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. Introduction

A helix is a geometric motif which is found in
natural as well as in artificial structures. Helicity can
be observed in the spiral arms of galaxies or in
microscopic structures such as right- or left-handed
guartz!® as well as in human art and architecture.
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In chemistry or biochemistry helicity is present in
various systems.? a-Amylose is a macromolecule with
a helical structure that contains about six glucose
units per helical turn.® Deoxyribonucleic acid (DNA)
exists as a double helix in which the two strands are
connected by hydrogen bonding between complemen-
tary bases.” It stores and transmits our genetic make
up and therefore is essential for life. Peptides can
adopt an o-helical structure or form larger helical
arrays as, for example, found in the collagene triple
helices.’

In artificial supramolecular architectures, helicity
can be introduced by conformational restrictions of
macromolecules,® inter- or intramolecular hydrogen
bonds,” or coordination to metal ions.®?°

In this context, a class of unnatural double- and
triple-stranded helical oligonuclear coordination com-
pounds, which are formed in metal-directed self-
assembly processes, recently was investigated thor-
oughly.’0716 In 1987 J.-M. Lehn introduced the term
“helicate” for metal complexes that contain one or
more ligand strands and two or more metal centers.*’
The most common of such coordination compounds,
which are the focus of this article, are the double-
stranded and triple-stranded helicates. The challenge
of helicate chemistry is not only to understand
fundamental principles of recognition and (self)-
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assembly processes, but also to search for new
supramolecular functional devices.'® Questions on the
influence of noncovalent interactions on supramo-
lecular stereo- or regiochemistry can be studied by
using helicates as simple model systems.®

The 1987 publication by Lehn'” marked the begin-
ning of some excellent work regarding the self-
assembly, the structures, the properties, and the
functions of helicates. Many investigations have
already been done, but the future will show what else
we can learn and achieve by studying this fascinating
topic of metallo-supramolecular chemistry.

In 1997 helicate chemistry was already reviewed
thoroughly with the focus on not only structures but
also the investigation of helicates and helicate forma-
tion by mass spectrometry and crystallography.!! The
number of publications on helicate chemistry more
than doubled since this review appeared, so that it
seems to be about time for a new overview taking
the novel results into account.

Thus, the chemistry on double- and triple-stranded
helicates will be the topic of this review article with
a focus on the literature since 1997 including the
rapidly developing chemistry of circular helicates?®
and the recent extensive use of helicates as templates
for the synthesis of topologically interesting deriva-
tives such as molecular knots and related com-
pounds.?® Furthermore, concepts to control ligand
self-recognition during the self-assembly of helicates
will be presented. Single-stranded helicates'* will not
be discussed in this article, and helicate-type com-
pounds in which the ligand strands are connected by
spacers?? are also excluded.

In contrast to the earlier review,** the helicates will
be discussed due to the kind of donor ligand which
is used for their formation.

1. Helicates: Supramolecular Coordination
Compounds

The formation of helicates depends on the nature
of the metal and ligands and sometimes on additional
information which can be introduced by appropriate
templates or reaction conditions.

The chiral information which leads to the formation
of the helical structure very often is embedded in the
preferred coordination geometry at the metal ions.?32*

Bidentate chelating ligands in combination with
tetrahedrally (B) or octahedrally (C) coordinated
metal ions lead to mononuclear complexes which
already possess a helical twist and therefore are ideal
building blocks for double- or triple-stranded heli-
cates.’®?® Tridentate ligands on the other hand can
form double-stranded complexes with octahedral (A)
or triple-stranded systems with a tricapped trigonal
prismatic geometry at the metal (D). “Linear combi-
nation” of two such complex units leads either to the
double- (H) or triple-stranded (1) helicate (both
complex units possess the same configuration) or the
corresponding meso-form (J, K; opposite configura-
tion at the metal centers): the meso-helicate?® (side-
by-side complex,?” mesocate?®®).

Complex units such as E—G do not possess a
helical twist. However, oligonuclear coordination
compounds possessing two or more such complex
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units can adopt a helicate (or meso-helicate) type
structure, if the chiral information is introduced by
the ligand.?®

2. Double- and Triple-Stranded Helicates before
1987—Historical Introduction

Some examples of helical double- or triple-stranded
dinuclear complexes were already known when the
term helicate was introduced in the 1987. In 1976 it
was reported that doubly deprotonated octaethyl-
formylbiliverdine (1) forms a mononuclear pentaco-
ordinated zinc complex [Zn1(H,O)] which under
acidic conditions rearranges to the dinuclear complex
[Zn,15]. Both complex units possess a pseudotetra-
hedral coordination geometry, and the two ligands
are wrapping around the metal ions to form a double-
stranded helix (Figure 3).%°
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Ligand 1 is a directional ligand due to the presence
of a lactame unit at one end of the molecule and a
formyl moiety at the other. The X-ray structure of
[Zn,1,] clearly demonstrates that the two directional
ligand strands are orientated in an antiparallel
(“head to tail”) fashion.®® The analogous symmetrical
decamethylbiladiene derivative (2-H,) also forms a
dinuclear double-stranded helical zinc(lIl) complex
[Zn222].31

In 1980 the imino/bipyridine ligands 3a and 3b
were used to obtain dinuclear coordination com-
pounds [M,3,]>" with silver(l) (a, b) and copper(l) ions
(b). The X-ray structure of [Agz3a,]*" shows the
presence of a double-stranded helix in the solid state,
while NMR studies indicate the same structural
motif in solution.3? With the tetramethyl-substituted
2,2".6',2"":6",2""-quaterpyridine 4, a dinuclear double-
stranded helical copper(l) complex [Cu,4,]*t was
obtained and characterized by X-ray diffraction.33

Triple-stranded helical coordination compounds
have also been known since the 1970s. Rhodoturulic
acid 5-H; is a naturally occurring siderophore which
was isolated from low iron cultures of Rhodotorula
pilimanae and related yeasts.3* As a siderophore it
is important for the control of the iron uptake in
microorganisms.®® In 1978 Raymond described the
formation of dinuclear complexes of Rhodoturulic
acid with iron(l11) as well as with chromium(lll) and
aluminum(l1l). Dinuclear triple-stranded coordina-
tion compounds [M,53] (M = Fe, Cr, Al) were isolated,
and it was shown by circular dichroism (CD) studies
that both complex units possess the same configu-
ration A. Therefore, the compounds exist as triple-
stranded (P)-helicates. Up to now the diiron complex
of Rhodoturulic acid [Fe;53] was the only helicate
which was found to exist in nature.®® In 1985 Ray-
mond presented the bis(hydroxypyridinone) deriva-
tive 6-H; as an unnatural analogue of Rhodoturulic
acid. Both ligands have two hydroxamic acid binding
sites for the coordination of metal ions. From 6-H; a
triple-stranded dinuclear complex [Fe,63] is formed
with iron(I11) ions, which in the solid state adopts a
helical structure and encapsulates one molecule of
water in its interior.%”

In 1987 Lehn introduced the term double-stranded
helicate for inorganic double helices in which two
linear organic ligand strands are wrapping around
two or more metal centers. Bis(bipyridine) ligand 7a
and tris(bipyridine) ligand 7b (Figure 4) were used
to form dinuclear [Cu,7a,]?" or trinuclear [Cuz7b2]3"
complexes with copper(l) ions. For [Cus7b,]*", the
structure of a double helix was shown by X-ray
crystallography. It was assumed that to some extent
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sr-stacking interactions might contribute to the sta-
bilization of the trinuclear double-stranded helix and
favor its spontaneous self-assembly from the five
components: two ligands and three metal ions.*’

Il. Linear Oligonitrogen Donors as Ligands for
Double- and Triple-Stranded Helicates

1. Bipyridine Derivatives

Nitrogen-donor molecules play an important role
in the chemistry of helicates. The reason for this
might be that nitrogen, which is sp?-hybridized and
is embedded in an aromatic or any other unsaturated
system, is an excellent donor for the coordination to
metal ions.®® Therefore, over the years numerous
pyridine and oligopyridine derivatives were used for
the assembly of helicates. 2,2'-Bipyridine (or the
related phenanthroline) is a bidentate ligand which
is an excellent building block for helicating ligands.
Here, the substitution pattern at the ligand is
important for the outcome in a coordination study.
For example, 2,2'-bipyridines which bear substituents
in the 6- and/or 6'-positions are ideal to form pseudo-
tetrahedral 2:1 metal complexes with appropriate
metal ions. Octahedral 3:1 complexes on the other
hand cannot be formed due to the steric interaction
of the substituents in the 6-position.® Therefore, 6,6'-
substituted derivatives are potential ligands for
double-stranded but not triple-stranded helicates.
Triple-stranded systems however can be obtained
from 2,2'-bipyridine derivatives, which bear substit-
uents (for example, the spacer) in the 4- or 5-position
of the pyridine units. With such ligands octahedral
metal complexes can be obtained leading to triple-
stranded helicates.®

As discussed before, the ether-linked oligo(bipyri-
dine) derivatives 7a and 7b form dinuclear and
trinuclear double-stranded helicates [Cu,7a,]*" and
[Cus7b,]®" in metal-directed self-assembly processes
(Figure 5).17 Similar tetra- and pentanuclear deriva-
tives [Cum72]™" (m = 4 ¢, 5 d) are obtained with the
extended linear ligands 7c and 7d.*° Using silver(l)
instead of copper(l) as the metal which directs the
self-assembly of the helicates leads to the analogous
silver complexes [Agm72]™"" (M =3, b;m=4,¢c;m=
5, d).*! In all complexes formed from ligands 7 and
copper(l) or silver(l) ions the metal centers adopt a
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pseudotetrahedral coordination geometry. Linear
linkage of the tetrahedra by the flexible CH,OCH,
spacers leads to a helical arrangement. In the case
of the pentanuclear species [Cus7d,]°*, the complex
shows more than two turns of the helix.*

In 1987 it was already determined that racemiza-
tion of the helix (inversion of the right-handed helix
into the left-handed and vice versa) could be mea-
sured by *H NMR (200 MHz). However, upon heating
a sample of [Cu,7a,]?" in ds-nitrobenzene, no coales-
cence of the diastereotopic protons of the CH, groups
could be observed up to 393 K. A racemization barrier
of at least 21 kcal/mol was estimated. Even higher
barriers are expected for complexes with higher
nuclearity.’

Figure 5.

=

N
=
N
|

8d

=
X

Albrecht

o~ N o) n=1:7j
lqj/ 0 Ol =27k | N
OSiMe,Bu Z
N 0
OSiMeztBU <N Z |
N 71
0 0 #
O._N 0 SN

3

00 N Ol
HN ’ H ' =N N0
o N N - o N_/
S e (O(CH2)4)130Me
OSiMe,Bu

=Z

Derivatives 7e and 7f have three and five bipyri-
dine units connected by ether linkages. Here, the
central ligand unit bears a methyl group in the
benzylic positions with an (S)-configuration. The
chiral information which is introduced into the ligand
strand of 7e leads, upon complex formation, to
diastereomerically and thus enantiomerically pure
double-stranded helicates. By NMR spectroscopy only
one diastereomer can be detected for complexes
[M37e,]?" (M = Cu, Ag). CD spectroscopy shows that
the right-handed helix (P) is induced by the (S,S)-
configured ligand.?’

By titration experiments of ligand 7g with copper-
(1) ions it could be shown that the formation of the
trinuclear helicate [Cus7g,]®*" proceeds with positive
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cooperativity,* and thus, it is an example of strict
self-assembly.*® This means that the formation of the
final helicate is highly favored over every single step
in the process of formation, and thus, only the final
product and no intermediates can be observed.**

Following the reaction of the penta(bipyridine)
ligands 7h,i with copper(l) ions by ES MS (electro-
spray mass spectrometry) leads to the observation
of [Cu,7i]>" and [Cus7i]®t as intermediates in the
assembly of [Cus7i,]°". Therefore, metal ions are
bound successively to a single ligand strand 7i until
three copper(l) ions are coordinated. Here, the ligand
is able to adopt a loop-type conformation and gener-
ate a saturated tetrahedral environment at each
metal center. In the final step two intermediates
[Cu,7i]?" and [Cus7i]*" have to combine to form the
final pentanuclear helicate [Cus7i,]°".%

The simplicity and effectiveness of the self-as-
sembly of oligonuclear helicates from the bipyridines
7 makes them interesting candidates to introduce
some properties by functionalization. The thymidine-
substituted ligands 7j,k were synthesized*® and used
for helicate formation to obtain the deoxyribonucleo-
helicates (DNH) [Cus7j.]*" and [Cus7k2]>", which
were characterized by 2D NMR spectroscopy and
FAB mass spectrometry. The thymidine residues of
the DNHSs are attached to the periphery of the double
helix. This is contrary to the structure of DNA, which
bears the nucleobases in its interior to connect two
complementary strands by hydrogen bonding. Due
to its substituents, the DNHs should have the
potential to interact with DNA via hydrogen bond-
ing.*” Experiments which would show such an inter-
action were not reported.*” However, it was found
that the unsubstituted helicates [Cun(7a—d).]"" (n =
2—5) bind to double-stranded DNA. An important
driving force for this interaction is the electrostatic
attraction of the positively charged helicate by the
negatively charged DNA backbone.*®

Complexation of the polymer-substituted bis(bipy-
ridine) 71 with copper(l) forms a dinuclear double-
stranded helicate [Cu,71,]?*, which is covalently
linked to linear macromolecules and induces a helical
twist in the polymer chain.*® An inverted helicate in
which ether-linked bicyclic guanidinium dimers or
tetramers wrap around sulfate anions is also de-
scribed.>

2,10-Phenanthroline is a chelating ligand that
possesses coordination features that are very similar
to those of 2,2'-bipyridine.®® Ligand strands 8 are
analogous to the tris(bipyridine) derivative 7b with
at least one bipyridine unit substituted by phenan-
throline (or in 8d bithiophene).51~54 All of ligands 8
form trinuclear double-stranded helicates [Cus8,]3"
with copper(l) ions. Complex [Cuz8a,]*" could be
characterized by X-ray structural analysis.5? The
compound with the bis(bipyridine)—dithiophene ligand
[Cus8d,]®" is very labile but can be studied by NMR
spectroscopy and electrochemistry.5!

