidentate)
chelating ligands and metal ions in solution (Figure 1). Only
recently has significant progress been made towards the
generation of numerous complexes with predesigned molec-
ular architectures by choosing rigid ligands that have strong
preference for specific coordination modes. For instance,
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Figure 1. The pictograms reveal the close relationship between the
supramolecular structures 1-3 and their corresponding metallotopo-
mers 4-6.

there have been many endeavors to control structure by use
of the symmetry-interaction model or the molecular-library
model.>]

As the systems discussed in this Review gradually become
more and more complex, their presentation became more and
more difficult. Therefore, to enhance understanding without
loss of information, we have put much effort into the design of
self-explanatory cartoons. The importance of abstraction and
minimization for rapid recognition of complex pictures is
impressively exemplified by Pablo Picasso’s series “Le
taureau”.

In Figure 2, a part of this series is contrasted with the
original X-ray structure and the iconified version of cationic
indium complex [CsC{Iny(L),}]* of 57 (Section8.2). All
structural motives presented in this Review are based on
single crystal X-ray structure analyses and displayed as
POVRAY stereoviews (side-by-side). Unless stated other-
wise, protons, disorder, and solvent molecules are omitted for
clarity. We recommend the reader viewing the figures take the
time sometimes necessary for the brain to adapt in order to
experience the 3D world. The additional information the 3D
pictures reveal is well worth this effort.

Rolf W. Saalfrank studied and received his
Ph.D.at the University of Erlangen-Niirn-
berg. After a one-year postdoctoral stay with
Prof. Donald G. Farnum (Michigan State
University, East Lansing, USA), he moved to
the German Cancer Research Center at
Heidelberg. In 1973 he returned to Erlangen
and completed his habilitation in 1976 on
push—pull substituted allenes. In 1980 he
was appointed professor for organic chemis-
try. He is Overseas Visiting Scholar at St.
John'’s College, University of Cambridge, UK.
Since 1987 his research has concentrated on
supramolecular coordination chemistry.
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Figure 2. Comparison of Pablo Picasso’s series “Le taureau” (left) and
the X-ray structure of cation [CsC{Fe'Fe"(L),}]" of 57 (top right;

Cs void, In segment) and its cartoon (bottom right; Cs blue, In yellow,
L black).

The breadth of supramolecular chemistry has become
progressively more apparent. Recent years have seen an
explosive growth, as documented by the increasing number of
laboratories joining the field whose work has been reported in
an immense number of publications. It is therefore impossible
to provide an exhaustive account of this field. We do not claim
to give a comlete overview, and examples are selected and
highlighted according to their originality and are taken mainly
from our own work. This Review provides a personal account
of how new synthetic tools were developed and put to use in
our current work.

2. Cation-Mediated Formation of Metallocoronates

2.1. Coronates, Double-Decker, Triple-Decker, and Sandwich
Complexes

In the Introduction, we pointed out the structural analogy
between coronates and {2}- and {3}-cryptates and their
topologically equivalent metallocoronates and metallocryp-
tates. If the principles of organic crown ether chemistry are

Harald Maid studied chemistry at the Frie-
drich-Alexander-Universitit Erlangen-Niirn-
berg (FAU). He received his Ph.D. in 2000
for research on the synthesis of coordination
polymers under Prof. R. W. Saalfrank. He
stayed in the group of Prof. Saalfrank, where
he investigates polynuclear transition-metal
complexes. He is particularly interested in
the computer-aided visualization of chemis-

try.
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applied to the chemistry of metallocrown ethers (MCs), the
complexation of differently sized cations by MCs should lead
to metallocoronates of varying structures. As the ionic radii of
alkali- and alkaline-earth-metal cations differ significantly,
while the diameter of the metallocrowns does not change
substantially, the inclusion of small cations, such as Na* or
Ca*!, should lead to a complex with a Ca**/MC=1:1
stoichiometry. In contrast, encapsulation of the larger K*
ion should lead to a metallocrown ether sandwich complex
with a K*/MC =1:2 stoichiometry. Consequently, reaction of
ketipinate H,L! with copper(Il) acetate in the presence of
calcium nitrate led to green crystals of the neutral trinuclear
metallocoronate [(Cac{Cu,(L");})(NO;),] (7; Scheme 1, Fig-
ure 3).1! The copper ions are linked along the circumference
of the metallocoronate through bis(bidentate) diethyl ketipi-
nate dianions (L')*", and each copper(II) ion is coordinated in
a square-planar fashion to four oxygen donors. Additional
coordination of water, tetrahydrofuran, and nitrate ions leads
to a square-pyramidal coordination sphere at each copper ion.
The guest Ca®" ion, whose charge is compensated by the two
axially coordinated nitrate ions, is located in the center of the
metallocoronand host.

However, double deprotonation of diethyl ketipinate
H,L' with sodium hydroxide in the presence of sodium
tetrafluoroborate and treatment of the dianion (L')*~ with
copper(I) chloride yielded the metallocoronate dimer
[{(Nac{Cus(L");})BF,},] (8) (Scheme 1, Figure 4).! The
monomer of 8 is composed of a {Cus(L'),} metallocoronand
core with a sodium ion located in the center and a BF,”
counterion. The two monomers are linked through two Na*
ions, which are each bound to one ring oxygen atom of the
neighboring coronate, to give double-decker 8.

In 8, both planes are blocked by solvent molecules and
counterions. However, in the absence of coordinating water,
the most suitable ligation around copper(II) and the sodium
ions is achieved by the formation of the triple-decker
metallocoronate [{(NaC{Cus(L');})BF,};] (9; Scheme 1, Fig-
ure 5).0%

Whereas encapsulation of the small cations Na™ and Ca*"
led to host-guest systems 8 and 9 with a M/MC=1:1
stoichiometry, double deprotonation of di-ters-butyl ketipi-
nate H,L* with 2N potassium hydroxide and reaction of the
dianion (L*)*" with copper(II) chloride in methanol afforded
the metallocrown ether sandwich complex [(KcC-
[Cus(L?),),)OMe] (10) with a K/MC=1:2 stoichiometry

Andreas Scheurer studied chemistry at the
 Friedrich-Alexander-Universitit Erlangen-
Niirnberg (FAU) and at the Université de

| Rennes 1. For his doctoral thesis he devel-
oped novel catalytic systems for asymmetric
synthesis at the Ecole Nationale Supérieure

" de Chimie de Rennes (ENSCR) und FAU.
After a postdoctoral stay at the ENSCR with
Dr. P. Mosset, he returned to Prof. Saal-
frank’s group at the FAU, where he works
on the synthesis and study of polynuclear
transition-metal complexes as model systems
for intramolecular electron transfer and
single-molecule magnetism.
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Scheme 1. Synthesis and schematic presentation of 7-10. Please note:
the ligand numbering applies only the section in which it appears.

Figure 3. Stereo presentation of metallocoronate 7 in the crystal.
Please note: for all figures, the presentation of the atoms is the same
as in the corresponding scheme.

Figure 4. Stereo presentation of double-decker metallocoronate 8 in
the crystal.

(Scheme 1, Figure 6).°*<! It is constructed of two neutral
trimetallocrown building blocks that are rotated relative to
each other by 60° and are connected by a potassium ion. The
coordination spheres of the six copper(Il) centers are
saturated by methanol molecules, and, thus, each copper(II)
ion is surrounded by oxygen donors in a square-pyramidal
fashion. The counterion MeO~ is coordinated to potassium.
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Figure 5. Stereo presentation of the cation of triple-decker metallocor-
onate 9 in the crystal.

Figure 6. Stereo presentation of the cationic sandwich 10". The
disordered counterion MeO™ is omitted for clarity.

The cyclic structures 7-10, analogous to classical organic
crown ethers 1 (Figure 1), are accessible by simply substitut-
ing every-other ethylene bridge with a transition-metal ion.
This metallocrown analogy has proven to be highly successful
for the controlled preparation of homonuclear, heteronu-
clear, and mixed-valent assemblies of moderate nuclearity
with predesigned molecular architectures.”

2.2. Octanuclear [2x 2]C[2x2] Grids of Magnesium, Calcium,
Manganese, and Cadmium

In extension of the aforementioned experiments, Claisen
condensation of alkyl acetates or methyl ketones with dialkyl
oxalates yielded the ketipinates and tetraketones H,L!™ [®®]
which reacted with cadmium, manganese, or calcium dichlor-
ide in the presence of aqueous ammonia to afford the
octanuclear [2 x 2]C[2x2] grids [Cdg(L'™)g] (11), [Mng(L'™)g]
(12), or [Cag(L")s] (13; Scheme 2).*#91 The 'H and *C NMR
spectra of the diamagnetic cadmium grids 11 indicate two sets
of identical ligands and that two halves of each ligand are in
different magnetic environments. In 12 a, eight manganese(II)
ions form the corners of one of two squares of different sizes
but with the same center (Figure 7). The smaller square is

1. MCl
HoL -5 2. NH,4OH

OEM2+

11-13| aL' biL? cdIL? e/’

11: [Cdg(L"5)g]
12: [Mng(L'-5)g]
13: [Cag(LNs]

R |OEt OfBu Me Ph CsHy

Scheme 2. Synthesis and schematic presentation of the grids 11-13.
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Figure 7. Stereo presentation of the structure of 12a in the crystal.

rotated by 45° relative to the larger one. All eight Mn" ions
are coordinated sevenfold. The calcium grid [Cag(L")g] (13) is
isostructural with [Mng(L')s] (12a).

2.3. From Metallocoronates to One-Dimensional Coordination
Polymers: Threading Cesium lons

Further studies on the supramolecular coordination
chemistry of copper(I) focused on the synthesis of oligonu-
clear complexes by self-assembly with the pentadentate
ligand (L)*~ with 2,6-pyridinyl-spacers.’”! To this end, H,L
was treated with calcium hydride and copper(IT) acetate to
give the metallocoronate [(CaC{Cu,(L),})(OAc),] (14;
Scheme 3). In the crystal, 14 is present as a dinuclear
copper(II) coronate in which a calcium ion is encapsulated
in the center; two acetates act as counterions.

1. CaHz Bu ¥ Bu
2. Cu(OAc), 9
AN
14: [(Cac{Cua(L)2})(0AC);]

A ‘

1.C8,C0;

2. Cu(OAc) o‘ D T

\r (OAc),
(15)n: [({Cs2=({Cua(L)2}2{OAC))}Cs)a(QAC):],
O=cr @z=cs' @=ca )\ = 0Ac”

Scheme 3. Synthesis and schematic presentation of 14 and (15),,.

In contrast, treatment of a solution of H,L with copper(1I)
acetate and cesium carbonate does not yield a metallocoro-
nate similar to 14. Instead, the larger cesium ion, which
prefers a higher coordination number, functions as a template
for the formation of the one-dimensional coordination
polymer  [{({Cs,C({Cuy(L)o}o{OACh)}Cs),(OAC),,] - (15),
(Scheme 3). The individual modules of (15), are composed
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of two concave {Cu,(L),} metallocoronands linked by two
bidentate acetate ions. Endohedral encapsulation of two
cesium ions and two molecules of ethanol in the container
({Cuy(L),},{OAc},) gives the cryptate {(Cs-EtOH),C-
({Cuy(L),},{OAc}),)}. Exohedral coordination of a further
cesium ion to the cryptate generates the self-complementary
unit  ({(Cs'EtOH),C({Cu,(L),},{OAc},)}Cs)*. Linkage of
these building blocks, alternately rotated by 90°, finally
affords the dicationic monomer [({(Cs-EtOH),C({Cuy(L),},-
{OACc},))Cs),]*" of the one-dimensional coordination polymer
(15),. Charge compensation is achieved by acetate ions. The
interatomic distances of the threaded cesium cations in (15),
are the shortest measured to date (Figure 8).