With ligand 8a the silver(l) complex [Ags8a,]*t and
the zinc(11) complex [Zns:8a,]®" are obtained.>? The
bis(phenanthroline)/bipyridine derivative 8b forms
the corresponding silver(l) helicate [Ags8b,]**, while
the analogous silver(l) tris(phenanthroline) helicate
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Figure 6.

[Ags8c,]®* is only stable in solution in the presence
of an excess of silver(l) ions. This is attributed to the
increased steric hindrance of the phenanthroline
compared to the bipyridine units.5153

The flexibility of the spacer which connects the
chelating metal binding sites is reduced in deriva-
tives 9. Here the ether linkage CH,OCH, of ligands
such as 7 is substituted by an imine-unit, -CH=N-—
CH,—. However, with copper(l) as well as silver(l)
ions dinuclear and trinuclear double-stranded heli-
cates [M.9a,]?" and [M39b,]*t (M = Cu, Ag) are
obtained.%®

As discussed above, double-stranded helicates can
be formed from ligands with bidentate chelating units
and tetrahedrally coordinated metal ions. An alter-
native is the combination of tridentate binding sites
with octahedrally coordinated metal centers. In de-
rivatives 10, bidentate and tridentate units are
combined and therefore should be able to form
helicates which incorporate both tetrahedral and
octahedral complex moieties.

With the bis(bipyridine)/monoterpyridine ligands
10a and 10c heterotrinuclear Cu(l)/Fe(l1) complexes
[Cu,Fel0ay]*t and [Cu,FelOc,]*t are obtained in
which the copper(l) ions are binding to two bipyridine
units, exhibiting a pseudotetrahedral environment,
while iron(l1) is located at the tridentate binding site
of the ligands having a pseudooctahedral coordina-
tion geometry (Figure 6). The heteroleptic helicate
with two different ligand strands [Cu3(10a)(10b)]é*
is obtained if the two ligands 10a and 10b, which
possess an “opposite sequence” of the binding sites,
are mixed and copper(ll) ions are added. In [Cus-
(10a)(10b)]¢* copper(ll) is pentacoordinated and binds
to one bipyridine and one terpyridine unit, leading
to the heteroleptic double-stranded system incorpora-
ting two different (“complementary”) ligand strands.>®

Ligands 11a—c possess two bipyridine units which
are bridged by CH,OCH,-linked aromatic systems of
different sizes (Figure 7). With zinc(ll) ions all of
them form double-stranded complexes [Zny(1la—
€)2]*". The X-ray structure of [Zn,11a,]*" shows that
it is not the double-stranded helicate that is formed
but the achiral meso-form, the meso-helicate, which
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possesses different a configuration at the two complex
units. The coordination geometry at the zinc centers
can be described best as pseudooctahedral with bind-
ing of the metal to the bipyridine units as well as to
the ether oxygen atoms of the ligand. NMR spectros-
copy in CD3;0OD and CD3CN shows that the nonhelical
isomer of [Zn,11a,]** is the major species in solution
(>98%). For complexes [Zn,11b,]*" and [Zny11c,]*,
both helical and nonhelical isomers can be ob-
served by NMR.5" In addition, the nickel(11) complex
[Ni211b,]** could be crystallized and the X-ray struc-
ture shows a similar structure as that found for
[Zn,11a,]*t with a meso relation of the complex units
and N4O-hexacoordination at the metal centers.>®

Albrecht

When the related ligand 11d is used in coordina-
tion studies with zinc(l1) ions, no specific complexes
can be found. NMR spectroscopy shows undefined
spectra which suggest the presence of oligomeric or
polymeric material. However, addition of appropriate
templates leads to the specific formation of well-
defined double-helical dinuclear complexes [guestC
{Zn,11d,}]*". X-ray structures of the complex in the
presence of veratrole (1,2-dimethoxybenzene) and
1,2,4,5-tetramethoxybenzene could be obtained and
show the double-helical structure of the zinc complex
[Zn211d,]*" which encapsulates the electron-rich
aromatics by w—mx interaction with the two central
electron-poor units of ligand 11d.5°
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[{11e}Zn11d}**

Figure 8.

The template-directed self-assembly of [guestcC
{Zn,11d,}]*" is a very nice example for the principle
of dynamic combinatorial chemistry. Here, first a
library of compounds is formed in which all compo-
nents are in a dynamic equilibrium and can trans-
form into each other. Upon addition of a template, a
stable complex is formed between the template and
the component of the library, which is the best
receptor for this template. The binding of the guest
shifts the equilibrium between the species of the
mixture and results in one well-defined host—guest
complex.1>6081 |n the case of ligand 11d, this principle
could be used to obtain the [2]catenane [{1le}-
{Zn,11d,}1** from an equilibrating mixture of com-
plexes in the presence of 11e (Figure 8).52

Formation of a mixture of complexes and not of
only one coordination compound is also observed by
reaction of the bis(bipyridine) ligand 12 with copper-
(). ES mass spectrometry shows that dinuclear,
trinuclear, as well as tetranuclear species [Cup12,]""
(n =2, 3, 4) are formed. However, by crystallization
the dinuclear double-stranded helicate [Cu,12,]%" is
obtained and can be characterized by X-ray structural
analysis. The rigidly linked bipyridine units are tilted
at the o-bond connecting the two chelating units. This
leads to the double-helical arrangement of the ligands
in [CU2122]2+.63

Ligand 13 is made up from two bipyridine units
which are connected by a methylene spacer in the
5-position. This ligand forms the dinuclear complex
[Fe,133]*" with iron(l1) ions. NMR spectroscopy shows
that the complex adopts an achiral structure with one
metal complex unit A- and the other A-configured.
The stereochemistry is deduced from the NMR signal
of the methylene spacer. In the case of a helical
conformation, the two protons would be homotopic
(leading to one singlet), while in the case of the meso-
form, the two diastereotopic protons should lead to
two doublets. Two signals are observed for the spacer
of [Fe,133]*", indicating the formation of a meso-
helicate. This species is made up from two similar
building blocks (the metal complex units) which
possess opposite helicity.?*

Ligands 14 have ethylene (or ethene) spacers
attached in the 6-position of the bipyridine (phenan-
throline) units. Therefore, they are candidates for the
self-assembly of double-stranded oligonuclear com-
plexes. 14a, 14b, and 14c form double-stranded
complexes [Cu,14a,]?", [Cuzl4b,]?t, and [Cu,l4c,]?"
with copper(l) ions.?4-% X-ray analysis of [Cu,14a,]>"
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reveals the double-helical structure of the complex,
while with 14c and cobalt(ll) the mononuclear com-
plex [Co14c][CF3S0s], could be structurally charac-
terized.®® The very similar but more rigid ethene-
bridged ligand 14d does not form defined coordination
compounds, but mixtures of different copper(l) com-
plexes are observed.%*

Ligands 14 are ideal for the formation of double
helicates. Shifting the spacer from the 6- to 5-position
leads to derivatives such as 15 which should be good
candidates for the formation of triple-stranded heli-
cates. The bis(bipyridine) 15a and 15b forms di-
nuclear and trinuclear triple-stranded helicates with
iron(11).%5%” The corresponding helical nickel(Il) com-
plex [Niz15b3]®" crystallizes with separation of the
enantiomeric helices and was structurally character-
ized.®®

Further shifting of the ethylene spacer from the
5- to 4-position of the bipyridines still enables the
formation of triple-stranded helical complexes. Lig-
ands 16a and 16b form helicates [Fe,16a3]*" and
[Fe.16bs]*" with iron(ll) ions, as could be shown by
X-ray diffraction. The (CH;), as well as the (CH,);3
spacer of 16a/b lead to helical metal complexes.58°
The enantiomeric helicates (M)-[Fe;16a3]*" and (P)-
[Fe.16a3]*" can be separated by asymmetric extrac-
tion/precipitation. Extraction of a [Fe,16a3]*t con-
taining water phase with a dichloromethane solu-
tion of [cinchonidinium][A-tris(tetrachlorobenzene-
diolato)phosphate(V)] (A-TRISPHAT™) leads to the
complex salt (P)-[Fe;l6as][A-TRISPHAT], in the
organic phase (50% vyield, de > 97%) and (M)-
[Fez16as][A-TRISPHAT], as a precipitate (48%, de >
97%). In solution, (P)-[Fe;16a3][A-TRISPHAT], rap-
idly epimerizes at 80 °C. Observation of free ligand
16a by NMR at elevated temperatures suggests that
this epimerization process proceeds via a dissociative
mechanism.”® Heterodinuclear ruthenium(l1)/iron(11)
complexes [RuFel6,]*" are obtained, and energy
transfer between the ruthenium and the iron centers
can be studied.5°

With the (CH,)s-linked bipyridine 17, no helicate
but instead a triple-stranded meso-helicate [Fe,175]*"
is obtained. NMR spectroscopic investigations show
two distinct signals for the diasterotopic protons of
the central methylene unit of the spacer. In the case
of a helical structure, the protons should be homo-
topic.”* Thus, 17 exhibits a high analogy to ligand
13, which shows the same connectivity as 17 but
possesses only one methylene group in the spacer.
13 also forms the meso-helicate [Fe,133]*". With the
related ligands 15 (with (CHy), linkage) the helicates
(e.g., [Niz15b3]®")%° are observed exclusively. The
reason for the high but different stereoselectivity in
the self-assembly process of ligands 13, 15, and 17
is the different nature of the spacers. The 5-positions
of the bipyridine units are connected by alkyl chains.
However, the length of the spacer varies from one to
three methylene units with the diastereoselectivity
of the complex formation depending on the number
of CH; groups. An odd number of methylene units
(n = 1, 3) leads to the achiral meso-helicate. Alkyl
chains prefer a zigzag structure as the energetically
favored conformation. In the case of an odd number
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of methylene units, this yields a molecule with an
internal mirror plane. If this conformation is con-
served during the formation of a dinuclear metal
complex, it consequently will lead to the meso-form,
which also exhibits this internal mirror plane. In the
case of an even number of methylene units, the
favored conformation possesses a C, axis which upon
complex formation will lead to the chiral helicate.
Thus, the stereoselective formation of complexes from
linear alkyl-bridged ligands such as 13, 15, and 17
highly depends on the preferred conformation of the
spacer. Simple “addition” or “removal” of one meth-
ylene unit results in a switch from the chiral helicate
to the achiral meso-helicate or vice versa (Figure
9).1226

Ligands 18 represent bis(bipyridine) derivatives
which bear aromatic spacers connecting the ligand
units. In 18a and 18b a single aromatic ring pos-
sesses two bipyridines attached in the 1- and 3-posi-
tions, while in 18c biphenyl carries the bipyridines
in the 3- and 3'-positions. All of ligands 18 form
dinuclear double-stranded helicates [M,18,]>" with
copper(l) and silver(l) ions. [Cu,18c,]>" could be
characterized by X-ray diffraction, showing the heli-
cal arrangement of the two ligands which are wrap-
ping around the copper(l) centers.”?

From nickel(ll) and 18 dinuclear double-stranded
helicates are formed. However, due to the preference
of nickel for an octahedral coordination geometry
additional co-ligands have to be present. The heli-
cates were obtained as [Ni»18,(OAc),]>". X-ray struc-
tural analyses of [Ni,18b,(OAc),]?" and [Ni,18c,-
(OAC),]*" show the double-helical arrangement of the
two ligand strands with two acetates coordinating to
the nickel(ll) ions at the termini of the helicate
(Figure 10).72

In ligand 19 two bipyridine units are connected by
a (CHy)s; linker which, through amide groups, is
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attached to the 5-position of the ligands. With iron-
(1) ions a dinuclear triple-stranded helicate [Fe,193]**
is obtained.” The X-ray structure shows the presence
of the helical and not of the meso-form. The helicate
is formed, although an odd number of methylene
units is present in the spacer. This is due to the
amide groups which are tilted at the CH,—NH
o-bonds, leading to a distortion of the zigzag confor-
mation of the alkyl chain.?® *H NMR shows only one
multiplet for the protons of the central methylene
unit, indicating the presence of the helical stereoi-
somer of [Fe»19;]*" not only in the solid state but also
in solution.”

Helicates usually are formed as a racemic mixture
of the two enantiomers. As mentioned before, it is
possible to obtain only one of the helical isomers by
spontaneous separation during crystallization.®® On
the other hand, it is possible to induce a particular
twist by chiral substituents at the ligand. The chiral
ligands 7e and 7f and the Rhodoturulic acid 5-H;
were already mentioned.?”:367* |n addition, ligands
20—22 which bear pinene-derived units as substit-
uents at the bipyridines were synthesized. Deriva-
tives 20 and 22 form triple-stranded helicates (P)-
[M2203]*" (M = Cd, Zn, Fe)’® and (P)-[Fe»223]**. The
(P)-sense of the helical turn was shown by CD
spectroscopic investigations. An X-ray structural
investigation of (P)-[Fe,223]*t supports the stereo-
chemical assignment.’®

Due to its substitution pattern at the aromatic
units, 21 is more appropriate for the formation of
double- than triple-stranded helicates. With copper-
(1) ions in methanol, a mixture of two species (ratio
10:7) is formed. Crystallization yields the dinuclear
double-stranded helicate [Cu,21,]?", and the X-ray
structure analysis shows that the (R,R)-configured
ligand induces a (P)-helix while (S,S)-21 leads to the
corresponding (M)-helix.””

2. Terpyridine Derivatives

Ligands 10 were discussed before, in which a
terpyridine unit is introduced into ligand strands
containing bipyridines.® However, 2,2':6,2"-terpyri-
dine itself and ligand strands containing several
terpyridine units are able to form helicates.

A number of different 2,2":6',2"-terpyridine deriva-
tives 23—26 (Figure 11) were synthesized’® and used
for the formation of double-stranded helicates. Ligand
23b forms double-stranded helicates with copper(l)
as well as with cadmium(l1) ions which possess the
structure of “molecular boxes”. Complexes [Cu,23b,-
(MeCN),]?" and [Cd223b2(AcO)(MeOH),]?* were char-
acterized by X-ray analysis. Each of ligands 23b
binds with two of its pyridine units to one of the
metal centers and with the third one to the other,
filling three coordination sites at each metal. In
addition, co-ligands bind to the metals and fill up
their coordination sphere (1) (Figure 12).7°

Ligands 23a,c—e form dinuclear double-stranded
helicates [Cu,23a,c—e;]?" without any co-ligands
present. The solid-state structure of [Cu,23d,]*"
shows that one copper ion is tetracoordinated, bind-
ing to two pyridines of each ligand 23d, while the
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second copper ion is bound to the two remaining
pyridines (11). However, NMR studies at —80 °C show
that in solution the more symmetric structure 111 is
probably present. Two copper(l) centers are tetraco-
ordinated, and the central pyridine units of the
ligands are bridging between the metals.®® A struc-
ture 111, as it was proposed for [Cu,23d,]*" in
solution, is observed for the double-stranded helicate
[Cuz23c,)?" in the solid state.8!

Ligands 24 are highly sophisticated examples of
terpyridine derivatives. On the one hand, they bear
chiral substituents which can induce a preferred
twist in the helix; on the other hand, they are
directional due to the unsymmetric substitution
pattern and can adopt a parallel or an antiparallel
orientation. That means that the termini of the
ligand which bear the chiral substituents can either
be bound to the same (parallel) or to different metal
centers (antiparallel). Derivatives 24 form complexes
with silver(l) and copper(l) ions. Crystallization of the
silver(l) complex of 24a from acetonitrile yields a
mononuclear species [Ag24a(NCMe)]t with the tri-
dentate ligand 24a and one molecule of acetonitrile
coordinating to the metal in a distorted square planar
coordination geometry.®? On the other hand, crystal-
lization of silver complexes of 24a and 24b from
methanol and acetone, respectively, affords the di-
nuclear double-stranded helicates [Ag224,]°*.828 The
X-ray crystal structures of the complexes show that
the chiral ligands 24 induce an (M)-configuration at
the helix. With the enantiomeric ligands 24a’,b’ the
(P)-helix is obtained. However, two different struc-
tures are observed for [Ag.24a,]%" or [Ag.24b,]?" in
the solid state. The coordination geometry at the
silver in both complexes can be described best as
linear dicoordinated. The two silver(l) ions are only
binding to the terminal pyridine units of the terpyr-
idine ligand (1V). Ligand strands of [Ag,24a,]°" are
orientated parallel with the two chiral and sterically
demanding units at one terminus of the helicate and
with the unsubstituted terminus interacting with the
unsubstituted terminus of a second complex by
m-stacking. In the solid state this leads to a tetra-
nuclear arrangement [{Ag.24a,},]*". Ligand 24b
bears an additional methyl substituent which sup-
presses the 7— interaction in the solid state. Here
the X-ray structure of the dinuclear antiparallel
isomer of [Ag,24b,]?* is obtained. Copper(l) ions form
the structurally very similar complex [Cu,24b,]>*
with an antiparallel orientation of the two strands.
In solution two different species are observed for
[Cuy24b,)?* (ratio 13:2). It is supposed that this
isomerism is due to two different stereoisomers with
a different turn of the helix and not to different
regioisomers with parallel and antiparallel ligand
orientations.82-84

Connection of two terpyridine units by appropriate
spacers leads to extended ligands which bear two (or
more) tridentate binding sites for metal ions. There-
fore, they are ideal to form double-stranded helicates
with metal centers that prefer an octahedral coordi-
nation geometry.

Thus, the ethylene-linked bis(terpyridine) deriva-
tive 25a forms double-stranded helicates [M,25a,]*"
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with iron(l1) or ruthenium(ll) as the metal. A poor
X-ray structure of the ruthenium complex [Ruz25a,]*"
shows the helical arrangement of the ligands.8®> The
two enantiomeric forms of the analogous iron(ll)
helicate [Fe,25b,]*" could be separated chromato-
graphically by chiral resolution with tartrate. X-ray
structural analysis allows the assignment of the
absolute configuration of the helix. The helical ar-
rangement at the iron(ll) centers in [Fe,25b,]*" leads
to an extraordinarily high optical rotation of [a]p =
—2015 for the (P)-enantiomer and +2070 for the (M)-
enantiomer.8® The trinuclear double-stranded heli-
cate [Fes25¢,]®" was resolved in a similar manner,
and the resulting enantiomerically pure helicates
were investigated by CD spectroscopy.®’

The bis(terpyridine) ligands 26 form dinuclear
double-stranded helicates [Ag.26,]°" and [Cu»26,]*"
with silver(l) or copper(ll) ions. X-ray structural
analyses of [Ag,26b,]>" and [Cu,26b,]** show that
the silver(l) ions are pentacoordinated, leaving one
pyridine unit at each ligand strand 26b uncoordi-
nated. The copper(ll) ions on the other hand adopt a
hexacoordinated distorted octahedral geometry.28

Ligand 27 represents an “extended terpyridine” in
which the direct connections between the pyridines
were substituted by rigid alkyne spacers. This ligand
forms a trinuclear triple-stranded helicate [Cuz273]3"
with copper(l) ions. The X-ray structure analysis
shows a trigonal-planar coordination geometry at the
copper(l) centers.®

3. Quater-, Quinque-, Sexi-, Septi-, and
Novipyridine Derivatives

Oligopyridines which are connected in the 2- and
6-positions of the pyridine units can be extended to
obtain quater-, quinque-, sexi-, septi-, or novipyri-
dines 28—35 and 37—39 as helicating ligands (Figure
13).78

2,2":6',2":6",2""-Quaterpyridine consists of two bi-
pyridine units.®® Connection of the didentate units
at the 6-position favors the formation of double-
stranded over triple-stranded complexes. Conse-
guently, double-stranded helicates are formed from
the symmetric ligands 28 with copper(l) or silver(l)
ions. The X-ray structures of [Cu,28a,b,]*" and
[Ag.28a,]?t reveal the double-helical structures of the
dinuclear coordination compounds.®® [Cu,28b,]** was
used as a molecular switch which gives a structural
response on an electrochemical signal (Figure 14).
Oxidation of the copper(l) centers of [Cu,28b,]?* leads
to the rearrangement of the dinuclear complex to
form the mononuclear species [Cu28b(solvent)]?*.
Reduction regenerates the helicate [Cu,28b,]?".%¢

Derivatives 29 represent a class of directional
quaterpyridine ligands which all form double-stranded
dinuclear helicates with copper(l) [Cu229,]?". In
general, it is found that a parallel orientation of the
strands is favored over an antiparallel one. However,
complexes with antiparallel ligands are also ob-
served. The relative orientation of the two ligand
strands depends on the size of the substituents. With
the small methyl group in the 4-position of the
terminal pyridine ring (ligand 29h), the dinuclear
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Figure 13.

complex [Cu,29h,]?* exists in solution as a mixture
of the two regioisomers in a 1:1 ratio. In contrast,
ligand 29i with a bulky tert-butyl group in the same
position exclusively forms one isomer of [Cu»29i,]?"
which, by crystallization and X-ray structural stud-
ies, was shown to be the one with parallel ligand
strands.®?

R =SMe: 33¢
R =H: 33a R =SnPr: 33d
R=Ph:33b R =4-ClPh: 33e

'=H, R?2 = 4-tBuPh: 38
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R' R?= SnPr: 38b

The quaterpyridine substructure is hidden in com-
pounds 30. Additional alkyl linkages are introduced
in the backbone of the ligand, making it more rigid.
With the most flexible derivative 30c a copper(l)
complex [Cu,30c,]*" is obtained. The solid-state
structure shows the double-helical arrangement of
the ligand strands.®?
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Introduction of chiral groups at the terminus of
2,2':6',2":6",2'""-quaterpyridine leads to chiral induc-
tion during the formation of dinuclear double-
stranded silver(l) and copper(l) helicates [M»31,]%>"
from ligands 31 and 31'. Although one major and one
minor stereoisomer are obtained initially, crystal-
lization enables the isolation of the enantio- and
diastereomerically pure double-stranded helicates.
X-ray structural investigations in combination with
CD spectroscopy show that ligand 31 favors the
formation of (P)-[M»31,]>" (M = Cu, Ag), while 31
leads to the (M)-isomer as the major product. The
helical complexes show an extraordinarily high opti-
cal rotation of [o]p = +1128° for (P)-[Ag.31,]*" and
[a]o = +2126° for (P)-[Cu,31,]?".%

2,2":6',2":6",2'"":6"",2""-Quinquepyridine undergoes
a variable coordination chemistry. In principle, it can
be segmented into different ligand units leading to a
variety of different coordination modes V—IX in
double-stranded helicates (Figure 15).