Figure 8. Stereo presentation of the of the dicationic repeating unit of
one-dimensional coordination polymer (15), in the crystal, indicating
the close contact of the cesium ions. tBu groups are replaced by Me.

3. Ligand- and Metal-Directed Syntheses of
{2}-Metallocryptands, {2}-Metallocryptates, One-
Dimensional Coordination Polymers, and
Octanuclear Bis(Triple Helicates)

3.1. {2}-Metallocryptands and {2}-Metallocryptates of Iron

A number of review articles have described the syntheses
and properties of {2}-metallocryptands and {2}-metallo-
cryptates together with structures of variable nuclearity.”*""!
The use of suitable tailored ligands made further {2}-metal-
locryptands and {2}-metallocryptates available, which we
designed as metallotopomers of the corresponding organic
{2}-cryptands and {2}-cryptates (Figure 1). To this purpose,
H,L' was treated with triethylamine and iron(III) chloride to
yield dark red microcrystals. Spectroscopic data indicated that
the isolated product is the {2}-ironcryptand [Fe,(L');] (16;
SCheme 4).[]1d4’e,j,12,13]

In 16, each of the two iron centers is octahedrally
surrounded by six oxygen donors. In the racemic mixture of
the triple helicate 16, the two iron centers have either a (A,A)-
fac or a (A,A)-fac configuration. The donating power in the
interior of the metallocryptand is insufficient for the com-
plexation of alkali metal cations, and, above all, three
hydrogen atoms of the phenylene spacers of 16 are directed
towards the empty interior cavity.
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1. NEt3
2. FeCl
H,L' =
1. KH, SrHy
or LaCl3
2. FeClz [X]n
H,L?
| 17 18 19
X | PFs FeCli FeCly 17: [Ke{Fea(L?)3)IPFe
M K+ Sr2+ Lay 18 [SFC{Fez(L2)3}][FeC|4]2
nl| 1 2 3 19: [Lac{Fes(L*)3}l[FeClyls

o = Fe3+ O =M

Scheme 4. Synthesis and schematic presentation of iron cryptand 16
and iron cryptates 17-19.

To synthesize the {2}-ironcryptates [MC{Fe,(L*);}][X],
(17-19, n=1-3), the m-phenylene spacer of H,L' was
substituted for an m-pyridylene spacer to give H,L%, which
then was treated with potassium hydride, strontium hydride,
or lanthanum(III) chloride and subsequently with iron(III)
chloride (Scheme 4).*1 The cavity of {2}-metallocryptate
[KC{Fe,(L*);}]PF, (17) is occupied by a potassium ion, with
ninefold coordination to six ligand oxygen atoms and to three
pyridine nitrogen donors (Figure 9). There is a hexafluoro-

Figure 9. Stereo presentation of the structure of the cation of meso-17
in the crystal.

phosphate counterion, and the two iron bridgeheads are
octahedrally surrounded by six oxygen donors. However, in
contrast to rac-(A,A)/(A,A)-fac-16, the two iron centers in
meso-(A/A)-fac-17 have opposite configurations.

The cyclic voltammogram (CV) of the {2}-metallo-
cryptand [Fe,(L');] (16) displays a single quasi-reversible,
one-potential, two-electron transfer process. However,
{2}-metallocryptate [KC{Fe,(L?);}]PFs (17) undergoes two
well-separated, quasi-reversible one-electron transfer pro-
cesses. This behavior clearly demonstrates a sensitive depend-
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ence of the electrochemical properties on electrostatic
interactions, which are enhanced by the inclusion of the
potassium ion in 17.

3.2. Octanuclear Bis(Triple-Helical) Complexes of Manganese,
Zinc, and Cadmium

Furthermore, the formation of metallosupramolecular
structures is highly sensitive to the oxidation state of the metal
ions involved, as demonstrated for the reaction of the
topologically equivalent ligands (L')*~ and (L*)*~ with man-
ganese, zinc, and cadmium salts!! instead of iron(III)
chloride. While the iron(III) salt gives rise to [KC-
{Fe,(L?),}]PF, (17) (Section 3.1), when H,L' or H,L? were
treated with cadmium or manganese dichloride with aqueous
ammonia or with zinc(IT) acetate, the coordination complexes
20-22 were isolated (Scheme 5). 'H and *C NMR spectros-

oL 12 Zn(OAc), or
LT

cdcl,

MnCly / NH,OH

(O =ce Mn?*, zn?*  ez0%

20: [CdgOa(L")e]
21: [MngOy(L")g]
22: [Znz04(L%)s]

L'| a b c

R | Me iPr fBu

> g Y@\r 3
R Z R N N
N N YR NS 2 Y
0 0 0 0 NN O
L ¢ # (L2

/\

Scheme 5. Synthesis and schematic presentation of the octanuclear
bis (triple-helical) complexes 20-22.

copy studies of the diamagnetic cadmium complex [CdgO,-
(L')6] (20¢), for instance, revealed that all six ligands are
identical but that the two halves of each ligand are in different
magnetic environments.

To establish the structure of the octanuclear systems 20—
22, the manganese complex [MngO,(L')¢] (21b) was selected
as a representative example for X-ray -crystallographic
analysis (Figure 10). The core of 21b consists of eight
manganese(II) ions forming a twofold capped, slightly twisted
trigonal prism with a p;-O?” ion centered in each of the two
inner triangular faces. Each of the six doubly negatively
charged pentadentate ligands (L')*" is linked to three
manganese(II) ions. In the neutral, octanuclear, bis(triple-
helical) complex 21b, all manganese(II) ions are octahedrally
coordinated. The zinc(II) complex [ZngO,(L?)s] (22) is
isostructural with 21b. The similarity between the core of
the octanuclear complex 22 and the metal framework of the
iron-molybdenum cofactor of the nitrogenase MoFe protein
is noteworthy. 1%
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Figure 10. Stereo presentation of the structure of the octanuclear
complex 21b in the crystal.

3.3. A Bis(Double Helicate) and its Cryptatoclathrate

On the other hand, racemic, homochiral complex
[{Zn,(L),},] (23) was generated in a self-assembly process
starting from achiral CH-acidic bis(tetrazolylmethylketone)
H,L and zinc(IT) acetate. The formation of the chiral building
blocks (A,A)/(A,A)-{Zn,(L),} and their linkage is governed by
chiral self-recognition (Scheme 6).1"°l

\

Zn(OAc)z
- vf
ph‘ ?h \
N N 23: [{Zny(L),
P = N el
NN O 0 Ny B
ditopic monotopic O =Zn ©® =u,-0

Scheme 6. Synthesis and schematic presentation of bis(double heli-
cate) 23.

According to NMR spectroscopy studies, intact tetranu-
clear 23 is present in solution, and an X-ray diffraction
analysis reveals that [{Zn,(L),},] (23) exists in the crystal as a
neutral tetranuclear bis(double helicate). The core of 23 is
formed by the overall tritopic tetradentate ligands (L)*,
leading to a distorted cuboid whose eight corners are
occupied by alternating zinc ions and p,-keto oxygen
donors. The enantiomeric, tetranuclear (P)- and (M)-bis(dou-
ble helicates) 23 are composed of two self-complementary,
homochiral, double-helical substructures {Zn,(L),}. Pairwise
aggregation of the bis(double helicates) 23 in the crystal leads
to the inclusion of two molecules of tetrahydrofuran, resulting
in the homochiral cryptatoclathrate [(thf),C({Zn,(L),},),]=
[(thf),C(23),] (Figure 11).
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Figure 11. Stereo presentation of the structure of cryptatoclathrate
[(thf),C(23),] in the crystal.

3.4. One-Dimensional Coordination Polymers via Self-
Complementary {2}-Metallocryptates
3.4.1. Meso and Racemic Polymer Strings

As noted in Section 2, the template-mediated self-assem-
bly of tetradentate ketipinate dianions and copper(II) ions
yielded trinuclear copper coronates or copper crown ether
sandwich complexes. On the other hand, reaction of tetra-
dentate 1,3-diketo dianions with m-phenylene spacers or
pentadentate 1,3-diketo dianions with m-pyridylene spacers
with iron(IIT) gave rise to {2}-metallocryptands or {2}-metal-
locryptates (Section 3). The prediction of these structures is
based on the careful selection of matching metal/ligand
combinations. However, for further developments in the field
of supramolecular coordination chemistry, it is of great
interest to investigate how nature copes with electronically
mismatched metal/ligand combinations. In other words, this
type of approach transfers the intellectual responsibility for
design to the molecules themselves."”! To expand the void in
complexes derived from ligands mentioned so far, a catecho-
late spacer was adapted to the bis-1,3-diketo ligand system.
For instance, reaction of six-coordinate nickel(II) in the
presence of cesium ions with hexadentate bis-1,3-diketo
dianion (L)*" yielded the neutral {2}-metallocryptate meso-
(24), (Scheme 7).

This {2}-metallocryptand {Niy(L);}*" core is composed of
two nickel centers linked through three bis-1,3-diketo di-
anions (L)*~ with catecholate spacers (Figure 12). The result-
ing {2}-metallocryptands are homochiral with either (A,A)-fac
or (A,A)-fac stereochemistry at the nickel centers and can
host a cesium ion in the cavity, which is coordinated by six
carbonyl and six catecholate oxygen donors. Charge compen-
sation of the thus formed enantiomers (CsC{(AA)/(A,A)-
Ni,(L);})~ is achieved through extra external cesium ions to
give the neutral self-complementary building blocks {(CsC-
{(A,A)/(A,AN)-Niy(L)3})Cs}. These self-complementary build-
ing blocks aggregate alternately end-on through the external
cesium ions to yield the one-dimensional coordination
polymer meso-(24),.

When H,L was treated with magnesium(II) acetate in the
presence of cesium acetate, the cesium ions again function as
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CsOAc, Ni(OAc),

Hal

meso-(24),

© =Nz O =Cs*

Scheme 7. Synthesis and schematic presentation of one-dimensional
polymer meso-(24),,.

Figure 12. Stereo presentation of the repeating unit of the structure of
meso-(24), in the crystal.

templates. However, in contrast to the nickel case, which
afforded meso-(24),, with magnesium(II) ions rac-(25), was
formed. Homochiral building blocks {(CsC{(AA)/(A,A)-
Mg,(L);})Cs} aggregate end-on across the external cesium
ions to give the one-dimensional homochiral strings [{(CsC-
(AA)-MgLNCsh]  (A-(25))  and  [{(CSCI(AA)-
Mg,(L)3})Cs},] (A-(25),), which are packed in the crystal in
alternating homochiral layers (Scheme 8, Figure 13).['")

CsOAc, Mg(OAc)
HoL —zb

n n

A~(28): [{(Cs={(A.A)Mga(L)s})Cs}a]  A-(25)n: [{(Cs={(A,A)-Mga(L)a})Cs}nl

© =mg* O =Cs*

Scheme 8. Synthesis and schematic presentation of the homochiral
linear one-dimensional polymers A-(25), and A-(25),,.

www.angewandte.org

Chemie

8801


http://www.angewandte.org

Reviews

8802

i i
| SO | SegQ
I S ‘\{}Q;:L
SO 3D Sy O 3O ]
& b S
=4 SegQ = C\-“fg;ro
[ }w@gﬂ. )J— — { Yé‘%’k
Cl"“‘gro- 3\ - i Sy O 30 /
~i X T« - & W e
[ / 48 [ & / s 8
o L0 (= _O->_
g - g OFS
EUaS T

Figure 13. Stereo presentation of a layer of A-(25), in the crystal.