From a formal point of view, quinquepyridines can
act as linear oligopyridine ligands with (i) one bipy-
ridine and one terpyridine unit (V, IX), (ii) two
bipyridines bridged by a pyridine (VI1), or (iii) two
bipyridines with a terminal pyridine (VII, VIII).%

Simple unsubstituted 2,2":6',2"":6",2"":6'",2"""-quin-
quepyridine 32 forms a dinuclear double-stranded
helicate [Pd,32,]*" with palladium(I1). This complex
exhibits coordination mode V, in which the ligand
acts as a segmental bipyridine/terpyridine derivative.
Each of the palladium centers shows pentacoordina-
tion, binding to the bipyridine unit of the one and to
the terpyridine unit of the other ligand strand 32.%¢
Silver(l) ions and 32 form a mononuclear complex
[Ag32]". However, the dinuclear double-stranded
structure V is found in the solid state for the silver-
(1) complex [Agz33a,]>" of ligand 33a. The methyl
groups at the termini of 33a disfavor a mononuclear
species by steric interaction.®” Introduction of phenyl
groups in the 4-position of the second and fourth
pyridine unit results in ligand 33b which is related
to 33a. However, the coordination mode of the
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Figure 16.

silver(l) complex [Ag.33b,]*" changes compared to
[Ag233a,]?". The two silver ions are coordinating to
the terminal bipyridine units of the ligand, and the
central pyridine units act as bridging ligands. As a
result, a highly distorted octahedral coordination
geometry is observed at the metals.®”

Trinuclear complexes [Cusz33c,d,]*" which probably
possess a structure like V111 result from the reaction
of copper(l) with the quinquepyridines 33c and 33d.
Oxidation of the copper(l) centers to copper(ll) results
in the removal of one of the copper ions and a
dinuclear complex [Cu,33c,d,]*" is obtained. X-ray
structural analysis of [Cu,33c,]*" shows that one of
the copper(ll) metals is tetra- and the other hexaco-
ordinated (similar to IX). In the presence of acetate,
complex [Cu,33c,(0AC)]T is formed. In this complex
of type VII both copper(ll) ions are hexacoordinated
with one metal binding to the terpyridine domains
of the two ligand strands and the other to the
bipyridine units. The latter additionally coordinates
an acetate as a bidentate ligand.®* Structure VII is
also present in the helicates [M»(32/33c,d),(OAc)]**
(M = Fe, Co, Ni, Zn)® and [Ru,32,(oxalate)]**.%°
Cobalt(ll) ions and 33e result in the related complex
{[C0,33e2(0AC)].} 8" (Figure 16). In this compound
two acetates bridge the two dinuclear helicate moi-
eties which are oppositely configured, leading to a
tetranuclear meso-complex.1%0

The unique feature of quinquepyridine 32 and its
derivatives opens up a way to the systematic syn-
thesis of heterodinuclear double-stranded helicates.
Binding of a metal ion that prefers hexacoordination
to two terpyridine domains and one that prefers
tetracoordination to two bipyridine units leads to
heterodinuclear complexes of the type 1X. Experi-
mentally this is realized by simple mixing of mono-
nuclear complexes [Co32(MeOH),]*" and [Ag32]".
X-ray analysis of the resulting double-stranded heli-
cate [CoAg32,]** shows the proposed heterodinuclear
structure IX with silver occupying the tetrahedral
and cobalt the octahedral binding sites.%? Reaction
of [Co32(MeOH),]>" with copper(l) or silver(l) salts
also enables the isolation of the heterodinuclear
complexes [CoM32,]*" (M = Ag, Cu).1®2 Another
method for the generation of type IX heterodinuclear
helicates is the redistribution reaction of two homodi-
nuclear helicates. Thus, [Ni233c2(NO3)]3*, which pos-
sesses a structure like V11, forms the heterodinuclear
double-stranded helicate [NiCu32c,]** by reaction
with [Cu,33c;]?*, which could be characterized by
X-ray diffraction.103

The very rigid helicene-type quinquepyridine de-
rivative 34 is ideally preorganized for the complex-
ation of sodium. Here, a mononuclear complex [Na34]*
can be generated in solution and transformed into
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the corresponding dinuclear complex [Na»34,]". Thor-
ough 2D NMR spectroscopic investigations show that
the dinuclear complex [Na,34,]" adopts a structure
in which the two directional ligands 34 are antipar-
allel orientated.04.105
2,2':6',2":6",2'"":6",2"":6"",2""-Sexipyridine 35 and
its derivatives 37 usually act either as a tris(bipyri-
dine) or a bis(terpyridine) ligand. For example, 35
can be synthesized by homocoupling reaction of two
terpyridine derivatives 36 with nickel(ll) salts in the
presence of triphenylphosphane and zinc. Initially the
double-stranded dinuclear helicate [Ni»35,]*" is
formed, which by reaction with CN~ releases ligand
35.1% The related dinuclear compounds [M235,]*" (M
= Mn, Fe, Co, Zn, Cd, Hg), [M237a—c,]*" (M = Fe,
Co, Ni, Zn), and [M,37d,e;]*" (M = Fe, Co, Ni, Cu)
are obtained by coordination of an appropriate metal-
(1) salt with the corresponding free ligand.%8:107-109
X-ray structures of [Zn,37a,]*",1%° [Ni,37d,]*", and
[Cu,37d,]** %8 show the double-helical structure with
both metal centers pseudooctahedrally coordinated.
Trinuclear helicates [M335,]*" (M = Cu, Ag) and
[Cuz37d,e,]*t are obtained with copper(l) or silver-
() ions.%8107 The solid-state structure of [Cu335,]3*
shows the three tetracoordinated copper centers with
the two ligand strands wrapping around them.0?
2,2":6',2"":6",2":6"2"":6"",2"":6"" 2" -Septipyri-
dine possesses various possibilities to form helicate-
type complexes. However, very few coordination
studies have been performed with this ligand system.
The septipyridine derivative 38b forms a tetra-
nuclear helicate [Cus38b,]*" with copper(l) ions. It
is supposed that three of the copper centers possess
a pseudotetrahedral and one terminal a linear dicoor-
dination geometry (X) (Figure 17). The mixed-valent
species [Cu''Cu',38b,]*" is assumed to possess one
hexacoordinated copper(l1) and two tetracoordinated
copper(l) centers XI. With copper(ll) a dinuclear
species [Cu»38b,]*" is obtained. The X-ray structure
of the corresponding cobalt complex [C0,38b,]*"
reveals two hexacoordinated metal centers. The
terminal pyridine unit of the one ligand strand and
the central unit of the other do not participate in the
binding to the metals (X11).11°
In the solid-state structure of [Zn,38a,]*" it is
observed that one pyridine of each strand, which are
both located at the same terminus of the helicate
X111, is not coordinating to the zinc(ll) ions.*!!
Oligonuclear coordination compounds of the non-
ipyridine 39 are only detected by FAB mass spec-

Chemical Reviews, 2001, Vol. 101, No. 11 3469

trometry. Thus, the pentanuclear complexes [Cus39,]°"
and [M339,]%*" (M = Co", Cu") could be observed. For
the latter it is assumed that the metals occupy
pseudooctahedral coordination sites, with ligands 39
acting as tris(terpyridine) derivatives.!'?

4. Imine-Based Ligand Strands

Imine-based ligands are very easy to synthesize
and—as Hannon pointed out™3—are inexpensive. This
means that they are easily available in large amounts
to do coordination studies and to investigate the
properties of supramolecular metal complexes.

The simple ligand 40, which is obtained by imine
condensation of 2-pyridinecarbaldehyde and ethyl-
enediamine, forms a dinuclear double-stranded he-
licate [Ag»40,]%" with silver(l) ions (Figure 18). X-ray
characterization shows the double-helical structure
with the two silver ions being tetracoordinated.'*
The analogous ligand 41a is similar to the meso-
configured derivatives 3a,b,%? which yield double-
stranded helicates [Ag.3,]*". 41a does not form
discrete dinuclear complexes with silver(l), but a
polymeric structure [Agn4la,]"" is observed in the
solid state.*'* However, 41a and its bromo-substitut-
ed analogue 41b vyield dinuclear double-stranded
helicates [Cu,41,]>". An X-ray structure of [Cu,(R,R-
41b),]?* shows that the R,R-configuration in the
ligand backbone induces an (M)-configuration of the
helicate. The self-assembly of the dinuclear com-
plexes proceeds with chiral self-recognition if a ra-
cemic mixture of R,R- and S,S-41a,b is used for the
complexation studies (vide infra).11®

The bipyridine (or phenanthroline) derivatives 42,
which possess either a bipyridine-type or two imino-
pyridine binding sites for metal ions, were used for
the formation of dinuclear double-stranded helicates.
All ligands 42 lead to helical complexes [Cu,42,]2*.
For [Cu,42b,]?" 116 and [Cuz42e,]?",*7 it was found
for the first time that phenanthroline does not act
as a chelating but as a bridging unit. The potential
thioether donors of 42e do not participate in the
binding to the copper(l) centers.''” However, due to
the presence of the bipyridine unit, which is an
excellent bidentate binding site for metals, the for-
mation of the dinuclear complexes is not cooperative.
This means that in the presence of an excess of ligand
42 the formation of a mononuclear species [Cu42;]"
(X1V) is favored over the dinuclear complex [Cu42,]>"
(XV) (Figure 19).1%6

Liquid crystalline behavior was observed for
[Cuz42d,][BF.]. (Figure 20). The complex undergoes
a first-order phase transition at 25 °C to form a
columnar mesophase and melts at 181 °C into the
isotropic liquid.*!8

With the naphthyridine derivative 43 a dinuclear
double-stranded helicate [Cu,43,]?" is formed and
structurally characterized. Solution ES-MS and com-
petition studies show that the compound is partly
dissociated in solution, and thus, noncooperative
binding of the two metal centers can be concluded.
It is supposed that this is due to the close spatial
contact of the two cationic centers and the resulting
electrostatic repulsion.t*®
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The dinuclear copper(l) helicate [Cu.44,]?t is ob-
tained in a noncooperative process (Figure 21). X-ray
structural investigations show that each copper(l) is
bound to three pyridine ligands and one imino-
nitrogen atom, leaving two imines uncoordinated.
NMR and IR spectroscopy indicate symmetrical
complexes, which is attributed to a fluctional behav-
ior of [Cu,44,]%" in solution.*?®

Copper(l) complex [Cu,44,]?>" can be oxidized suc-
cessively, initially yielding the mixed-valent copper-
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(D/copper(11) species [Cu,44,]3" which after formation
should possess a tetracoordinated copper(l) and a
pentacoordinated copper(ll) center with one uncoor-
dinated imine moiety. However, the X-ray structure
analysis shows a dinuclear complex [Cu,44,]*" with
one hexacoordinated and one tetracoordinated copper
atom in the solid state. Further oxidation of [Cu,44,]3"
leads to the dinuclear copper(l1) helicate [Cu,44,]*"
with two pentacoordinated copper(ll) centers.?°

The imine/pyridine derivatives 45a,b form
triple-stranded helicates [Ni.45a,bg]*" 113121 and
[Co,45b3]*" 12t which were characterized in the solid
state. However, the diaryl ether derivative 45b
possesses two O—C,y bonds with a high conforma-
tional flexibility. Therefore, 45b should be able to
form not only helical but also nonhelical complexes.
Indeed, the double-stranded complex [Ag.45b,]*"
adopts the meso-structure in the solid state.’?!

Ligand 45c bears a quinoline group instead of the
pyridine of 45a. 45c forms a dinuclear double-
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stranded silver(l) helicate [Ag.45¢,]?t. X-ray analysis
shows that this helicate adopts a bent structure,
forming a major and a minor groove as observed for
double-stranded DNA. In the solid state one molecule
of benzene is intercalated in the major groove of
[Agz45C2]2+_122

The directional (“unsymmetric”) ligand 46 yields
an antiparallel double-stranded helicate [Ag.46,]>"
with silver(l) ions. The antiparallel orientation XVI
of the ligand strands is enforced due to the special
steric constraints of 46 (Figure 22). A dinuclear
complex with parallel orientation cannot be formed
because of the unfavorable spatial orientation of the
two ligands after complexation of the first metal ion
(XV11).123

The structural situation XVI which is found for
[Ag.46,]°" is very similar to the one observed for
the double-stranded helicates [Ag.47,]*" 24 and
[Cu,48,]2".1%5 In ligands 47 and 48 the dissymmetry
is generated by linking of two bipyridine-type ligands
at the 5- and 6-positions, either by a direct bond (48)
or by an ethylene group (47).

5. Ligand Strands Containing Five-Membered
Azaheterocycles as Donors

Five-membered aza-heterocycles of the pyrrole-,
pyrazole-, imidazole-, 1,3-oxazoline-, or 1,3-thiazole-
type can act as N-donor ligands for the complexation
of metal ions. The self-assembly of double-stranded
helicates [Zn;1,] and [Zn,2;] from ligands 1 or 2 in
the presence of zinc(ll) ions was already discussed
in the introductory part of this article.303!

The 10-0x0-5,15-biladiene derivative 49-H, (Figure
23) forms double-stranded dinuclear helicates [M»49;]
with zinc(I1) as well as cadmium(l1) and mercury(l1)
ions. The cadmium complex [Cd,49,] was character-
ized by X-ray structural analysis, and it was shown
that the metal possesses a pentacoordinated environ-
ment, binding to four pyrrol-nitrogen donors and one
carbonyl oxygen atom.26

Double-stranded helicates are also obtained from
the oligo-pyrrol ligands 50. Derivatives 50a—c differ
in the length of the spacer bridging the second and
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third pyrrol unit. For 50a-H,, with a direct connection
between those two pyrroles, the double-stranded
helicate [Zn,50a;] is formed and structurally char-
acterized. Ligand 50b with a methylene unit as a
spacer allowed the isolation and characterization of
[C0,50b,]. The analogous dinuclear complex [Co,50c¢;]
with the ethylene-linked ligand 50c as well as the
trinuclear double-stranded complex [Zn350d;] could
be characterized by ES mass spectrometry.*?’

Bis(dipyrromethane) ligands 50e—i-H, with the
spacer in the - and f3'-positions form double-stranded
helicates with copper(l), zinc(ll), and cobalt(ll)
ions. Complexes [Zn;50e;], [Zn,50f;], [Zn,50g;], and
[Co,50f;] were characterized by X-ray structural
analysis.'?® Helicate [Zn,50e;] of ligand 50e-H, with
a short CH, spacer was characterized by NMR
spectroscopy using lanthanide shift reagents. 50j-H;
with six methylene units in the spacer does not form
dinuclear double-stranded but mononuclear com-
plexes [M50j] (M = zZn", Co").12®

The simple pyrazole/pyridine ligand 51-H forms a
pentametallic triple-stranded diruthenium helicate
[Ru,Cu3516]" with bridging copper(l) atoms as com-
ponents of the spacer (Figure 24). Two hexacoordi-
nated ruthenium(ll) centers are bridged by three
linear ligand strands [51-Cu-51].1%°

Compounds 52 consist of two terminal pyrrazole
and one central pyridine unit. With copper(l) lig-
ands 52 form double-stranded dinuclear helicates
[Cu,52,]2". However, three different coordination
modes I1, 111, and XVII11 are found, depending on the
substituents at the ligand (Figure 25). Structures of
types Il and 111 were already discussed for dinuclear
complexes of terpyridine/derivatives.'3!

The most simple ligand of this series, 52a, which
bears hydrogen atoms as substituents in the 5-posi-
tions of the pyrazoles, forms a copper(l) complex
[Cus52a,]°t which in the solid state possesses a
structure like 11. The two copper centers are bound
to the terminal pyrazol units of 52a, while the central
pyridines are additionally bridging the two metals.
Introduction of a mesityl group at the 5-position of
pyrazole (ligand 52b) leads to an unsymmetric solid-
state structure of the parent complex [Cu,52b;]>"
with one di- and one tetracoordinated copper(l) ion
(1), Ligand 52c with a tert-butyl group in the
5-position forms a complex [Cu,52¢,]?" that possesses
two tricoordinated copper centers as shown in
XVIII.3

The bis(imidazole)/bipyrimidine ligand 53 forms a
very similar dinuclear complex [Cu,53,]>" which
adopts a structure with two linearly dicoordinated
copper centers V. In the solid state this complex
staples to form an infinite helical architecture.!®?

The structural motif IV is also found for the
dinuclear double-stranded copper(l) complexes de-
rived from ligands 54 and 55 and for the analogous
silver(l) complexes of 56.1337135 However, complex
[Cu,54a,]°t possesses a planar nonhelical structure
in the solid state.’®® On the other hand, the corre-
sponding pyridine derivative 55a forms a double-
stranded dinuclear helicate [Cu,55a,]?*, as shown by
X-ray diffraction. The introduction of a 3,5-dimeth-
oxybenzyl group at the 3-positions of the benzimid-
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azoles of derivatives 55 allows the NMR spectroscopic
study of the inversion (“racemization”) of the helicate
in solution (Figure 26). Here, the diastereotopic
protons in benzylic position act as a stereochemical
probe. From the coalescence temperature which is
observed for the signals of the benzylic protons, a
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barrier for racemization of the helical complexes [Cu-
(55b—e),]?" of AG*,9g = 50—77 kJ/mol can be calcu-
lated. This energy barrier is solvent-dependent.34

The pyridine/bis-1,3-oxazoline ligands 56 form di-
nuclear helicates [Ag,56,]°t as well as trinuclear
complexes [Ags563]°*. In solution the two species are
in equilibrium with the ratio depending on the
solvent, concentration, and ability of the substituents
in the 4-position of the 1,3-oxazoline ring to undergo
m-stacking interactions.3®
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Figure 26.

Ligand systems which are related to the imidazole
derivatives 55 are the imino nitroxyl diradicals 57.
57a,b form dinuclear double-stranded helicates
[Ag.57a—c,]?t. X-ray structural analysis reveals a
structure of type 11 for [Ag,57a,]>". One of the silver-
(1) ions is tetracoordinated, binding to two imidazo-
line and two pyridine units, while the second one is
dicoordinated interacting with two imidazoline moi-
eties.'® Derivatives 57b and 57c represent tetraden-
tate ligands and thus can form double-stranded
dinuclear helicates [Ag.57b,c,]>" with a pseudotet-
rahedral coordination geometry at the silver(l) cen-
ters.'®” The bipyridine unit of [Ag,57¢c,]*" acts as a
bridging and not as a chelating moiety, as discussed
earlier for ligand 42.116

A bis-1,3-thiazole is the central part of ligand 58a,
which bears two terminal pyridines. With copper(l)
a double-stranded dinuclear helicate [Cu,58a,]?" is
obtained. Each of the tetracoordinated copper centers
is bound to two pyridine-nitrogen and two thiazole-
nitrogen atoms. The sulfur atoms do not participate
in the coordination to the metal.’®® The same ligand
58a with zinc(ll) or copper(ll) forms the triple-
stranded helicates [Zn,58a3]*" and [Cu,58a5]*t.+%°

In 58b three chelating binding sites are present,
two phenanthroline and one bisthiazole unit. With
copper(l) ions a double-stranded trinuclear helicate
[Cus58b,]3" is formed. Here the two terminal copper
ions are coordinating to the phenanthrolines while
the central copper is bound by two bisthiazole moi-
eties.’3® With copper(11) or zinc(ll) ions dinuclear
double-stranded helicates [M,58b,]*" (M = Cu, Zn)
are formed. In those complexes the metal ions adopt
a pseudooctahedral coordination geometry.'3°

Reaction of the bis(benzimidazole)-substituted bi-
pyridine 59 with platinum(l1) ions yields a double-
stranded dinuclear helicate [Pt,59,]**. The platinum
centers show a distorted square-planar geometry
with each platinum binding to a bipyridine and a
benzimidazole of the one ligand and one benzimid-
azole of the other.*40

The methylene-linked bis(benzimidazole/pyridine)
derivatives 60 represent tetradentate ligands with
two distinct bidentate binding sites for metal ions.
Ligand 60 yields dinuclear triple-stranded helicates
[M2603]*" with metal ions which prefer an octahedral
coordination geometry (e.g., cobalt(ll) or iron(lIl)). For
example, ligand 60a forms the labile dinuclear com-
plex [Co,60a3]*" with cobalt(ll) ions (Figure 27).14!
Upon oxidation with bromine, the corresponding
cobalt(l11) complex [Co,60a3]®* is obtained. This
complex is kinetically inert, and the two enantiomeric
helices (P)-[C0,60a3]®" and (M)-[Co,60a3]®" can be
separated chromatographically by chiral resolution
on Sephadex in the presence of tartrate. Reduction
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of the enantiomer (P)-[C02,60a3]®* produces the enan-
tiomerically pure labile dinuclear cobalt(ll) helicate
(P)-[Co,60a3]**, and its racemization can be followed
by CD spectroscopy. Racemization of the labile heli-
cate (P)-[C0,60a3]*" proceeds surprisingly slow (k =
1.4 x 1075 st at 298 K) compared to related mono-
nuclear species. This behavior is attributed to a
cooperative behavior of the two cobalt(ll) centers.#?

Racemization of the dinuclear complex (P)-
[Co.60a3]*t is pressure dependent, indicating a dis-
sociative mechanism for this process. This mecha-
nism also is supported by ligand exchange experiments
of [Co,60a3]*" with 60b.2*3 In addition, the iron(ll)
complexes [Fe,60a—cs]*t were prepared, character-
ized, and used for magneto- and electrochemical
investigations.14

The imidazole/imine derivatives 61 form different
kinds of silver complexes. With an ethylene spacer
in ligand 61a, the dinuclear double-stranded silver(l)
helicate [Ag,61a,]>" was obtained and could be struc-
turally characterized. Ligand 61b with a propylene
spacer leads to oligonuclear complexes [Ags61b3]3*,
[Ag561b6]6+, and [Ag761b7]7+.145

The imino-pyrrole ligands 61c-H; and 61d-H, form
neutral double-stranded dinuclear [Mn,61c/d;] heli-
cates with manganese(ll) ions with pseudotetrahe-
drally coordinated metal centers. The helicates in
THF solution react with molecular oxygen under
H-abstraction from the solvent to form a neutral
mixed-valent species [Mn"""',(1-O,H)61c/d,]. Here,
the geometry of the complex has to change and
ligands 61c/d adopt a nonhelical arrangement in
[Mn"11,(4-0,H)61c/d,]. 146

Ligands 62 and 63 possess two bidentate pyrazol/
pyridine units. The binding sites of 62 are separated
by aromatic moieties, while in 63 a PO,~ or a POS~
unit acts as the spacer. 62a forms a double-stranded
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Figure 28.

dinuclear helicate [Cu,62a,]>" with copper(l) ions,*
and a similar silver(l) complex [Ag.62b,]?" is ob-
served by ES-MS for ligand 62b.1*® In addition, ligand
62b yields a double-stranded helicate [Cu,62b,-
(OAC)2]?" with copper(l1). The two copper(ll) centers
are pentacoordinated, binding to two pyrrazole/bipy-
ridine units and one acetate ligand. Thus, a structure
of type XIX is observed (Figure 28).148

For ligands 63 the situation is different. Here the
spacer contains functionalities which in addition to
the N-donors can interact with metal ions. Both
ligands 63 form dinuclear double-stranded heli-
cates [Cu,63,]?" with copper(l) ions. However, X-ray
structural analyses reveal that the two complexes
[Cu,63a,]?t and [Cu,63b,]?" are fundamentally dif-
ferent. In the case of the oxygen-substituted ligand
63a, the tetracoordinated copper(l) ions bind to a
pyrazole/pyridine unit of each strand. The oxygen
atoms do not interfere with the binding to the metal.
On the other hand, ligand 63b binds in an unsym-
metric fashion to the metal centers. Each copper is
coordinating to a dinitrogen donor site of a ligand
strand and to a pyrazole/sulfur chelate of the other.
Therefore, one pyridine group of each ligand does not
contribute to metal coordination.*4®

The pentadentate pyridine—pyrrazole—pyridine—
pyrrazole—pyridine ligands 64 form trinuclear double-
stranded helicates [Cu364,(NCMe),]*". X-ray struc-
tural analysis of [Cuz64b,(NCMe),]*t shows two
different binding modes for the copper(l) ions. All
copper(l) ions possess a distorted tetrahedral coor-
dination geometry. One of them is bound to the
central part of each ligand strand coordinating to the
central pyridine units and to two pyrrazoles. The
other two copper centers are binding to the terminal
pyridine units and to one pyrrazole moiety. The
coordination sphere at the metals is completed by two
acetonitrile molecules binding to the termini of the
helicate (see structure XX).1%0

Derivatives 65 possess two pyridyl/thiazole chelat-
ing units which are bridged by pyridine (65a) or
bipyridine (65b). With copper(ll) ions both ligands
form dinuclear double-stranded helicates [Cu,65,]*"
with the copper ions coordinating to the terminal
chelating units of the strand, resulting in a highly
distorted geometry at the metals. Uncoordinated
pyridine and bipyridine units are present which have
the potential to bind small guests by hydrogen
bonding.3°
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The negatively charged hexadentate ligand 66
forms double-stranded dinuclear helicates [Cu,66,]>"
and [K266;]. The metal centers in the two complexes
are pseudooctahedrally coordinated.s! The latter one
is a rare example in which an s-block element acts
as the metal ion which induces the self-assembly of
a double-stranded helicate.*%

Bis(benzotriazole) 67 forms a triple-stranded di-
nuclear helicate [Ag.673]?" with silver(l) ions. The
silver centers are bound to the nitrogen donors in the
3-position of the benzotriazole units in a trigonal
planar fashion, and the helical twist is introduced
by ligand 67.152

6. “Piguet” System for the Complexation of
f-Block Elements

Up to now helicates have been discussed which
contain either transition metal or main group ele-
ments as the metal centers. In very elegant studies,
Piguet and co-workers developed a ligand system
which is able to form helicates with f-block or both f-
and d-block metals 68—73 (Figure 29).153154

Here, derivatives 68—70 bear two tridentate ligand
moieties. With lanthanide(l11) ions they form triple-
stranded dinuclear helicates [Lny(68—70)3]°". Each
metal is binding to three chelating units, resulting
in a nonacoordination at the metals. X-ray structural
analysis of [Eu,683]®" shows the helical arrangement
of the three ligands which are wrapping around the
two europium centers.'®>1%6 Similar X-ray struc-
tures were obtained for [Th,69b3]%* 157 and [M,703]"
(M = Eu, Tb, Yb).?5® The compounds are highly
luminescent, and the photophysical properties were
studied. Doping the terbium complex [Th2683]¢* with
europium(l1l) leads to heterodinuclear complexes
[EuTb683]" with a fixed separation of the two metal
centers. In complex [EuTb683]%* the energy transfer
from terbium to europium was investigated.'®® In-
troduction of substituents at the periphery of the
ligands allows a fine-tuning of the photophysical
properties, as demonstrated for the halogen-substi-
tuted ligands 69c¢ and 69d.%°

With the bisamide-substituted ligand 69b a di-
nuclear double-stranded meso-complex [Eu,69b,][CF3-
SOs)s is obtained, which possesses a structure of type
XXI (Figure 30).%%7