3.4.2. Meandering meso-Polymer Strings

To suppress the formation of self-complementary mono-
mers and their polymerization by making the external pockets
of the cryptates too small to host the external cesium ions,
H,L with bulkier phenyl groups was used. To that end,
stoichiometric amounts of H,L, alkali acetates, and divalent
hexacoordinate metal acetates were reacted (Scheme 9).
Since the polymers meso-(26), are isostructural, only the
structure of meso-(26e), is discussed in detail. In meso-(26e),,
two enantiomers are linked end-on by only one cesium ion to
give a meso fragment, and a second fragment is coordinated
side-on to these units, giving meandering polymer meso-
(26e),. Therefore, Cs,y links the enantiomers (CsC-
{(AA)(AA)-Coy(L)3})~  to  give  meso-{(CsC{(AA)-
C0y(L)3})Csna(CsC{(A,A)-Co,(L);})}~, while Csggy, links the
meso fragments across their homochiral {2}-metallocryptate

m'0Ac, M3(OAC),
HaL

meso-(26),

R. W. Saalfrank et al.

halves. The meandering strands of the isostructural meso-
(26e), polymers are packed in parallel in the crystal
(Figure 14).1""

3.5. Diastereoselective Self-Assembly: Enantiomerically Pure
Coppetr(ll) Cubanes from Chiral Bis(1,3-Diketones)

Whereas bis(1,3-diketones) with catecholate spacers and
hexacoordinate metal(II) ions yielded polymers (Section 3.4),
reaction of bis(1,3-diketone) H,L with a glycolate spacer, an
excess of alkali metal acetates (M=K*, Rb*, Cs"), and
pentacoordinate copper(II) ion yielded the racemic double-
stranded metallocoronates (P/M)-[(MC{Cu,(L),})OAc] ((P/
M)-(M-27), Scheme 10, Figure 15).081

In the course of these studies on supramolecular coordi-
nation chemistry, the development of stereoselective synthe-
ses attracted our attention. For that purpose, H,L®Y and
H,L*R were generated starting from L- or D-tartaric acid.
Reaction of two equivalents of copper(Il) acetate, one
equivalent of H,L®, and one equivalent of cesium acetate
yielded not the expected chiral metallocoronate but the
copper(Il) cubane (C,C,C,C)-[Cu,(L5),(OMe),] (28) as a
single enantiomer (Scheme 11).

Cubane 28 possesses a [Cu,(p;-O),] core consisting of two
interpenetrating tetrahedra, one made up of four copper(Il)
ions and one of four p;-OMe co-ligands (Figure 16).2
Similarly, (A4,4,A4,A4)-[Cu,(L%#®),(OMe),] (ent-28) was pre-
pared from H,L?®),

Circular dichroism (CD) measurements of the copper(II)
cubanes 28 and ent-28 confirm the enantiomeric nature of

cs*/ Mg®*  Rb*/ Mg?*

Q =) [ @ = (MH

cs*/ zn®*  Rb*[/zZn?* Cs*/ Co*

Scheme 9. Synthesis and schematic presentation of one-dimensional meso-(26),.
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Figure 16. Stereo presentation of the structure of 28 in the crystal.

Figure 14. Stereo presentation of the repeating unit of meso-(26e), in

the crystal.
0,4
1. MOAc P T 02
2. Cu(OAC), 15
Hal —_— T 0,0
=
g -02
= i
© =cu®
e 27: (M){(Mc{Cu,(L),})OAc] 041— 28
O:M =K*, Rb*,Cs — ent-28
Scheme 10. Synthesis and schematic presentation of 27. 400 500 600 700 800

Alnm

Figure 17. CD spectra of 28 and ent-28.

these complexes. The CD spectrum of 28 exhibits two
negative and one positive Cotton effect, while ent-28 shows
Cotton effects of the opposite sign at the same wavelengths
(Figure 17).2!

3.6. Threading of Coppetr(ll) and Palladium(ll) lons

In Section 3.5 we demonstrated the enormous sensitivity
of supramolecular coordination compounds to the stoichiom-
etry of the starting materials. Consequently, when the
Figure 15. Stereo presentation of the double-stranded metallocoronate stoichiometry of the alkali-metal ions to ligand was changed
(P)-(Cs-27) in the crystal. again and H,L®Y was treated with five equivalents of
potassium acetate and one equivalent copper(Il) acetate,
neither a coronate nor a cubane was formed. Instead the
homochiral helical complex (P)-[Cuy(L¥9),] (29) with a
square-planar coordination environment at the copper(1I)
centers was isolated. Analogously, (P)-[Pd,(L*¥),] (30) could
be obtained from palladium(IT) acetate in the presence of one
equivalent of pyridine (Scheme 12).”"! Interestingly, the
molecules 29 and 30 are packed in the crystal in parallel,
leading to copper and palladium metal strings with short
intra- and intermolecular metal-metal separations
(Figure 18).1”1

1. CsOAc
LSS 2. Cu(OAc);, A
LL(S:

© =cu” =0 =MeO"

28: [Cuy(L'59),(OMe),]

Scheme 11. Synthesis and schematic presentation of 28.
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Cu(OAc)
2 0 .
HZL(S‘S) pyridine
Pd(OAC);
0 R
@)
Os==
Ph

29| Ph
30| cH,OMe

= Cu?, Pd?  29: (P)-[Cuy(LSSN,]

30: (P)[Pdz(L)e]

Scheme 12. Synthesis and schematic presentation of 29 and 30.

Figure 18. Stereo presentation of the packing of homochiral, helical
complex (P)-30 in the crystal, highlighting the short metal-metal
distances by dotted (light gray) van der Waals radii of palladium(ll).

4. The Synthetic Potential of Ligand Rotamers and
Ligand Tailoring

4.1. A Neutral, Triple-Helical, Mixed-Valent, Oxo-Centered Triiron
Complex

As noted in Section 3.2, octanuclear bis(triple-helical)
complexes [ZngO,(L?)4] (22) are accessible with linear H,L2.
In linear (L?)*" the coordinating atoms are two oxygen and
three nitrogen donors. However, in solution pentadentate
(L»* is in equilibrium with its angular rotamer (L')*".
Interestingly, when H,L!? was deprotonated with triethyl-
amine and treated with iron(IIl) chloride, racemic ps-oxo-
centered mixed-valent complex [Fe'Fe™,O(L');] (31) was
formed (Scheme 13).%!

In triangular 31 all iron ions are coordinated in a distorted
octahedral fasion to five nitrogen donors and a common ;-
O* ion (Figure 19). The tetrazolyl nitrogen donors of the
pentadentate, tritopic ligands (L')*~ attack neighboring iron
centers at opposite sides of the (Fe,FeFe) triangular plain,
resulting in a triple-helical, D;-symmetric arrangement of 31.
In principle, oxo-centered complexes related to [Fe;™O-
(O,CR)4(H,0)5]* are interesting as model compounds for
ironoxo proteins, oxidation catalysts, and corrosion inhib-
itors.*”
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NN N = Fa2+ =Fe® © = 0%
H,L2 o =Fe o =Fe”" @ =0

Scheme 13. Synthesis and schematic presentation of 31.

Figure 19. Stereo presentation of the structure of y;-oxo-centered
mixed-valent 31 in the crystal. Fe light gray (large), p;-O>" dark gray.

4.2. Rectangular [2 x 2] Grids of Nickel and Zinc

B-Alaninehydroxamic acid and salicylhydroxamic acid
react with appropriate metal ions to give tetranuclear met-
allocoronates.” A common feature of the cyclic linkage of
the four metal ions in these complexes is the fact that in 32
and 33 the ligands may generate five- or six-membered
chelates. Likewise, oligodentate N-(2-alkyl-2H-tetrazol-5-
yl)picolinamide of type 34 proved to be suitable for the
formation of metallocycles, as 34 matches the geometric
conditions of the structurally analogous modules 32 and 33
(Figure 20).

Moreover, fragment 34 is simply derived from N,N'-
bis(tetrazolyl)pyridyldicarboxamide (Section 4.1, H,L?) by
removing the substituent at one side of the central pyridine
ring. Reaction of HL' with nickel(II) acetate readily yielded
[Niy(L)g] (35; Scheme 14). The zinc complex [Zn,(L%)g] (36)
was obtained in a similar manner from HL? and is isostruc-
tural with 35.1%

s
fN‘Hz Q | PN 0O
o’ N---O o N--© BN
) . by
&° ¢° T
32 33 "

Figure 20. Geometric relationship between the fragments 32-34. Gray
balls: metal ions.
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|
N? (—O N O? N 35: [Nig(L")e]
NN = 36: [Zn4(L?
ware LN [Zng(L2)g]
N-R O =Ni#*, zn?*

Scheme 14. Synthesis and schematic presentation of 35 and 36.

[Niy(L")g] (35) is present in the crystal as a square [2 x 2]
grid. One of the main structural characteristics of 35 is the
presence of two different sets of bonding modes (bidentate
and tetradentate) observed for potentially tetradentate (L")~
(Figure 21). The temperature dependence of the magnetic
susceptibility indicates intramolecular ferromagnetic cou-
pling of the nickel(II) ions in 35.2%%¢

Figure 21. Stereo presentation of the structure of 35 in the crystal.

4.3. Oxo-Centered Tetranuclear Heteroleptic Zinc Complexes

Pentadentate N-(2-methyl-2H-tetrazol-5-yl)picolinamide
fragment 37 forms five- and six-membered chelates suitable
for the linkage of metal ions to give oligonuclear complexes
(Section 4.2). Even though tetradentate N-(5-methylthiazol-
2-yl)thiazole-2-carboxamide fragment 38 matches the geo-
metric conditions of 37, it does not react as a tetradentate
ligand but rather as its tridentate rotamer, with only the three
nitrogen donors coordinating (Figure 22).?° Reaction of HL
with zinc(I) acetate produced [Zn,O(L),(OAc),] (39;
Scheme 15). NMR spectroscopy studies of diamagnetic 39
revealed that all four ligands are chemically identical. An X-
ray crystallographic structure analysis revealed the tetranu-
clear structure of 39. In 39, the module [Zn,(L),]*" is
generated from two ditopic tridentate ligands (L)~ and two
zinc(IT) ions (Figure 23). Two of these building blocks are
arranged such that the four Zn" ions form the vertices of a

Angewandte

Chemie
i P T3 e O3
(b:l‘j\h’o ,'O I\I!,k“/c) P N,\Yo

s NN L -N__N NS
Oy O oo,
N=N S 4 ',N
CH3 y

tetradentate °'3 C tridentate
37 38

Figure 22. Comparison of the fragments 37 and 38. Gray balls: metal
ions.

o™\ o

ki Zn(0Ac), L / N
AN/

CSK( OLNC

Yy

39: [Zn,0(L)4(0AC),)

N S
= 72+
\I\WJ—CHs =z *E OAc™

© =0

Scheme 15. Synthesis and schematic presentation of 39.

Figure 23. Stereo presentation of the structure of p,-oxo-centered 39 in
the crystal.

tetrahedron in which two edges are bridged by two acetate
clamps. Charge compensation is provided by a p,-O* ion in
the center of the tetrahedron.

4.4. Homovalency and Mixed Valency: Tri- and Hexanuclear Oxo-
Centered Iron and Nickel/Iron Complexes

In extension of the studies in Section 4.3, HL from
Scheme 15 was treated with iron(II) acetate in fluorobenzene
under aerobic conditions to give the racemic p,-O* -centered
mixed-valent complex [Fe"Fe",O(L);(OAc);] (40),!
whereas iron(IT) acetate in chloroform under aerobic con-
ditions led to the racemic homovalent oxo-bridged dimer
[{Fe",O(L),(OAc),},0] (41; Scheme 16).%°**! Notably, the
metal/ligand/co-ligand ratio (Fe/(L)/(OAc)”) in mixed-
valent 40 is 1:1:1, whereas the ratio in homovalent 41 is 3:2:4.