Each europium(l11) ion is coordinated to a triden-
tate binding site of each ligand strand 69b. Two
trifluoromethylsulfonates and one water molecule are
filling up the coordination sphere at the metal centers
which thus are nine-coordinate. In addition, water
molecules are fixed by hydrogen bonding in the
interior of this meso-complex.t57

Complexes [M2703]¢* (M = La, Pr, Nd, Gd, Tb, Tm,
Yb, Lu) of the carboxylic acid derivative 70 self-
assemble even in water and were shown to be very
stable in this solvent. Again, highly luminescent
complexes are obtained. X-ray structures show that
each metal center is coordinated by a tridentate
benzimidazole/pyridine—carboxylate unit leading to
the triple-stranded helicates [M,705]" (M = Eu, Tb,
Yb).158

Ligands 71—73 possess tri- as well as bidentate
binding sites for metal ions. The ligands form either
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double- or triple-stranded helicates with d-, f-, or a
combination of d- and f-block elements.%*

The segmental ligands 71 and 73 have a direction-
ality due to the sequence of di- and tridentate ligand
units.’® This allows the formation of a variety of
different double- or triple-stranded helicates with a
parallel or an antiparallel orientation of the ligand
strands.'>*

Mixing of ligand 71a with zinc(ll) ions leads, in a
stepwise reaction, initially to the mononuclear spe-
cies [Zn71a,)?" with one octahedrally coordinated
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zinc center. In a second step, another zinc(ll) ion is
coordinated, occupying the remaining tetrahedral
coordination site. Thus, a double-stranded helicate
[Zn,71a,]*t of type XXII with parallel orientation
(head to head = HH) of the ligands is formed (Figure
31). This parallel orientation of the ligands seems to
be due to the successive formation of the dinuclear
complex.' With ligands 73a,b a mixture of zinc(Il)
helicates [Zn,73a,b,]*" and [Zn,73a,bs]*" is formed
which contains as one component a complex of type
X111 with an antiparallel (head to tail = HT) orienta-
tion of the ligands. The reason for this behavior is
the enhanced lability of the tridentate binding sites
of 73a,b which possesses an amide or sulfonamide
oxygen atom as the donor.162-165

Iron(111) and cobalt(ll) form dinuclear double-
stranded complexes [M,71b,]** (M = Fe, Co) with
71b. They are assumed to possess a structure
XXI1 similar to the corresponding zinc complex
[Zn,71b,]**.1%¢ Reaction of ligand 71b with iron(ll)
and silver(l) ions leads, with strict self-assembly,
to the heterodinuclear double-stranded helicate
[FeAg71b,]3". NMR spectroscopic investigations re-
veal that the iron is hexacoordinated while silver
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possesses a pseudotetrahedral coordination environ-
ment.’% Ligand 72 with two bidentate and one
tridentate coordination sites does not form a tri-
nuclear Ag,Fe helicate but a trinuclear catenate [Ag.-
Fe72,]*" (Figure 32).167

The segmental ligands 71 and 73 form triple-
stranded helicates [Lny(71)3]6" and [Ln(73);]¢* with
lanthanum(l11) ions. The ligands of the complexes
adopt an antiparallel (head to head to tail = HHT)
orientation XXV. Thus, one of the lanthanide(l11) ions
is seven coordinate, binding to two bidentate and one
tridentate chelating units, while the second one is
octacoordinated with two tridentate and one biden-
tate binding sites as ligands. The reason for the
specific formation of the unsymmetric antiparallel
helicate is that the two similar metal centers try to
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[Ln71ag]®

adopt a coordination geometry which is as similar as
possible. This is only the case if an antiparallel
orientation of the ligands is present in the metal
Comp|exes_165,168,l69

In addition to the homodinuclear helicates, the
segmental ligands 71 and 73 open up an entry to
heterodinuclear d—f-block complexes. The two dif-
ferent binding sites of the ligand can discriminate
between d- (octahedral binding site) and f-block
(tricapped trigonal prismatic binding site) elements.
This leads to triple-stranded helicates with a parallel
orientation of all three ligand strands XXI1V, giving
the d-element a hexa- and the f-element a nonacoor-
dinate geometry. Some of the triple-stranded hetero-
dinuclear helicates (e.g., [EuZn71a3]®>", [LaCo73a3]®",
[EuzZn73as]®", [LaFe71as]®", [EuZn73bs]°") were char-
acterized by X-ray structural analysis, showing the
presence of structures such as XXIV in the solid
state.163.164.168170.171 |n gddition, an NMR spectroscopic
method was developed which enables the character-
ization of the complexes by paramagnetic NMR in
solution,”? and the luminescence properties!3170 of
the dinuclear d—f-element helicates were studied.

7. Circular Helicates

Circular helicates are oligonuclear complexes with
a cyclic arrangement of metal ions'”® and several
bridging ligands wrapping around the metal cen-



Double-Stranded, Triple-Stranded, and Circular Helicates

77
Figure 33.

XXvi xXxvil XXVl

XXX

Figure 34.

ters.?° Recently some circular helicates were formed
by self-assembly, and it was shown that the forma-
tion of such complexes may depend on templating of
guest molecules (Figure 33).1°

It was already mentioned before that the bisoxazo-
line ligands 56 form a mixture of double-stranded
helicates [Ag.56,]>" and trinuclear complexes
[Ags563]°t in solution. X-ray structural analysis of
[Ags56¢3]3* shows the presence of a trinuclear circu-
lar helicate XXVI (Figure 34). The three silver(l)
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centers of [Ags56¢;]** are dicoordinated, and a helical
twist is introduced by the ligands. An enantiomeri-
cally pure circular helicate is obtained due to the
chiral ligands.'3®

A structure like XXVI also can be formed from bis-
(bidentate) ligands with tetrahedrally coordinated
metal ions, which is documented for the trinuclear
copper(l) complex [Cuz743]*".1"* A similar enantio-
merically pure trinuclear circular helicate [Cuz213]**
of type XXVI is obtained from the chiral bis(bipyri-
dine) ligand 21. Here the metal centers are tetraco-
ordinated with each copper binding to two bipyridine
units.””

The ether-linked tris(bipyridine) ligand 75 forms
a tetranuclear circular helicate [Fe,754]8" with iron-
(I ions. Each of the metal ions possesses a pseudo-
octahedral coordination geometry and binds to two
terminal and one central bipyridine unit of three
different ligand strands 75 resulting in a structure
like XXVI11.175

Ligand 15b was already discussed to form a tri-
nuclear triple-stranded helicate [Niz15b3]®* which
could be structurally characterized.®® With iron(ll)
ions a similar helicate [Fe;15b3]®" is obtained ini-
tially. However, it was found that the triple-stranded
helicate is the product of Kinetic control of complex
formation. Under thermodynamic control, penta-
nuclear [Fes15bs]*°* or hexanuclear circular helicates
[Fes15be]*?" are obtained.®” Here, the nuclearity
depends on the nature of the counteranions. Those
can act as templates and support the formation of a
defined macrocyclic helicate. The pentanuclear coor-
dination compound [ClIc{Fes15bs}]°* is formed in the
presence of chloride anions. X-ray structural analysis
shows that one chloride ion is bound in the interior
of the complex which possesses a structure like
XXVIII. The coordination geometry at the iron
centers is very similar to that described for [Fe,754]8"
with each iron binding to two terminal and one
central bipyridine of three different ligands. With the
bigger bromide anion a mixture of pentanuclear and
hexanuclear complexes is observed by ES mass
spectrometry and the large anions BF,~, SO, and
SiFs?~ support the formation of the hexanuclear
circular helicate [Fegl5bg]t?+.20175

The control of the structure of the circular helicates
by templates is a very nice example for dynamic
combinatorial chemistry. Selection of one species
from a dynamic mixture or a “virtual” mixture
proceeds by binding of the guest anions to the most
appropriate host. Thus, the equilibrium between
noncovalently linked components is shifted to form
only one product species.®!

[Feel5be]*?" possesses six hexacoordinated iron
centers arranged as a hexagon with ligands 15b
wrapping around those centers. This complex could
not be characterized by X-ray diffraction.'’> However,
another hexanuclear circular helicate [Ags766]®" was
crystallized and structurally characterized. The six
silver ions are pseudotetrahedrally coordinated by
bipyridine units, and the six ligands 76 have a helical
arrangement around the hexagon of metal ions
(XXIX). Due to the chirality at ligand 76, an enan-
tiomerically pure circular helicate (P)-[Ages766]¢" is
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obtained.'”® In solution the hexanuclear circular
helicate [Ags766]®" is in equilibrium with the corre-
sponding tetranuclear species [Ag4764]**. This equi-
librium was shown to be pressure dependent.!®

The octanuclear cobalt(l1) complex [Cog771,]*" is
related to the circular helicates although this coor-
dination compound adopts the nonhelical structure
XXX. 177

Up to now very few circular helicates have been
found, but they are interesting self-assembled com-
plexes due to their ability to form host/guest com-
plexes. Functionalization at the ligand units might
lead to a broad chemistry, as found for other ring
compounds which can bind guest species (e.g., cyclo-
dextrines).1’®

8. Molecular Knots

When helicates are formed, the linear ligand
strands are fixed in a very special spatial arrange-
ment. This can be used to synthesize topologically
interesting molecules by coupling reactions with
functionalized helicates. The strategy that leads to
molecular knots is outlined in Figure 35.23:179

XXX XXXIV

Figure 35.

A double-stranded helicate which is functionalized
at the termini of the ligands can undergo coupling
reactions with appropriate bifunctional derivatives.
One possibility is that this derivative forms bonds
to the ends of the two ligands at the same terminus
of the helicate. A dinuclear helicate-type complex
XXXI is obtained which after removal of the metal
ions yields a macrocyclic molecule XXXII. Another
possibility is that the bifunctional molecule connects
the two ligand strands at different termini of the
helicate. Complex XXXIII is formed which after
demetalation leads to the molecular knot XXXIV.
Sauvage, Dietrich-Buchecker, and co-workers were
able to use this concept and achieve the synthesis of
molecular knots templated by the metal ions.?%17°

The bis(phenanthroline) and bis(terpyridine) ligands
78 were used for the preparation of helicates and in
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subsequent reaction steps of molecular knots. 78a
forms a mixture of the double-stranded helicates (P/
M)-[Cu,78a,]?>" and the meso-form A,A-[Cu,78a,]*"
(Figure 36). Upon reaction of the mixture of the
diastereomeric complexes with ICH;(CH,OCH,)s-
CHo.l, a mixture of two different dinuclear compounds
is obtained in a Williamson ether synthesis. The
complex formed from A,A-[Cu,78a,]°" bears two
macrocyclic ligands, while the one obtained from the
dinuclear helicate [Cu,79a]?>" has the structure of a
doubly metal ion-bridged molecular knot with a
double-helical domain at the two copper centers. An
X-ray structural investigation of [Cu,79a]?>" shows
this unusual topological arrangement. The copper
ions can be removed by reaction with cyanide to
obtain the free knot 79a.18 The knotted helicates
[Cu,79b,c]?" are also formed by Williamson ether
linkage of the helicates [Cu,78b,c]?", and the free
knots 79b,c are obtained by demetalation reaction.8!
The two enantiomers of [Cu,79¢]?>" could be resolved
by crystallization of the diastereomeric salts (M)- and
(P)-[Cu,79c][S-(2,2'-biphenolate)PO,].. The copper-
substituted knots [Cu,79c]?* show an optical rotation
of [a]o = £7000, while the demetalated knot 79
possesses [a]p = £2000.182

The yields of the Williamson ether synthesis are
low, although they are still high for the preparation
of such unusual knotted systems. A more convenient
approach was found by ring-closing metathesis with
the Grubbs ruthenium catalyst. The bis(phenanthro-
line) ligand 78d forms a double-stranded helicate
[Cu,78d,]?" with copper(l) ions,* while from the bis-
(terpyridine) ligand 78e a double-stranded iron(ll)
helicate [Fe,78e,]*" can be synthesized. Both heli-
cates possess four pendant oligo-ether substituents
with terminal vinyl groups. Ring-closing metathesis
connects pairs of two such vinyl groups, and subse-
guent hydrogenation of the resulting mixture of
E- and Z-alkenes leads to the knotted complexes
[Cu,79d]?>" and [Fe,79e]**. Again, the metal ions can
be removed to yield the corresponding free trefoil
knots 79d and 79e.183.184