As there were no single crystals of 40 suitable for an X-ray
structure analysis, 40 was transformed by exchange of the
(OAc)™ co-ligands with (OBz)~ ions into [Fe"Fe™,O(L);-
(OBz);] (42). According to its crystal structure, benzoate 42 is
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CgHsF, air
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HL Fe(OAc),
Q
CHC13 air /i o >__.
§=ri "\< / g wa
@:=re> )\ = OAC \-/ /
©:=0" 41: [{Fe'"';0(L)5(0AC)4}20]

Scheme 16. Synthesis and schematic presentation of 40 and 41.

made up of three ditopic, tridentate ligands (L)~ and three
bridging benzoate co-ligands, which fix the three ions
(Fe"Fe™,) in the corners of a triangle with a p;-O® ion in
the center. All three iron ions in mixed-valent complex
[Fe'Fe,O(L);(OBz),] are differently octahedrally coordi-
nated and statistically distributed over the different sites, as
demonstrated by Mossbauer spectroscopy (Figure 24).

Dimer [{Fe™;O(L),(OAc),},0O] (41) is composed of two
{Fe™,O(L),(OAc),}" fragments linked by a ,-O*~ oxo bridge.
Each of these two building blocks represents an isosceles
triangle with three Fe™ ions located in the corners and a ps-
O ion in the center. All iron(III) ions are octahedrally
coordinated (Figure 25).12%%

-4 -2 0 2 4

vimms™! —

Figure 24. Top: Stereo presentation of the structure of p,-oxo-centered
42 in the crystal. Bottom: M&ssbauer spectrum of 42 (experiment
black dots; simulation black line; Fe" magenta, blue, green; Fe'"

orange); inset: enlargement of the band near 2.4 mms™".
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Figure 25. Stereo presentation of the structure of oxo-bridged dimer 41
in the crystal.

To generate heteronuclear species, mixed-valent iron
complex [Fe"Fe™,O(L);(OAc);] (40) was reacted with
nickel(IT) acetate in chloroform to give the mixed-valent,
heterotrinuclear complex [Ni"Fe™,O(L);(OAc);] (43;
Scheme 17).2*¢1 Complex 43 was further subjected to co-
ligand exchange with sodium benzoate and transformed into

™S >
=<<O\;® _NiOA) =/.<®>0’:®
O

40: [Fe'Fe!,O(L)5(0AC)s) 43: [Ni'Fe',0(L)3(0AC),]

@=rFe* @:=N* @=Fe* @=0% )\ = 0AC

Scheme 17. Synthesis and schematic presentation of 43.

[Ni"Fe™,O(L);(OBz);] (44), which is isostructural with
[Fe"Fe™,0(L);(OBz);] (42). The reversible CV of redox-
active [Fe"Fe™,O(L);(OAc);] 40 displayed two processes
attributed to the reduction of 40 from Fe"Fe, to Fe',Fe™
and oxidation to the all-Fe™™ species. Consequently, the CVs
of redox-active 43 and 44 represent the reduction of Ni"Fe'™,
to Ni''Fe"Fe™ and reoxidation to Ni''Fe'",. The mixed-valent
character of the asymmetrically substituted complexes 40, 42—
44 was further established by Mossbauer spectroscopy. The
Mossbauer spectra of 40 and 42 at room temperature are
almost identical, and both exhibit two quadrupole doublets
with an area ratio of 1:2 for the high-spin Fe™ and two Fe™
ions. On the other hand, for 42 at 4.2 K slow electron
exchange leads to almost equal population within the three
differently substituted iron sites in 42, resulting in three
separated quadrupole doublets for the Fe™ species
(Figure 24). The heteronuclear complexes 43 and 44 displayed
only one quadrupole doublet with a quadrupole splitting and

isomeric shift corresponding to high-spin Fe'! ions,®!
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5. Tetrahemispheraplexes of Octahedrally Coordi-
nating Metal(ll) lons with Exohedral Guests

With completely different goals in mind, we tried to
doubly deprotonate dialkyl malonates with methyl Grignard
or methyllithium. After addition of magnesium chloride and
oxalyl chloride and subsequent workup with aqueous ammo-
nium chloride or alkylammonium chloride solutions, tetraam-
monium tetramagnesium chelate complexes [(R*NH;),N-
Mg, (L'?)¢}] (45) were isolated.®?”! The ditopic, bis(biden-
tate) ligands (L'?)*~ are obtained by C—C coupling of two
dialkyl malonate monoanions with oxalyl chloride and
spontaneous deprotonation of the bis(enol) intermediates
(Scheme 18). Simple replacement of magnesium chloride by
the chlorides of divalent transition metals allows the synthe-
ses of the corresponding tetranuclear complexes
[(NH4)4Q{M4(L1‘2)6}] (M — Mn2+, C02+, Ni2+’ Zn2+).[9’27a’c]

1. MeLi
2. MgCl,
0] (o]
3. (COCl),
RbMOR‘ 4. (R*NH3)CI
© =mg* L

- =R:NH;* R'| Me

. 2 1.2
45| a b c d 45: [(RPNH3)N{Mga(L')g)]

R!
R2

Me Et Me  Et Me
H H Me Me Et

Scheme 18. Synthesis (direct method) and schematic presentation of
45.

To tune the physical and chemical properties of [(NH,),N-
{Mg,(L'?)¢}] (45a), the direct method described in the
preceding paragraph was extended by the exchange method
(Scheme 19).2! Addition of an excess of n-alkylamines leads

MeQ
O
MeOZC‘e(‘
MeO,C
3 M 0-3‘ \
45a: [(NHg)N(Mga(L1gy) 20z, MO (] |

46| a b ¢

R3

46: [(R®NH3)4N{Mga(L")e}
47 [(NH,)2(p-MeOCgH,CHaNH3)2M{Mga(L "}l

nBu nHex nOct

46: () =Mg™*

47: () =Mg* ©U=NH,*

—( = @ = R3NH;"
w—() = p-MeOCgH4CH,NH;"

Scheme 19. Synthesis (exchange method) and schematic presentation
of 46 and 47.
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to replacement of the ammonium ions in 45a with #n-
alkylammonium ions to form the tetrakis(alkylammonium)
tetrahemispheraplexes  [(R’NH;),n{Mg,(L")¢}] (46) or
[(NH,),(p-MeOCH,CH,NH;),N{Mgy(L')e)] (47).

Exchange of the four ammonium ions in [(NH,),N-
Mg,(L?]] (45b) by alkali-metal cations is achieved by
stirring a solution of 45b with potassium or cesium hydroxide
to give the tetra-alkali-metal tetramagnesium chelate com-
plexes [M,N(H,OC{Mg,(L?)¢))] (M=K, Cs") with an extra
endohedrally encapsulated water molecule.””™ When 45b is
stirred in solution with an excess of cobalt(II) chloride for
several hours, the magnesium(II) ions are exchanged for
cobalt(Il) ions. Furthermore, the study presented above
reveals that the space available at the surface of the
tetrahedral, tetraanionic cores {Mg,(L'?)¢}*~ depends on the
steric demand of the ligands (L'?)*", forcing the formation of
47 or [Na(EtNH;);n{Mg,(L?)¢)].2™

All the tetrahedral complexes are formed as racemic
mixtures with either (A,AAA)-fac or (A A,AA)-fac config-
urations at the stereogenic metal centers. Since the complexes
45-47 are basically isostructural, only the solid-state structure
of 47 will be discussed as an example. The {Mg,(L')¢}*" core of
47 is a distorted tetrahedron composed of four magnesium(II)
ions, which are linked along each of the six edges by the
bis(bidentate) ligands (L')*", so that each of the four
magnesium(II) ions is octahedrally coordinated. Charge
compensation of the tetraanionic core (47)* to give
[(NH,),(p-MeOC4H,CH,NH;),N{Mg,(L")}] (47) is achieved
by two ammonium and two p-methoxybenzylammonium
counterions, which are each hydrogen-bonded to three
oxygen donors of the ligands at the triangular faces
(Figure 26).

Figure 26. Stereo presentation of the structure of (A,A,A,A)-fac-47 in
the crystal.

6. Enantiomerization of Tetrahedral Homochiral
[(RNH;) ,N{Mg,(L)s}] Complexes

The tetranuclear chelate complex [(NH,),N{Mg,(L")}]
(45b) is formed by the direct method from diethyl malonate
(Section 5), while [(NH,),N{Mg,(L>)s}]] (48)  and
[(EtNH;),N{Mgy(L?),)] (49) are generated from diethyl keti-
pinate.”® The most striking difference between (L')*~ and
(L?»* is the fact that (L*)? lacks two bulky ester groups
(Scheme 20).
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Scheme 20. Synthesis and schematic presentation of 45b, 48, and 49.

Temperature-dependent "H NMR spectroscopy studies
showed homochiral, racemic (A AAA)/(A,AA,A)-[(NH,),N-
Mg, (L")}] (45b) to be kinetically stable on the NMR
timescale. Owing to steric hindrance, rotation around the
central C—C bond in (L')*" is blocked, which prevents 45b
from enantiomerization. Surprisingly, the '"H NMR spectrum
of racemic 48 reveals dynamic temperature dependence. This
phenomenon can be explained by simultaneous Bailar twists
at the four octahedrally coordinated magnesium centers
synchronized with sterically unhindered atropenantiomeriza-
tion processes around the C—C single bonds of the six ligands
(L*»?*", leading to the unprecedented enantiomerization
(AAAA)-(48)=(A,AA,A)-(48). This profound, non-disso-
ciative transformation can be monitored by NMR spectros-
copy, which reflects the enantiotopization of the diastereo-
topic methylene protons.''"?) Supplementary support for the
interpretation of the temperature-dependent dynamic
"H NMR spectra of 48 is presented by additional studies of
(AAAN)(ANNAN)-[(EINH;),N{Mg,(L?)e}] (49). In 48 and
49, the methylene protons of the ligands exhibit identical
variable-temperature (VT) NMR spectra. Moreover, the
diastereotopic methylene protons of the ethyl ammonium
counterions of 49 display similar temperature-dependent
coalescence as the ligand vinylether methylene protons
(Figure 27).

Ul

OEt = OCH,CH;
H3*NCH,CHs

A e
M 0°C

AN

-
M 10°C o
32°C J
L k A L
5 4 3 2 1
&/ ppm

Figure 27. Variable-temperature "H NMR spectrum of 49.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. W. Saalfrank et al.

7. Homovalent and Mixed-Valent Tetranuclear Iron
Chelate Complexes [MC{Fe" Fe", (L)} as
Endoreceptors

The neutral mixed-valent complexes [MC{Fe"Fe™;(L)}]
(50) are available according to the direct method in a one-pot
reaction from dialkyl malonates with methyllithium, iron(II)
chloride, and oxalyl chloride (FeCl,/(COCI),=20:1) with
subsequent aerobic aqueous ammonium chloride or alkali-
metal chloride workup (Scheme 21).5"

1. MeLi
2. FeCly or FeCly
O O
3. (COCl),
ROMDR 4. air, MCI
50-53|a b
RL |Me Et 50: [Mc{Fe"Fe!y (L)}l

51: [H0c{Fe"4(L)s}]
52: Mc{Fe,(L)e)]"
53: Mc{Fe"Fey(L)ell

50:Fe* = @ =@
51:Fe* =@ :=@=@Q

. Eadt = w = M= o =NH,", Na*, K",
52Fe*:=@:=@:=@ Rb*, Cs*, H,0
53:Fe* =@ =@ =@

Scheme 21. Synthesis and schematic presentation of 50-53.

Fe*=@

However, when aqueous solutions of tetramethylammo-
nium chloride, lithium chloride, or alkaline-earth-metal
chlorides were used, aerobic workup afforded the all-iron(III)
complexes [H,OC{Fe™,(L)s}] (51). Accordingly, [NH,C-
{Fe™,(L)¢}]" (NH,-52) was synthesized directly, starting with
iron(III) chloride and followed by workup with an aqueous
solution of ammonium acetate instead of ammonium chlo-
ride. Furthermore, the all-iron(IIT) complexe cations [KcC-
[Fe™,(L)e}]" (K-52) and [Csc{Fe™(L)¢}]" (Cs-52) are acces-
sible from 51 by simple exchange of the encapsulated water
molecule for the corresponding alkali metal ions. Finally, the
mixed-valent complex anion [NH,C{Fe",Fe",(L),}]” (NH,-
53) is available from dialkyl malonates with methyllithium,
iron(II) chloride, and oxalyl chloride (FeCl,/(COCl),=1.5:1)
after rapid aerobic workup with an aqueous ammonium
chloride solution (Scheme 21).’") The mixed-valent or all-
iron(IIT) nature of Cs-50b, Cs-52b, K-52b, and NH,-53b was
determined by Mossbauer spectroscopy.”!! The complexes
50-53 are formed as racemic mixtures and are basically
isostructural, with (AAAA)/(A,AA,A)-configuration at the
octahedrally coordinated iron centers; the complexes have
approximately 7" molecular symmetry. The four iron centers
are located in the apices of a tetrahedron with water or
cations encapsulated in the center, and the six edges are
bridged by the doubly negatively charged, ditopic, tetraden-
tate chelate ligands. Figure 28 displays the X-ray structure of
[NH,C{Fe"Fe™,(L),}] (NH,-50a).

To enlarge the size of the cavity of the tetrahedral
complexes mentioned so far, 4,4-phenylene and 4,4'-biphen-
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Figure 28. Stereo presentation of the structure of (A,A,A,A)-(NH,-
50a) in the crystal. Fe light gray (large).

ylene spacers were introduced. For instance, when tetra-
methyl terephthaloyldimalonate was deprotonated with
sodium hydride and the doubly negatively charged ditopic,
tetradentate ligand (LP™")?~ treated with iron(III) chloride,
complex [Fe,(LP™"),] with an empty cavity was isolated. In
contrast to racemic (AAAA)/(AAAA)-50-53, complex
(AAAA)-[Fe,(LP™)] is achiral (meso-form) and has S,
molecular symmetry in the crystal.’?

8. Tripodal Tris(Bidentate) Chelators: Synthesis of
Tetrahedral and Trigonal Antiprismatic
Complexes

8.1. Benzene as Center of Tripodal Ligands

Compared with the 7-symmetric edge-bridged complexes
described in Sections 5-7, there are far fewer examples of 7-
symmetric complexes in which the octahedrally coordinated
metal centers in the vertices of a tetrahedron are linked by
tripodal tris(bidentate) ligands that occupy the tetrahedral
faces. In a one-pot reaction, the tetranuclear iron(III) chelate
complex [Fe,(L"),] (54) was generated from benzene-1,3,5-
tricarboxylic acid trichloride, bis-tert-butyl malonate, methyl-
lithium, and iron(IT) chloride under aerobic conditions (direct
method).

Alternatively, hexanuclear trigonal antiprismatic iron
chelate complex [Feq(L?)s] (55) was formed starting from
bis-para-tolyl malonate by employing the same reaction
conditions as for the synthesis of 54. Further tetranuclear
tetrahedral and hexanuclear trigonal antiprismatic complexes
were generated from the tripodal benzene-1,3,5-chelators
(L*)® and (L*’" (Scheme 22).7)

The all-iron(IIT) nature of 54 and 55 was determined by
Mossbauer spectroscopy. In [Fe,(L'),] (54), four octahedrally
coordinated iron centers constitute the apices of a tetrahe-
dron, and the four tripodal, tris(bidentate) ligands (L')*~ are
centered above the triangular faces of the tetrahedron.*
Hence, 54 has nearly T molecular symmetry, and the crystals
are composed as racemic mixtures of homoconfigurational
(AAAAN) (AN AN A)-fac stereoisomers. There is no evidence
that the cavity of the tetrahedron hosts a guest (Figure 29), as
observed in other cases (Sections 7 and 8.2).5%

Complex [Fes(L?)s] (55) can be described as having
idealized D; molecular symmetry. The iron centers define

Angew. Chem. Int. Ed. 2008, 47, 8794 —8824

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandpi)fe ,

MelLi BuO
54: [Fey(L")]

55: [Feg(L?)s] o B
o-
(LS)E' : RZ — O N/ (Ld)S— : R2 = Ph_N%
B N Me

Scheme 22. Synthesis and schematic presentation of 54 and 55.
pTol = para-tolyl

Figure 29. Stereo presentation of the structure of (A,A,A,A)-54 in the
crystal.

the apices of a distorted trigonal antiprism in which six
tripodal, tris(bidentate) ligands (L?)*~ make up the equatorial
faces, leaving the top and bottom triangles unoccupied. All six
iron(II1) ions are identically octahedrally coordinated, and 55

Figure 30. Stereo presentation of the structure of (A,A,A,A,A,A)-55 in
the crystal.

www.angewandte.org


http://www.angewandte.org

Reviews

exists as a racemic mixture of homoconfigurational
(AAANANN)(ANA NN A)-fac stereoisomers (Figure 30).

8.2. Nitrogen as the Center of a Tripodal Ligand

In earlier work, threefold symmetric tris(5,5-dimethyl-2,4-
dioxohexyl)amine H;L. was shown to readily isomerize in a
domino cascade (aldol addition/hemiketal formation/hemi-
ketal formation/epimerization) to dioxaazaadamantane 56
when treated with a catalytic amount of methanolic potassium
hydroxide.™ Furthermore, N-centered tripodal heptadentate
ligand (L)*~ should be suitable for complexation and bridging
of appropriate metal ions, leading to oligonuclear aggregates.
Therefore, when H;L was treated with cesium carbonate and
indium(IIT) perchlorate, pentanuclear host-guest complex
[Csc{Iny(L),}]CIO, (57) was isolated. When the experiment

{Bu
o
KOH, MeOH g 0%
> Bu N
g
Bu” "0

1. Cs5CO;3
2.1n(CIO4)3

8
NW‘-’BU_ " 57. [Cscfing(L)}ICIO,

Bu. .0 M 4cio,

HalL In(CIOg);
————»

o =Cs" NEt;

L
1. In(CIOg)3
2. NEt,

59: [(AAAA)-INg(L).]

Scheme 23. Isomerization of tripodal HsL to give heteroadamantane 56
and synthesis and schematic presentation of 57-59.

R. W. Saalfrank et al.

was repeated in absence of an alkali base, the N-protonated
tetranuclear In"™ complex [In,(H"L),](CIO,), (58) was
obtained. However, reaction of indium(III) perchlorate and
H;L with subsequent addition of triethylamine afforded the
neutral tetranuclear complex [Iny(L),] (59). Complex 59 was
also prepared simply by deprotonation of 58 with triethyl-
amine (Scheme 23).5343

The composition of the compounds 57-59 results from
charge-balance calculations, mass spectrometry, and elemen-
tal analyses. The structure determination of 57-59 was
accomplished by 'H and *C NMR spectroscopy. In racemic,
homochiral (AAAA)/(AAN,A)-fac 57 and 58, four indium
ions constitute the apices of a tetrahedron, and the four
tripodal ligands (L')*~ are centered above the triangular faces
of the tetrahedron. Hence, 57 and 58 have nearly 7 symmetry,
with the indium ions octahedrally coordinated by six oxygen
donors; there is a cesium ion or four protons at the nitrogen
atoms in the cavity of the tetrahedron. Single crystal X-ray
diffraction was used to confirm unequivocally the tetrahedral
geometry of 57-59 (Figure 31).°%! At first glance, 59 had a

Figure 31. Stereo presentation of the structure of cation of (A,AA,A)-
57 in the crystal.

confusing 'H NMR spectrum for a high-symmetry molecule.
Whereas in the complexes 57 and S8 with 7 molecular
symmetry, all four ligands are equivalent, a tripling of the
signals was observed in both the 'H and *C NMR spectra of
59. This result implies that the C; symmetry of the ligands is
broken during deprotonation of 58. According to the X-ray
structure, (A,AA,A)-[Iny(L),] (59) has idealized S, molecular
symmetry, and the indium ions have a distorted octahedral
coordination sphere with alternative A or A configuration.
Most interestingly, the driving force to break the symmetry of
the C;-symmetrical N-centered ligands (L)*~ during deproto-
nation of [In,(H"L),](ClO,), (58) to give 59 is the repulsive
power of the lone pairs at nitrogen of the N-centered ligands,
which are displaced from the interior in 57 and 58 to the
surface in 59.

9. Template-Mediated Self-Assembly of Ferric
Wheels with Ethanolamines

9.1. Six- and Eight-Membered Iron Coronates with
Triethanolamine

Aside from the use of bis(bidentate) ditopic ligands, by
which tetranuclear iron chelate complexes of type
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[Mc{Fe"Fe™(L)s}] (50) are available (Section 7), the pre-
capping® of iron ions by a tripodal, tridentate, monotopic co-
ligand and subsequent linkage of these building blocks by
bidentate ditopic ligands should also lead to similar tetrahe-
dral complexes. Along these lines, Huttner and co-workers®
achieved tetrahedral host-guest complex [{H;CC-
(CH,PPh,),Fe},(NC(CH,),CN)¢C(BF,)]"" by reacting triphos
caps, iron(II) ions, fumaronitrile ligands, and tetrafluorobo-
rate ions.

When we chose triethanolamine H;L (Scheme 24) as the
tridentate capping co-ligand, we did not consider that it acts,
in fact, as a tetradentate ligand. Therefore, when triethanol-
amine was reacted with sodium hydride, iron(III) chloride,
and fumaronitrile, contrary to the expected tetranuclear iron
chelate complex [{(L)Fe},(NC(CH,),CN)sC(Cl)]", a yellow
solid material was isolated that did not contain any dinitrile.
Therefore, when the experiment was repeated without the
addition of fumaronitrile, an identical material was isolated,
which proved to be [Nac{Fes(L)}]Cl (60) (Scheme 24).5)

1. NaH or Cs,CO4

/r )I 2. FeCIs
HO Ho
3
Q =Fe*
=Na*; n=1 60: [Nac{Feg(L)s}ICI
=Cs*; n=3 61: [Csc{Feg(L)g}ICI

Scheme 24. Synthesis and schematic presentation of 60 and 61.

According to Lehn et al.,*¥ amidst a set of possibilities in
the template-mediated self-assembly of a supramolecular
system, the one combination of building blocks is realized that
leads to the best receptor for the substrate. Therefore, the six-
membered cyclic structure 60 is exclusively selected from all
the possible iron triethoxyamine oligomers when sodium ions
are present. In the presence of cations with different ionic
radii, different structures are expected. Consequently, when
triethanolamine H;LL was reacted with cesium carbonate and
iron(IIT) chloride, the octanuclear centrosymmetric ferric
wheel [CsC{Feg(L)s}]Cl (61) was isolated (Scheme 24).5"!

In the crystal, [Nac{Fe4s(L)s}]Cl (60) is present as an Se-
symmetric cyclic iron(III) complex with an encapsulated
sodium ion in the center and a chloride counterion. The six
crystallographically equivalent iron centers of the centrosym-
metric cation [Na{Fe,(L)s}]* are located in the corners of a
regular hexagon and are octahedrally coordinated. Conse-
quently, the triethoxyamine trianions act as tetradentate,
tetratopic chelating ligand, which each link three iron(III)
ions and one sodium ion (Figure 32).