A mixture of the linear and the macrocyclic ligands
80a and 80b leads to a trinuclear helicate-type
complex [Cuz(80a)(80b)]3*, and upon Williamson
ether synthesis with ICH;(CH,OCH;)sCH:l the
doubly interlocked catenate [Cu380b,]3" is formed
which possesses the structure XXXV (Figure 37).18%
Ligand 80c enables the synthesis of a similar doubly
interlocked catenate XXXV by metathesis reaction.
Here, a trinuclear lithium(l) helicate [Li380c,]** could
be isolated as an intermediate which possesses a
remarkably high stability.'% The oligoether-linked
tetra(bipyridine) derivative 81 forms a mixture of
dinuclear helicate-type complexes [Cu,81]%" in the
ratio 1:7 (XXXVI:XXXVII). The compounds bear
terminal alkynes, and the performance of a Glaser
coupling reaction on the mixture of isomers yields
tetranuclear complexes XXXVIII, XXXIX, and
XL.187

The synthetic studies with helicates as preorga-
nized building blocks show the value of this class of
coordination compounds for the preparation of topo-
logically challenging molecular targets.
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R = CH2(CH20CH2)3CH=CH2
80c

Figure 36.
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XXXVI

XXXIX

Figure 37.

lll. Linear Oligooxygen Donors as Ligands for
(Double- and) Triple-Stranded Helicates

Nitrogen donors were and still are the dominating
ligand systems in investigations toward the self-
assembly, structure, and properties of helicates. This
is to some extent surprising due to the fact that the
only natural product which in vivo is known to form
a triple-stranded helicate [Fe,5;] is Rhodoturulic acid
5-H.,. In [Fe;5;], three ligand strands are bridging the
two iron(l11) centers.®® For Alcaligin—another bis-
(hydroxamic acid) siderophore—again a dinuclear
iron complex is obtained. However, here only one
Alcaligin is bridging the two metals with the two
other ligands acting as tetradentate ligands, each
binding to one metal center.18

The dinuclear complex [Fe,63], which was described
in the Introduction, represents the first triple-
stranded helicate of a hydroxamic acid oxygen-donor
ligand, which was structurally characterized.®”

The bis(pyridinone) 82 (Figure 38) forms a di-
nuclear triple-stranded complex [M2823(NO3)s] with
promethium(l11), neodymium(lll), samarium(ll), and
erbium(l11). The neodymium complex [Nd2823(NO3)s]
was characterized by X-ray diffraction. The other
complexes were shown to be isostructural by powder
diffraction. Three ligands 82 are bridging the two
metal centers and act as a monodentate ligand.
Additionally, three nitrate ions are binding to each
of the metals.1®

Ligand 83-H, was designed to form a titanium(1V)
complex which could act as a chiral Lewis acid
catalyst. However, a trinuclear triple-stranded heli-
cate [Ti3833] was obtained which did not show any
Lewis acid activity. X-ray structure analysis reveals
that two of the titanium(lV) ions are bound to one
phenolate and one alkanolate while the central
alkoholates bridge to a third titanium, encapsulating
this ion in the interior of the helicate. Due to the
chiral ligand 83, the complex is formed in enantio-
merically pure form as (M)-[Ti3833] possessing [a]p
= —854 (c = 0.2, CH,Cl,).*%°
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The oxygen donors which were used most for the
assembly of helicates are 1,3-dicarbonyl and catechol
derivatives.'?

1. Bis(1,3-dicarbonyl) Derivatives

Acetylacetone is a versatile bidentate chelating
ligand which in its deprotonated form leads to
coordination compounds with many different metal
ions.19?

m-Xylylenebis(acetylacetone) 84-H, forms double-
stranded complexes with vanadium(l) as well as with
vanadium(I1) ions. With vanadium(l11) the dinuclear
double-stranded complex [V284,(THF),]?" is obtained
and structurally characterized. The metals are pen-
tacoordinated with two acetylacetonate and one THF
binding to each of them. In the case of the vanadium-
(1) complex [V284,(TMEDA);], a similar structure is
observed with hexacoordination at the metals. In
both cases not the helicate but the nonhelical meso-
form is present. With copper(ll) ions the double-
stranded linear complex [Cu284;] is obtained which
possesses a square-planar coordination geometry at
the metals.1%?

Derivatives 85a and 85b are linear bis(3-diketo-
nate) ligands with a m-phenylene spacer. The heli-
cates [M,85az] (M = TiM, v Mn'""| Fe'') are
obtained with ligand 85a and were structurally
characterized. The complexes possess the structure
of a triple-stranded helicate XLI (Figure 39).1%3

The triple-stranded helicate structure is observed
in the solid state for [Fe,85b3].1%* The related ligands
85c-H, and 85d-H, possess a pyridine unit in the
spacer.19419 Therefore, those ligands contain an
additional binding site for metal ions. With iron(l11)
neutral triple-stranded dinuclear complexes
[Fe285c3]*%° and [Fe,85ds]'** are formed which are
able to encapsulate cations in their interior. For the
potassium cryptate [Kc{Fe,85ds}]* the meso-heli-
cate XLI1 is found by X-ray structural investigations,
while [(H20)Src{Fe,85d3}]*" and [(H.O)(THF)Lac
{Fe,85c3}]*" possess the helical structures XLI11 and
XLIV in the solid state.’® This is attributed to the
different sizes of the cationic guests. For an optimized
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" 0 the spacer. For [(H,0)Src{Fe,85ds}]>" and [(H.0)-
| PN P (THF)Lac{Fe.85c3}]3", additional binding of the
f“ O & encapsulated metal occurs to water or to water and
§ ¢ ; THF, respectively. X-ray structural analysis of [Fe,-
f_ Ny (85d-H)3]3*" shows the presence of a triple-stranded
P Va \ helicate with three protonated pyridine units.1%®
Y
5 ) & 2. Linear Oligo(catechol) Ligands
‘ The biscatecholamide 86-H; with a (CH,)s spacer
' ! linking the two bidentate units is a siderophore ana-
XLI XLH logue which forms a double-stranded helical complex
Figure 39. [(M00,),86,]*~ with two cis-molybdenum(VI) dioxo

binding of the small potassium cation, the cryptand-
type triple-stranded complex has to adopt the more
compressed meso-helicate structure.?® For the larger
strontium(l1) and lanthanum(l11) ions, a larger cavity
is needed and the stretched helicate structure is
observed. In [Kc{Fe,85d3}]" the nine-coordinated
alkaline metal binds to the internal oxygen atoms of
the -ketonate moieties and to the pyridine units of

units. Molybdenum complexes such as [(M00,),86,]*~
possess some relevance for the understanding of
MoO, coordination to siderophores, which is proposed
to occur in nature.'%

Alkyl-bridged dicatechol ligands 87—89 can be
synthesized via different “classical” organic or more
modern organometallic coupling procedures.1%7:1%8
Ligands 87—89 form dinuclear triple-stranded com-
plexes with titanium(lV) ions, but coordination com-
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[Na{Ti,87az}* [Li(H,0){Ti,87az}*

Figure 40.

pounds with other metals such as vanadium(lV),
iron(l11), aluminum(lll), or gallium(l11) also can be
obtained in metal-directed self-assembly processes.'?

The ethylene-linked dicatechol ligand 87a-H,
forms a dinuclear triple-stranded helicate [Ti,87az]*~
in the presence of appropriate cations (Li, Na, K,
Rb, Cs, NH,). The X-ray structures of [(H,O),LiC
{Ti,87a3}]® 1% and [Nac{Ti,87az}]*" 2°° were ob-
tained and show the presence of a helicate [Ti,87az]*~
which encapsulates one of the four alkaline metal
countercations in its interior. In [Nac{Ti,87as}]*" the
sodium ion binds to the six internal oxygen atoms of
ligand strands 87a, and thus, a structure like XLII
results. However, only one broad signal (v, = 308
Hz) is observed at dna = —3.5 by 2Na NMR spec-
troscopy of Nay[Ti.87a3] in methanol-d, at room
temperature. Cooling the sample to 188 K results in
splitting of the signal (Teea. = 193—198 K) into one
dominating resonance at dna = —0.9 for “free” (sol-
vated) sodium cations and one minor signal at dna =
—15.5.201 The latter is found in a similar region to
that observed for the sodium complex of [2.2.2]-
cryptand (0na = —11.4)?%2 and is assigned to the
sodium ion which is encapsulated in the helical
metallacryptand [Ti,87az]*". Competition experi-
ments at room temperature in D,O/H,0 show that
[Ti,87az]* binds sodium much better than lithium
but that potassium is the most appropriate guest
(Figure 40).20%

Due to the small size of the lithium cation, an
unusual coordination geometry is observed for this
metal in [(H20),Lic{Ti.87a3}]3>". The geometry at the
lithium can be described to be distorted square
planar. The lithium is coordinated by two internal
oxygen atoms of one of the ligand strands 87a of
[Ti»87a3]* and two water molecules which undergo
additional hydrogen bonding with the internal oxy-
gen atoms of the two other ligand strands 87a. The
distance of the two internal O atoms of 87a (4 A)
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forces the lithium cation to undergo a close to linear
coordination to those donors (O—Li—0 = 164.2°). This
forces the water molecules to move outward, result-
ing in an angle Owater—Li—Owater = 148.7°. The
unusual geometry at the lithium is stabilized due to
the special requirements of the cavity, the high
negative charge, and the additional hydrogen-bond
fixation of the water molecules and possesses some
relevance toward the function of enzymes which are
able to stabilize unusual geometries of reaction
intermediates by a combination of stereoelectronic
effects and hydrogen bonding. Due to the small size
and the resulting weak binding of the lithium ion,
no splitting of the Li NMR signal of 6Li4[Ti.87as] at
OLi = 0.92 can be observed in methanol-d,, even at
low temperatures (193 K), indicating a fast exchange
of bound and “free” lithium cations.1%

Ligands 87b-H, and 87c-H, form dinuclear triple-
stranded titanium(lV) helicates [Ti,87b3]*~ and
[Ti.87cs]*~. The X-ray structure of the potassium salt
of [Ti»87c3]*” shows that the helicate binds in its
large hydrophobic interior not only one but two
potassium counterions together with two water and
four DMF molecules. In solution a fast exchange of
bound and unbound cations seems to occur.?%!

Ligands 88-H,4 with one, three, or five methylene
units in the spacer form triple-stranded meso-heli-
cates [Ti,883]*" with titanium(lV) ions.?®

The structure of the methylene-bridged meso-
helicate [Ti»88a3]*" reveals the meso-relation of the
two metal complex units. In solution the same meso-
structure can be observed. Two doublets are observed
by *H NMR spectroscopy for the diasterotopic protons
of the spacer. The protons would be homotopic in the
corresponding helicate and should lead to one sin-
glet.203

If the preparation of [Ti,88a3]*" is attempted in the
presence of potassium cations, no defined product is
formed. Although elemental analysis reveals a com-
position “K4[Ti,88as3]” of the isolated material, no
defined NMR spectra can be observed. ESI MS shows
that a mixture of oligomers is present. On the other
hand, in the case of Nay[Ti,88as] and Li4[Ti,88as],
well-defined dinuclear complexes are obtained. This
is attributed to the templating ability of the small
lithium or sodium cations. Potassium seems to be too
big for the stabilization of dinuclear [Ti,88as]*".?%3
This perception is supported by an experiment in
which sodium or lithium ions are added to “Ks-
[Ti,88as]”. Within a few hours dinuclear triple-
stranded complexes are formed.?®* However, the
X-ray structure as well as NMR studies of Lis-
[Ti.88as] indicate that templating does not proceed
by binding of the cation in the interior of the helicate
[Ti.88as]*~ but by binding from the outside. The
X-ray structure of [{ (DMF)Li}3{ Ti,88as}]~ shows that
three lithium cations are coordinating to the tetra-
oxygen squares of the internal catecholato oxygen
atoms. Additionally, one DMF binds to each of the
alkali metal cations (Figure 41).203

In solution the structural situation seems to be
different. At room temperature a 'H NMR spectrum
of a highly symmetric species is observed for Lis-
[Ti,88as3]. However, upon cooling, the signals split



Double-Stranded, Triple-Stranded, and Circular Helicates

[Lis{Ti,88ag)] [(DMF)(H,0)Na{Ti;88b3}]**

Figure 41.

antiparallel

[Ti;88d5]"

parallel

Figure 42.

and distinct sets of resonances are observed for each
of the three ligand strands. 6Li NMR spectroscopy of
Lis[Ti,88a3] in methanol-d, shows only one signal at
room temperature. Cooling results in a splitting of
the signals, and two sharp (6.; = 1.66, 0.99) and one
broad (6.i = 0.90) resonance (1:1:2) are observed at
193 K. This can be explained due to the presence of
a species [Li>Ti,88a3]>~ which possesses only two
lithium cations coordinating to the tetraanionic meso-
helicate [Ti»88a3]*". The two alkali metal ions are
diastereotopic and lead to two sharp signals in the
5Li NMR and to a desymmetrization in the 'H NMR
spectrum at low temperatures.?®*