At low temperatures, the magnetization of
[Nac{F4(L)¢}]Cl (60) exhibits a step at a critical field B,,
arising from a field-induced level crossing. By means of high-
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Figure 32. Stereo presentation of cation of 60 in the crystal.

field torque magnetometry, a hysteretic behavior was
observed at the level crossing with a characteristic butterfly
shape, which is analyzed in terms of a dissipative two-level
model. It has been demonstrated that 60 allows cooling by
adiabatic demagnetization as well as by adiabatic magnet-
ization.[*")

9.2. Six-Membered Iron Coronands with N-Substituted
Diethanolamines

A common feature of the complexes [NaC{Feq(L)s}]Cl
(60) and [CsC{Feg(L)g}]Cl (61; Section 9.1) is that the p,-O~
ethoxide donors do not participate in the formation of these
ferric wheels. They function solely as ligands for the
coordinative saturation of the iron centers. Therefore, any
monoanionic donor, such as a chloride ion, could also be a
candidate for this function. As expected, reaction of N-
alkyldiethanolamines H,L with calcium hydride and iron(III)
chloride yielded the neutral iron coronands [FeCl¢(L)4] (62)
with unoccupied centers (Scheme 25).14!

To prepare single crystals suitable for X-ray analysis, some
of the chloro complexes [FesCls(L)] (62) were transformed
with thiocyanate ions to give the corresponding thiocyanate
complexes [Fes(SCN)4(L)s] (63). In principle, all the six-
membered ferric wheels 62 and 63 are isostructural and have
idealized S¢ molecular symmetry. However, there are funda-
mental differences concerning their crystal packing. The ferric
wheels 62a-d.f,g and 63a,b crystallize in the space group R3
and 62e in the space group P3. The crystal packing of the
ferric wheels 62a—f and 63a,b is essentially the same. For
example, all the disk-like molecules of 62a are arranged in
parallel and are piled in cylindrical columns, with all the iron
centers superimposed. Each column is surrounded by six
parallel columns, which are alternately dislocated by '/; ¢ and
%/, c against the central one (Figure 33).

An additional interesting feature of some ferric wheels is
their readiness to create various superstructures, depending
on the nature of their side arms. For instance, van der Waals
interactions cause the side arms of 62d and 62e to interlock
and give rise to the formation of compartments occupied by
disordered chloroform. In contrast, the side arms of 63a give
rise to a ball-shaped capsule lacking further intermolecular
interactions (Figure 34). An especially interesting example of
crystal packing, leading to porous three-dimensional frame-
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| 2. FeCls
IN\L 3. SCN (for 63)
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HO OH
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O=Fe* @=CI,SCN 62: [FegCls(L)s]

63: [Feg(SCN)s(L)g]
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a | MelOCH,CH;l; O j | H,C=CHCH,
f
k | HyC=CHICH,]
b | MelCHl, Q CHg z 2
” I | MelCHsls
@ [ 9| Ph-CHCH:  m | MelcHy),
CN
d | EtlOCH,CH] MelCH
Chs b | edockony, M| MeICHes
” O © | EtOCH,CH,
O CHy 1 ©_CH2 P | PhIOCH,CH,ls
62| q r s
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(¥ _
| S, Q=0 O
OCH,CH,l, =/—o
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a | PhOCH,CHzl; ¢

63|®

O
PhlOCH,CH,l,  © CO>_CHZCH2

d @0H2 f | MelCHalg

Scheme 25. Synthesis and schematic presentation of the coronands 62
and 63.

b | PhOCH,CH,

works, is caused by m—m stacking of the naphthyl groups at the
side arms of the ferric wheels 62 f (Figure 35). Unlike 62a-f
and 63a,b the ferric wheels of 62 g are not arranged in parallel
but rather are three-dimensionally perpendicular, a well-
known arrangement for 3D coordination polymers
(Figure 36).) Moreover, the crystal packings of the ferric
wheels 62h,i and 63 ¢ are almost identical, with five wheels in
the unit cell, and generally differ only by the angle between
the two groups of parallel wheels (Figure 37).

9.3. The Ferric Star: [Fe{Fe(L),};] A Single-Molecule Magnet

To date, little is known about the mechanistic aspects of
self-assembly processes.””! To shed light on this subject, N-
methyldiethanolamine H,L (Scheme 26) was deprotonated
with sodium hydride. Careful titration of the dianion (L)*"
with a solution of iron(IIl) chloride in THF afforded a
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Figure 33. Top: Schematic stereo presentation of the crystal packing of
62a-f, 63a,b. Bottom: Stereo presentation of the crystal packing of the
ferric wheel 62a. View along the ¢ axis.

Figure 34. Top: Stereo presentation of the columnar crystal packing of
62d, highlighting the compartments with encapsulated disordered
chloroform. Bottom: Stereo presentation of a space-filling depiction of
ball-shaped 63a.

colorless suspension of intermediate {Fe(L),}”, with a iron/
ligand ratio of 1:2. Further addition of iron(III) chloride to
this suspension up to a iron/ligand ratio of 1:1.5 resulted in the
isolation of amber microcrystals of the ferric star [Fe{Fe(L),};]
(65). However, at an iron/ligand ratio of 1:1, the known ferric
wheel [Fe(Cls(L)s] (64) was generated as the final product.
This process was shown to be reversible. As a consequence of

Angew. Chem. Int. Ed. 2008, 47, 8794—8824


http://www.angewandte.org

Supramolecular Coordination Chemistry

Figure 35. Stereo presentation of the crystal packing of 62 f, highlight-
ing the -7 interactions, together with cocrystallized water (black
spheres).

Figure 36. Left: Crystal packing of 62g. Right: Graphical presentation
highlighting the three-dimensional perpendicular arrangement of the
ferric wheels.

Figure 37. Top: Schematic stereo presentation of the crystal packing of
62h,i and 63 c. Bottom: Presentation of the two orientations of 62h in
the crystal.
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CHs;
| 1. CaHy
J/N\L 2. 1 equiv FeCly
HO OH
HoL

64: [FegClg(L)g]

. 1. NaH
2 equiv FeC[sle_ 3 equiv Hal

1. NaH
2.1/2 equiv FeCly

1/3 equiv FeCly

%-‘Q? -
O = Fea“' ’jt) %
[Fe(L)" ©Q-cr 65: [Fe{Fe(L)}s]

Scheme 26. Synthesis and schematic presentation of the ferric wheel
64 and the ferric star 65, depending on the stoichiometry of Fe"/H,L.

these mechanistic studies, [Cr{Fe(L),};] or [Al{Fe(L),};] were
isolated when intermediate {Fe(L),}~ was reacted with a
solution of CrCl; or AICI,.[4!

In the racemic, star-shaped complex [Fe{Fe(L),};] (65),
the central iron ion is octahedrally coordinated by two p,-
alkoxo bridges from each of the three peripheral building
blocks {Fe(L),} . During the coordination of (L)*~ to iron, the
nitrogen atom becomes a stereogenic center (Figure 38).

Figure 38. Stereo presentation of [A-(R,R)(S,S)(S,S)]-65 in the crystal.

SQUID measurements of 65-4 CHCI; revealed a strong
antiferromagnetic intramolecular coupling /= —30 K, result-
ing in a §$=10/2 ground-state multiplet. Since the ground-
state multiplet is energetically well-separated from the
excited multiplets, the magnetic properties were described
using a giant-spin Hamiltonian. The magnetization curves
along the crystallographic axes show a magnetic anisotropy of
the easy-axis type. Both the high-spin ground state and the
easy-axis anisotropy suggest that ferric star 65 is a single-
molecule magnet (SMM). Magnetization measurements using
a 2DEG-Hall sensor showed hysteresis below a blocking
temperature of about 1.2 K (Figure 39) that revealed the
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Figure 39. Hysteresis loop of a 2DEG-Hall probe magnetization mea-
surement of 65-4 CHCl,. Level crossings are indicated by dotted lines.
Inset: Magnetic coupling scheme.

typical sweep rate and temperature dependency of

SMMs. 441

9.4. Dynamics of Six-Membered Indium Metallodendrimers

In the reaction of the N-substituted diethanolamines
H,L'-M with calcium hydride and subsequent addition of
iron(IIT) chloride or indium(III) chloride, the iron wheels
[FeCls(L")e] (66) and [Fe4Clg(L?)¢] (67) or indium wheels
[IneCls(L")] (68), [IneCly(L?)e] (69). and [IngCly(L%)¢] (70)
were formed in excellent yields (Scheme 27).147)

Single crystal X-ray structure analysis found iron wheel 66
to be isostructural with the indium wheel 68.*”! In the solid
state, the N-substituted diethoxyamine ligands of Ss-68 are
desymmetrized through metal coordination. ESI mass spec-
troscopy demonstrated that 68 is the only species present in
solution. In contrast to the paramagnetic ferric wheels 66 and
67, the diamagnetic indium wheels 68-70 could be studied by
NMR spectroscopy.”! A major feature of the desymmetrized
(L')*" ligands of these compounds is the diastereotopicity of
the 12 ethoxide arms, established by 'H NMR spectroscopy.
As a result, there is a set of four distinguishable methylene
groups, which, like the six N-benzylic methylene groups,
exhibit characteristic AB splitting patterns for their diaste-
reotopic methylene protons. Variable-temperature '"H NMR
spectroscopy studies on the enantiomerization of tetrahedral
homochiral 48 and 49 (Section 6) prompted us to also study
the dynamic behavior of [In,Clg(L')s] (68). The high-temper-
ature '"H NMR spectra (Figure 40) indicate time-averaged
pseudo D;; molecular symmetry for 68, arising from rapid,
non-dissociative enantiomerization S;-68=S,-68'.14]

As shown exemplarily for the N-benzylic diastereotopic
methylene protons of 68, coalescence is observed at 130°C.
The activation parameters for the molecular enantiotopiza-
tion have been derived from a line-shape analysis and verified
by density functional calculations.””! For unambiguous char-
acterization of dendritic [IngClg(L?)s] (69) and [IngClg(L?)q]
(70; Figure 41), 'H and “C NMR spectra were recorded.
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1 1. CaHy
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HO OH
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Bu 66: [FesClg(L")g]
66 67: [FesCls(L2)e]
68 CH, 68: [IngClg(L")s]
69: [IngCl5(L2)g]
tBu o 70: [IngCla(L®)q]
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Scheme 27. Synthesis and schematic presentation of the iron wheels
66, 67 and the indium wheels 68-70.

Enantiotopization of
diasteriotopic groups
by enantiomerization

Figure 40. Top: Enantiomerization of one indium(lll) center of 68
{'/s[Ss-68]="/s[S¢-68]}. Bottom: Variable-temperature 'H NMR spec-
troscopy signals of the enantiotopization of the diastereotopic N-
benzylic methylene protons of 68.
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Figure 41. Presentation of the molecular formula of metallodendrimer
70. In light gray (large), Cl gray (large).

10. Gyroscope-Shaped Copper Complexes and
Heteronuclear Boxes of Copper and Cobalt:
Template- and Ligand-Directed Product
Formation

10.1. Gyroscope-Shaped Copper Complexes

In the six-membered iron coronands [FesX¢(L)s] (62, 63;
Section 9.2), the w,-O~ ethoxide donors of the N-alkyldi-
ethoxyamine ligands are structure-determining. Completion
of the octahedral coordination sphere at the iron center and
charge compensation is achieved by the halide or pseudo-
halide co-ligands. By changing from hexacoordinate iron(I1I)
to pentacoordinate copper(Il), it should be possible to
synthesize neutral, unoccupied metallocrowns without the
need of extra co-ligands. Consequently, reaction of the N-

~
“«
® Jaa
| 1. MH
/rN\L 2. CuXy
HO OH
HoL'2
| 71 72 @
® 4-tBUCGH4CH2 C6H50H2
@ ot ot 71: [(NaBr),N{Cug(L")}]
72: [(LiCl),N{Cug(L)g}]
&4 NaBr Licl

Scheme 28. Synthesis and schematic presentation of 71 and 72. 71:
M=Na, X=Br; 72: M=Li, X=Cl.
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alkyldiethanolamines H,L'? (Scheme 28) with sodium hy-
dride or lithium hydride and copper(i1) bromide or copper(1I)
chloride yielded the complexes [(NaBr),N{Cuq(L')}] (71) and
[(LiCD,N{Cug(L?)e}] (72).1*"

Complexes 71 and 72 are isostructural and, therefore, only
the structure of 71 is discussed here (Figure 42). The six
copper centers of centrosymmetric 71 are located in the

Figure 42. Stereo presentation of the copper wheel 71 in the crystal.
Cu light gray (large), Br gray (large), Na black (large).

corners of a regular hexagon. Each ligand (L')*" acts as a
tridentate tritopic clamp and links three copper(II) ions. The
square-pyramidal coordination sphere of the Cu" ions is
composed of one nitrogen donor, two p,-oxygen donors, and
two pz-oxygen donors. In contrast to the ferric wheel [NacC-
{Feq(L)s}]Cl (60) (L =N(CH,CH,0O");, Section 9.1), no endo-
hedral cation inclusion is observed for 71. Instead, for
[(NaBr),n{Cuy4(L")e}] (71) two sodium ions are found exohe-
drally bound to the outer faces of the copper wheel by three of
the six p;-oxygens each. The tetrahedral coordination sphere
of the sodium ions is completed by bromide ions, giving
complex 71 the shape of a molecular gyroscope. The sodium
and bromide ions are located on the molecular C; axis. The
distance between Na* and Br~ is remarkably short.

It is not necessarily the templating effect of the cations
alone that determines the product, as was found when
copper(Il) acetate was treated with diethanolamine H,L?
and lithium hydride. The reaction product was identified in
the solid state as the one-dimensional coordination polymer
1D-[{Cu,(HL?),(OAc),},,] (74), built up from the self-comple-
mentary tetranuclear building blocks [Cu,(HL?),(OAc),] (73)
by their linkage through hydrogen bonds (Scheme 29).1*

In module 73, four copper centers are linked by four
(HL* ligands. The square-pyramidal coordination geometry
at the inner and outer copper centers is completed by four
acetate ligands. Generation of the ideal conformation neces-
sary for the polymerization of the self-complementary build-
ing block 73 is assisted by additional intramolecular H-bonds.
The modules 73 polymerize to 1D-[{Cu,(HL?),(OAc),},] (74)
across NH--O--HO hydrogen bonds (Figure 43).

1: LiH
2. Cu(OAc),
HN(CH,CH,0H),

HyL3

73: [Cug(HL®)4(OAc)4]

|:> 74: 1D-[{Cuy(HL3)4(OAC)},]

Scheme 29. Synthesis of polymeric strand 74.
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Figure 43. Stereo presentation of single-stranded 1D polymer 74 in the
crystal, showing the linkage of the self-complementary building blocks

73 through hydrogen bonds. Cu gray (large), H white (small).

10.2. A Hetero-Octanuclear Molecular Box of Copper and

Lithium Linked by Bis(Diethoxyamine) Ligands

When bis(diethanolamine) H,L was allowed to react with
lithium hydride and copper(II) acetate, complex [Cuy(L),-
(HOACc),] (75) was formed. In contrast, reaction of H,L with
copper(IT) chloride yielded the hetero-octanuclear molecular

box [Li,(Cu,0)(L),]Cl, (76; Scheme 30).5%

Complex 75 is present in the crystal as the bis(bimetallic)
cyclophane. Furthermore, four HOAc molecules are coordi-
nated to the copper ions across their carbonyl oxygen donors
and are associated to the p,-O~ donors of the ligands (L)*
through hydrogen bonds, as are the two dichloromethane
solvent molecules (Figure 44). Although [Li,(Cu,O)(L),]Cl,

1. LiH

2. Cu(OAc);
(—OH
N OH
OH
C_
OH
1. LiH
Hgl 2. CuCl,
3. MeOH

O=cu®
Q=L

76: [Lig(Cus0)(L),]Cl,

Scheme 30. Synthesis and schematic presentation of 75 and 76.
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Figure 44. Stereo presentation of the structure of 75 in the crystal with
coordinated dichloromethane. Cu light gray (large), Cl gray (large).

(76) seems to be a quite complex system, its building plan is
rather straightforward. In principle, 76 is composed of two
metallocrown ether subunits [Li,Cu,(L?)]*" bridged by an
extra p,-O®” anion in the center (Figure 45). The overall two

Figure 45. Stereo presentation of the structure of dication of 76 in the
crystal with the coordinated water and ethanol molecules. Cu light gray

(large), Li gray (large).

positive charges of the square box are compensated by two
extra chloride anions, which are not in close contact with the
supramolecular core.

10.3. An Octadecanuclear Square Box of Cobalt and Sodium
Composed of a Total of 52 Single Components

A challenging problem arises from the reaction of N-
substituted diethanolamines with hexacoordinate divalent
metal ions. Assuming a hexanuclear coronand is formed, the
twelve positive charges from the metal ions would be
compensated by the six tridentate dianionic ligands; however,
they would leave each metal center only pentacoordinated.
To guarantee both coordinative saturation and charge com-
pensation at the metal centers, a more complex assembly,
rather than a hexanuclear wheel, may be expected. There-
fore, when tridentate ligand H,L was allowed to react
with cobalt(II) acetate, the novel octadecametallic square
box [(Na{Co,(HL);(OAc)s},),(HCO,),] (77) was isolated
(Scheme 31).51

Racemic supramolecule 77 has idealized D, symmetry
with both enantiomers present in the crystal. Although 77
represents a rather complex assembly of 52 single compo-
nents, its building plan is quite straightforward. Supramole-
cule 77 comprises four tetrahedral [Cos(HL);(OAc)s] mod-
ules, which are linked across the cobalt(II) ions in the apex in
pairs by a sodium cation to give cationic building block
(Na{Co,(HL);(OAc)s},)". Finally, two of these fragments are
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cl (R)—N(CH,CH,0H),
@l 0 HoL! | H,L2
1. NaOMe
N 2. Co(OAc); 1. LiH 1. CspCO3
—_— 2. Lip[MnCly] 2. (EtgN)[MnCl]
air air
HO OH
HoL O TELN
© =Co*
) =HCO;~ o =Na* 7T7: [(Na{Co4(HL)3(OAC)s}2)2(HCO);]
Scheme 31. Synthesis and schematic presentation of 77.
fused by two formate anions across one base cobalt(II) ion of
each of the four tetrahedra to give [(Na{Co,(HL);(OAc)s},),-
(HCO,),] (77; Figure 46). 78: [Mn"<{Mn";Mn'",Clg(LN)ll  79: Ety,N[Mn"S{Mn'3Mn"'3Clg(L2)e}]
7 79| a b ¢
B O =mn* @=Mn* @=cCr
R | nBu R | Me Et Bn
Scheme 32. Synthesis and schematic presentation of 78 and 79.
Figure 46. Stereo presentation of the structure of 77 in the crystal.
View highlighting the linkage of the four {Co,} fragments by sodium
and formate ions. The aromatic substituents are omitted for clarity. 18
24
T 12 T 16
11. Metal-Centered, Six-Membered Wheels of < g < 8
Manganese, Indium, and Iron £ § =0
) -8
. -12
11.1. Metal-Centered, Homonuclear, Mixed-Valent Manganese 0 200 600D 1000 400 0 400 800 1600
Wheels E/mV vs. SHE — E/mV vs. SHE —»
) ) ) Figure 47. Top: Stereo presentation of the neutral mixed-valent
In Sections 9.2 and 10.1, a series of unoccupied, neutral,  {MncMng} wheel 78 in the crystal. Mn" light gray (large), Mn" dark
homovalent, hexanuclear ferric wheels 62 and hexanuclear  gray (large), Cl gray (large). Bottom: CV of 78 (left) and 79a (right).
copper wheels 71 and 72 were introduced. In contrast, starting
from N-n-butyldiethanolamine H,L', lithium hydride, and
dilithium tetrachloromanganate(II), the neutral, metal-cen-  isostructural with 78 but consists of a ring of alternating Mn"
tered, homonuclear, mixed-valent, six-membered manganese  and Mn'" ions centered by an additional Mn" ion. The CV of
wheel [Mn"c{Mn",Mn™,Cl,(L')s}] (78) was generated in a 78 exhibits two quasi-reversible redox waves, which are
one-pot reaction (Scheme 32).°2 However, upon reaction of  assigned to the successive one-electron oxidations of the two
N-substituted diethanolamines H,L* with cesium carbonate ~ Mn" ions located at the periphery of the ring (Figure 47). As
and bis(tetraethylammonium)tetrachloromanganate(Il), the  usual, oxidation of the central Mn" ion is not observed within
metal-centered, mixed-valent manganese wheels Et,N-  the applied potential.®»¥% The CV of 79 displayed three
[Mn"c{Mn";Mn"CI,(L?),}] (79) with an anionic core were  quasi-reversible oxidation processes, which are attributed to
generated (Scheme 32).P7 the consecutive one-electron oxidations of the three periph-
In the solid state, the {MnCMng} corel**™34 of 782 CHCl;  eral Mn" ions to Mn™'. Again, oxidation of the central Mn"
possesses idealized S, symmetry. Detailed symmetry, bond-  ion is not observed (Figure 47). The analysis of the SQUID
length, and charge considerations of 78 require the periphery = magnetic susceptibility data for 78-2 CHCl; showed that the
to contain two Mn" and four Mn'™ centers, alternating one  intramolecular magnetic coupling of the manganese(II/III)
Mn" and two Mn™ ions along the ring, and a Mn" ion in the  ions is dominated by ferromagnetic exchange interactions.
center (Figure 47). The anionic core of 79 is in principle  This results in a § =27/2 ground-state multiplet.
Angew. Chem. Int. Ed. 2008, 47, 8794 —8824 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 8817
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Anisotropy SQUID measurements, high-frequency EPR
spectroscopy, and 2DEG Hall magnetization measurements
revealed that 78-2CHCI; shows SMM behavior (blocking
temperature ca. 0.6 K) with closely spaced steps in the
hysteresis owing to quantum tunneling of the magnetiza-
tion.l”!

11.2. Metal-Centered, Heteronuclear Mixed-Valent Wheels

By combining our research on mixed-valent manganese
wheels with our experience in heterotrinuclear thiazole
thiazolylamide and star-shaped tetranuclear complexes (Sec-
tions 4.4 and 9.3), we were able to synthesize heterometallic
wheels 80-82. For this purpose, N-benzyldiethanolamine
H,L was deprotonated with cesium carbonate. In the case
of the heteronuclear, neutral indium/manganese wheel
[Mn"c{Mn",In"™,Cl4(L)}] (80), a solution of a 3:4 mixture
of (Ph,P),[MnCl,] and InCl; was added to (L)*", while the
anionic wheel Ph,P[Mn"c{Mn"5In"™,Cl4(L)s}] (81) was
obtained with a solution of a 4:3 mixture of (Ph,P),[MnCl,]
and InCl; (Scheme 33).0°

(R)—N(CH,CH,0H),

H,L
1. Cs,CO4 1.CspC0O4
2.3PnPRMcl) | @ =MnZ* @=In* @=ClI" | 2 4(PhPRIMnCIy)
41nCly 3InCly
®=8n ® “1PhpP

’
"

-8 O~

o\. f) O'J“ 0

&

80: [Mn"={Mn',In",Clg(L)sH 81: PhyPMn""={Mn''5In",Clg(L)e}]

Scheme 33. Synthesis and schematic presentation of 80 and 81.

The CV of [Mn"c{Mn",In"™,Cl,(L)}] (80) exhibits two
quasi-reversible one-electron Mn"/Mn™ redox waves. This
finding is consistent with the oxidation of two Mn" ions
located at the rim (Figure 48). On the other hand, Ph,P-
[Mn"c{Mn",In"™Cl,(L)s}] (81) displays three quasi-reversi-
ble waves, which are attributed to the consecutive oxidations

15

12
10 T
P :
EN E
= 5
-10 -6 4
-1000 -500 O 500 1000 -300 0 300 600 900 1200

E/mV vs. SHE —
Figure 48. CV of 80 (left) and 81 (right).

E/mV vs. SHE —»
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of three Mn" ions located at the periphery of the ring
(Figure 48). As usual, the central Mn" ions in 80 and 81 did
not undergo oxidation in the given potential range.

The heteronuclear wheel Ph,P[Fe™cC{Fe™,Mn"™,Cl,(L)}]
(82) was prepared in analogy to 80 and 81, starting from N-
benzyldiethanolamine H,L, cesium carbonate, four equiva-
lents of (Ph,P),[MnCl,], and three equivalents of FeCl;
(Scheme 34).5° In principle, 82 is isostructural with the

-1 PhyP
XN ®
® Cs5C03 Q*‘)-\.‘,"‘. °
4 (PhP)-[MnCl,] __‘ AP
3FeCly R, ,[

|
N A
N AR
HO OH
L

®=8Bn ' 7\&;/
o

Q=vn* @=Fe** @=Cr

Scheme 34. Synthesis and schematic presentation of 82.

Hal

82: Ph,P[Fel={Fe,Mn",Clg(L)sH

wheels 78-81 (Sections 11.1, 11.2). The CV of 82 exhibits
four quasi-reversible oxidation waves (Figure 49), suggesting
that in 82 all four of the redox-active Mn'" ions are located in
the ring and one Fe™ ion is placed in the center. The
Mossbauer spectrum of 82 exhibits two quadrupole doublets
with an area ratio of 1:2 for the three Fe™ ions (Figure 49).

18 1
1.001
121
T 6- 10.96-
<€ °
5 o H
0921
61
400 O 400 800 1200 1600 1 0 1 2

E/mV vs. SHE —» vimms! —

Figure 49. CV (left) and Mé&ssbauer spectrum (right, T=100 K) of 82.

12. Mixed-Valent Octanuclear Iron-Defective
Hexacubanes and a (CaCl)-Capped Body-
Centered Six-Sided Iron(lll) Polyhedron

12.1. Synthesis and Redox Properties of a Compact and a Linear
Octanuclear Iron(ll/Ill) Defective Hexacubane

All the metallic wheels discussed so far (Sections 9-11)
were prepared with N-o-methylene-substituted diethanol-
amines. However, when a-branched N-rBu-diethanolamine
H,L, instead of an N-a-methylene-substituted diethanol-
amine, was treated with mixtures of iron(II) and iron(III)
chlorides (Fe"/Fe™=1:1 for 83; Fe'/Fe™=1:3 for 84), the
mixed-valent octanuclear defective hexacubanes
[Fe™,Fe™,Cl,(L)sO,] (83) and [Fe",Fe™(Cl,(L)sO,] (84) were
generated (Scheme 35).5¢!
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Cs,CO;4
4 FeCl,
| 4 FeCly e
I P [Fe'sFe4Cly(L)s0,]
N 83

0 U
HO OH
H,L

T» [Fe'',Fe!sClg(L)s02]
o003
2 FeCly 84

6 FeCly

Scheme 35. Synthesis of the hexacubanes 83 and 84.

Complex 83 is a compact defective hexacubane
(Figure 50). The six tridentate ligands (L)*~ of 83 exhibit
two different bonding modes: four are tritopic, and two are

83: T=77K

-2 0 2 4
vimms! —

Figure 50. Top: stereo presentation of compact defective hexacubane
83. Fe' silver, Fe"' gold, Cl green. Bottom: Méssbauer spectrum of 83
(experiment black dots; simulation black line; peripheral Fe" turquoise,
green; central Fe'' magenta, orange).

tetratopic. The complex contains four distinct pairs of iron
centers: two pairs of five-coordinate iron(II) and two pairs of
six-coordinate iron(III) ions. Consequently, in 83, six {Fe;O,}
defective cubane fragments are arranged in a cross-shaped
manner. The CV of 83 exhibits four quasi-reversible waves,
which are assigned to the consecutive one-electron oxidations
of the four Fe" ions. The Mossbauer spectrum of 83 at 77 K in
the absence of an applied magnetic field consists of four
quadrupole doublets with the relative intensity of 1:1:1:1,
indicating four pairs of different iron ions (Figure 50).
Complex 84 is a linear defective hexacubane (Figure 51)
and, in analogy to 83, the six tridentate (L)*~ ligands in 84
participate in two different bonding modes: four are tritopic,
and two are tetratopic. Of four discrete pairs of metal centers,
one pair of iron(II) ions is five-coordinate, and three pairs of
iron(III) ions are six-coordinate. The core of 84 is composed
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Figure 51. Top: stereo presentation of the linear defective hexacubane
84. Fe' silver, Fe"' gold, Cl green. Bottom: Méssbauer spectrum of 84
(experiment black dots; simulation black line; peripheral Fe' green;
central Fe'" magenta, orange, blue).

of a chain of six {Fe;0,} defective cubane units in a zigzag
arrangement. The CV of 84 shows two quasi-reversible waves,
which correspond to reversible oxidation steps of two
iron(IT)/iron(IIT) redox couples. The Mdssbauer spectrum of
84 at 77 K in the absence of an applied magnetic field consists
of four quadrupole doublets with relative intensities of
1:1:1:1, indicating four different pairs of iron ions (Figure 51).

12.2. Synthesis and Characterization of an All-Iron(lll) (CaCl)-
Capped Body-Centered Six-Sided Polyhedron
When N-rBu-diethanolamine H,L (Scheme 36) was

treated with calcium hydride, instead of cesium carbonate
(Section 12.1), and subsequently with iron(III) chloride, the
9 FeCly

3 NaCl

N
8 I I ————— >  Nay[Fe""4Cly(L)g06(CaCl),]
HO OH 85

L

CaH,

Hol

Scheme 36. Synthesis of (CaCl)-capped body-centered six-side poly-
hedron 85.

heterometallic chelate complex Nas[Fe™,Cl,(L)sO4(CaCl),]
(85) was formed.[*+3%

The complex 85 contains four octahedrally and four
pseudotetragonal pyramidally coordinated homochiral iron
centers and has nearly D, molecular symmetry (Figure 52).
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0.90 + 85: T=77K

T T T

-4 -2 0 2 4

vimm s —

Figure 52. Top: stereo presentation of (CaCl)-capped body-centered
six-sided all-Fe"" trianionic polyhedron (85)*~. Fe gold, Ca purple,

Cl green. Bottom: Méssbauer spectrum of 85 (experiment black dots,
simulation black line; four-coordinate Fe'" blue; five-coordinate Fe'
orange; six-coordinate Fe" magenta).

Four of the eight potentially tridentate (L)*~ ligands function
as such, whereas the remaining four act as bidentate ligands.
All eight ligands are tritopic, each linking two iron centers
and one calcium(IT) ion. The central iron(III) ion is tetrahe-
drally coordinated by four u,-O®" ions. The square-pyramidal
coordination sphere of each of the two Ca*" ions consists of
four ligand ethoxide p,-O~ donors and one Cl™ ion. Note that
the iron ions in 85 reveal three different types of coordination
environments, including a tetrahedral coordination sphere for
the iron ion in the center, which is uncommon for iron(III).
The entire framework is fixed by the two (CaCl) caps. The
Mossbauer spectrum of 85 at 77 K in the absence of an
applied magnetic field consists of three quadrupole doublets
with the relative intensity of 4:4:1, which indicate the
existence of two sets of four and one different high-spin
iron(I1T) ion (Figure 52).

13. Summary

The purpose of this Review is to demonstrate that the
recognition of similarities in the synthesis of different
supramolecular assemblies allows prediction of potential
results in related cases. For example, we demonstrated that
the assembly of metallotopomers of the classical purely
organic coronates and of the bi- and tricyclic cryptates is
possible starting from appropriate metal ions and tailor-made
chelating ligands. This approach differs from multistep
natural-product synthesis. It also turned out to be extremely
productive to put stress on a successfully running reaction by
changing the experimental parameters (stoichiometry, metal
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ion, coordination number, oxidation state, ligand geometry,
denticity) and allowing nature to work for us. It is clear that
this approach sometimes leads to serendipitous results which
must be elucidated to gain insights that are useful for
advanced studies. Consequently, this Review emphasizes the
achievements in supramolecular coordination chemistry ini-
tiated by serendipity and their materialization based on
rational design. This creative dialog represents the central
theme of this Review, offering various new prospects. The
breadth of this concept became progressively more apparent
and has spontaneously uncovered a variety of new structures.
In this regard, the discovery of the ferric wheels and their
modification may serve as a paradigm for the productivity of
this approach. Furthermore, the appealing structures are not
merely products in their own rights, but present dynamic
behavior and redox and magnetic properties, and they may
serve as templates (assembly platforms) for the generation of
large organic molecules. Finally, the highly interdisciplinary
character of this research and the concentrated use and
interplay of variable-temperature NMR spectroscopy, X-ray
analysis, cyclic voltammetry, and Mossbauer spectroscopy
guarantee an excellent broad training for young chemists and
presents a nice example of “curiosity-driven research” as
claimed by G. M. Whitesides on the occasion of his August-
Wilhelm-von-Hofmann lecture.[*”]

14. Outlook

It is evident that the majority of different structures given
above provides excellent sources for further development, as
illustrated exemplarily by the ferric wheels and the ferric star.
A general feature of the metallocoronands [FesClg(L)] (62;
Section 9.2) is the fact that the N-alkyl substituents are
alternately arranged above and below the plane of the six iron
ions. Interestingly, this molecular geometry offers the possi-
bility to construct container molecules such as [KcC-
[Fe,Cl(L"),}]" starting from tripodal 1,3,5-tris(alkyldietha-
nolamine)benzenes HgL' with six-coordinate iron(III) ions.

On the other hand, to achieve the high degree of
selectivity that we are used to from natural processes,
synthetic chemists must improve conventional multistep
reactions. For that reason, tailor-made templates, which
recognize matching reaction partners and bring them suffi-
ciently close together to promote intermolecular reactions,
are needed. In the past, numerous recognition motifs
mimicking nature were offered, in which metal ions often
play an important role.

Concerning our own research on ferric wheels [McC-
{Fe,(L),}]Cl (60,61), alkali ions act as templates (Section 9.1;
Scheme 24).% In the case of metallosandwich [FegClg(L?)o]
(86; Scheme 37), the iron ions themselves function as
templates (assembly platforms) to preorganize the olefinic
diethoxyamine sidearms, suitable for threefold acyclic diene
metathesis (ADMET) reactions in the presence of ruthenium
alkylidene Grubbs catalysts.®!! Further transformations of 86
should finally produce the new class of extended calixarene
analogues 87.%! Recently, viability for a similar system of this
proposal was demonstrated by Stoddart, Grubbs et al.[*
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Scheme 37. Synthesis of 86 by template control and ADMET and its
transformation to macrocycles 87.
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