The related methylene-bridged ligand 88d-H, bears
a methyl group attached to one of the catechol units,
and thus, directionality is introduced into the ligand
strand. Two different dinuclear triple-stranded com-
plexes [Ti,88d3]*~ can be formed: one symmetric
coordination compound with all ligands orientated
parallel and one unsymmetric with an antiparallel
orientation. The parallel and antiparallel isomers of
[Ti»88d3]*" are formed in a ratio of 1:4, which is close
to the statistical ratio (1:3) (Figure 42).294

Ligand 88e-H, bears one methyl group attached
to the methylene spacer. In the dinuclear complex
[Ti»88es]*™ this substituent can be orientated toward
the inside or outside of the meso-helicate. Thus, four
different isomers (in—in—in, out—out—out, in—in—
out, in—out—out) of [Ti,88e3]*~ may be formed. Only
one symmetric species is observed by NMR spectros-
copy, which for steric reasons should be the out—out—
out isomer.2%

The dinuclear (CH,)s-bridged complex [Ti,88bz]*~
adopts the meso-helicate structure in the solid state
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Figure 43. (Top) Inversion of the left-handed triple-
stranded helicate into the right-handed one and vice versa.
(Bottom) Degenerated inversion of a meso-helicate (AA <
AA).

and in solution. The X-ray structure of Na,[Ti,88bs]
shows that one sodium ion together with one water
and one DMF are bound in the interior of the
dinuclear complex in the solid state.?®> 22Na NMR
reveals that the encapsulation of sodium which was
observed in the solid state also occurs in solution.?0t

Ligands 87 with an even number of methylene
units in the spacer lead to the helicates [Ti»873]*",
while ligands 88 with an odd number of methylene
units form meso-helicates [Ti,883]*". The high dias-
tereoselectivity of this self-assembly process again is
due to the preferred zigzag conformation of the alkyl
spacer as already discussed and outlined in Figure
9_26

In solution the left-handed and the right-handed
helices [Ti,873]*" are in a dynamic equilibrium (Fig-
ure 43). The meso-helicates [Ti»883]*" undergo a
similar degenerated rearrangement reaction (AA <
AA). This symmetrization/racemization can be ob-
served by NMR at variable temperature using the
diastereotopic protons of the spacer as a stereochem-
ical probe. The activation barrier for this equilibra-
tion process can be calculated from the coalescence
temperature of the relevant resonances. Investiga-
tions in the presence of uncoordinated ligands show
that the inversion process proceeds via a nondisso-
ciative mechanism.,199:205206

It was found that the symmetrization of the heli-
cates or meso-helicates is influenced by different
factors. (1) meso-Helicates typically show higher
inversion barriers than the helicates. This might be
due to the enhanced structural reorganization for the
meso-helicate compared to the helicate. (2) The
observed free energies of activation are lower for
systems with longer chain length within the series
of helicates or meso-helicates, respectively. (3) Dif-
ferent countercations have different influences on the
symmetrization of the complexes. This should be due



3484 Chemical Reviews, 2001, Vol. 101, No. 11

D
| @\, /
§ H.0

HoD (0]
oM /__\/2\_) A _l 0 |Low
DMFf-‘['T'I'-"E) K (Y ®"‘=5'H~DMF
2 |
Ve | v &Y

{M-Ti,90b3} DMF)5(H0)Ko(-DMF)oK5(H,0)(DMF){P-Ti;90b5}}+
Figure 44.

to a different binding behavior of the cations in the
interior of the cryptand-type dinuclear complexes.2%6
No inversion could be observed for the very rigid
dinuclear complex [Ti,88a3]* .23

In addition to the control of the diastereoselectivity
of helicate versus meso-helicate formation, enantio-
merically pure complexes are obtained by introducing
chiral groups at the ligand. The ethylene-bridged
ligand 89-H, bears chiral (S)-configured 1-phenyl-
ethylamide substituents and forms the enantiomeri-
cally pure helicate [Ti»893]*" with [o]p = +970° (c =
1, methanol). Upon complex formation the amide
groups of 89 form hydrogen bonds to the terminal
catecholato oxygen atom and thus bring the chiral
substituents close to the metal complex units. Only
one of the three possible diastereomers is observed
by NMR, and the spectrum shows the C, symmetry
of the helicate.?%”

The rigid linear ligand systems 90-H, can only lead
to helicates [Ti,903]%". Distortion of the linear ligands
to form a bent structure would be the unfavored
possibility to obtain the meso-complex.?® In derivative
90a-H, two catechol units are connected by a direct
bond.*®® Thus, 90a-H, represents the central part of
Mastigophorene A and Mastigophorene B, which show
interesting biological activity.?%® The formation of the
helicate [Ti»90az]*~ shows that ligands such as 90a
are able to form triple-stranded dinuclear com-
plexes.?6

The triple-stranded helicate [Ti,90bs]*~ was crys-
tallized and characterized by X-ray diffraction. In the
solid state two potassium ions are bound in the
interior of the helicate. One of the potassium ions
additionally is bound to two DMF molecules, and one
water is bridging the potassium ions. The second
potassium is coordinated to two DMF molecules
which act as bridging ligands between two oppositely
configured helicates (Figure 44).209

The helicates [Ti,90c;]*~ with biphenylene spacers
were characterized by NMR spectroscopy and positive
FAB mass spectrometry.?10

Williamson ether synthesis with gallic acid deriva-
tives opens a way to the ether-linked ligand 91-H,
which forms a triple-stranded dinuclear complex
[Ti»915]*". Although this complex gives a very simple
well-defined NMR spectrum, it is not possible to
distinguish if the complex adopts the structure of a
helicate or a meso-helicate.?!

The arylamide-bridged ligands 92-H, form triple-
stranded dinuclear helicates [Ga,92;]°~ and [Fe925]°~
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[(NMe,){Ti,945}]"

[Ti,94,]*
Figure 45.

with gallium(111) or iron(111) ions.?*? [Ga,92a3]¢~ and
[Ga,92bs]®~ could be characterized in the solid state
showing the helical arrangement of the three ligand
strands. For the iron(l11) complex [Fe,92d3]®~ of the
chiral ligand 92d-H,, it was shown by CD spectros-
copy that the S-configured substituent induces an
(M)-configuration of the triple-stranded helix, and the
NMR spectrum of the analogous gallium complex
[Ga,92d3]%~ reveals that only one enantiomerically
pure diastereomer is formed. Ligand 92e-H, pos-
sesses some directionality due to the different sub-
stituents at the termini of the ligand strand. The
parallel and antiparallel isomers of [Ga,92e;3]%~ are
formed in a statistical ratio of 1:3.212

The racemization behavior of complexes [Ga;925]8~
can be studied due to the presence of the isopropyl
groups of ligand 92c-H, which upon complexation to
the metals and formation of [Ga,92c;]® lead to
signals of diastereotopic methyl groups. Thorough
investigations show that the inversion process at low
pH is proton dependent, indicating a dissociative
mechanism for the symmetrization, while under basic
conditions the nondissociative Bailar-twist rearrange-
ment becomes the only possible mechanism.?'2

Comparison of the racemization barriers of
[Ga,92¢3]6~ and a related mononuclear tris(cate-
cholisopropylamide) gallium(l11) complex shows that
the racemization of the dinuclear complex [Ga,92c3]%~
proceeds approximately with the same energy barrier
as that observed for the mononuclear complex. This
means that the inversion does not occur via a
simultaneous inversion of both metal centers. Here,
an energy barrier would result for [Ga;92c3]é~ that
should be twice as high as the one for the mono-
nuclear gallium complex. The inversion proceeds
through a stepwise mechanism with subsequent
inversion of the two metal complex units. A meso-
helicate is a high-energy intermediate in this rear-
rangement reaction.?*?

Using the same analytical approach it could be
shown that the trinuclear titanium(lV) helicate
[Ti3s933]6~ inverts with nearly the same barrier as
that observed for the dinuclear complex [Ti,87as]*",
if the same counterions (sodium or potassium) are
present. [Tiz933]®~ probably initially epimerizes at
one of the terminal complex units, and the inver-
sion of the helical twist propagates through the
helicate.?!3

With the anthracenyl-bridged ligand 94-H,4, the
triple-stranded helicates [Ti,943]* and [Ga,943]®™ are
obtained (Figure 45). Addition of tetramethylammo-
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nium salts to the titanium complex [Ti»943]*" induces
a rearrangement reaction and the tetrahedral com-
plex [(MesN)C{Tis94¢}]"~ is formed. Here, the tem-
plate MesN* induces this reorganization and forms
the stable host—guest complex [(MesN)c{ Ti494¢}]7 .24
With iron(lll) ligand 95a-H, leads to a triple-
stranded helicate [Fe,95a3]%" if the complex forma-
tion is performed in the presence of an excess of
ligand. With 2 equiv of ligand the dinuclear double-
stranded meso-complex [Fe,95a,(u-OH),]*~ with two
bridging hydroxy groups (XLV) is obtained (Figure
46).215 The analogous chiral dimethyl derivative 95b-
H, does not yield a helicate, but a tetranuclear
tetrahedral complex [Fe;95bg]*?~ is formed.?16
Triple-stranded helicates [Ga,(95c—e);3]® are ob-
tained with ligands 95c—e-H, and are characterized
by NMR spectroscopy. It was shown by X-ray struc-
ture analysis that the chiral ligand 95e induces an
(M)-configuration of the triple-stranded helix.?'”
With the amino acid-bridged derivatives 96-H,,2'8
triple-stranded helicates [Ti,963]*" are only formed
in minor traces. As a major product complexes such
as XLV are obtained. Solid-state X-ray investigations
of [Ti296b,(u-OH),]?~, [Ti,96¢,(u-OMe),]?~, [Ti,96d,-
(u-OH),]%2~, and [Ti(R-96€)(S-96€)(u-OMe),]>~ were
performed, showing the structure with two biscat-
echol ligands 96 and two co-ligands bridging the two
titanium(1V) centers which possess a meso-relation
(AA)_219
Ligand 97-H, is a simple catecholphosphane. With
titanium(1V) or tin(1V) ions it yields mononuclear
complexes [Ti975]°~ and [Sn975]>". Reaction of [Ti975]*~
with trans-PdBr;, leads to a triple-stranded meso-
helicate [Tiz(97,PdBr;)s]*~ in which trans-PdBr; units
act as spacers connecting the two [Ti973]°"-complex
moieties.??® This dinuclear titanium complex [Tio-
(97,PdBr;)3]*~ possesses a structure which is very
similar to the one of [Ru,Cus51¢]* (see Figure 24).130
The bishydroxypyridinone ligand 98-H, is geo-
metrically related to the biscatechol ligands. With
gallium(111) or aluminum(lll) ions it forms triple-
stranded dinuclear complexes [Ga,983] and [Al,985].
In solid-state and solution studies it was found that
complexes [Ga,983] and [Al,983] adopt a compressed
meso-helicate structure if no water is present. In the
presence of water, one molecule of H,O is bound in
the interior of the complex and the more stretched
chiral helicate [(H,0)c{M.983}] (M = Al, Ga) is
obtained. Here the relative stereochemistry of the two
complex units is influenced by the presence of a guest
species.?® The stereochemical information which is
encoded in the spacer with an odd number of carbon
atoms (preferring the meso-structure) is overridden
by the guest which needs enough space for an
optimized binding in the interior. Thus, the helicate
with a larger cavity is formed.?¢
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IV. Mixed Oxygen/Nitrogen Donors as Ligands for
Double- and Triple-Stranded Helicates

Piguets ligands 69, 70, and 73 which possess a
nitrogen as well as a carbonyl oxygen binding site
for metal ions were described earlier in this pa-
perit3164170.172 and will not be discussed in this
section.

A typical oxygen/nitrogen donor ligand is the
bipyridine/catechol derivative 99-H,. However, up to
now no helicates have been isolated with this ligand.
However, it is possible to obtain mononuclear com-
plexes [Fe(99-H,)z]?" and [Ti993]?~ with the iron(ll)
coordinating selectively to the bipyridine and the
titanium(lV) to the catecholate binding site of ligand
99. Upon addition of titanium(lV) as well as iron(ll)
to ligand 99, a precipitate—probably oligomeric or
polymeric material—is formed.??*

1. 8-Hydroxyquinoline Derivatives

8-Hydroxyquinoline possesses a self-complemen-
tary hydrogen-bond donor/acceptor site and upon
deprotonation is able to coordinate to metal ions.???
Therefore, it is an ideal building block for supramo-
lecular as well as metallosupramolecular chemistry.
However, very few examples have been described in
the literature, where 8-hydroxyquinoline is used for
this purpose (Figure 47).223

Alkyl-bridged bis(8-hydroxyquinoline) derivatives
100—104-H, were introduced to form dinuclear triple-
stranded helicates.??* The bis(8-hydroxyquinoline)
derivative 101a-H, with an ethylene spacer in the
7- and 7'-positions with gallium(lll) ions forms
neutral insoluble coordination compounds of compo-
sition 101a:Ga = 3:2 (elemental analysis). The ob-
tained material might be insoluble because it is
neutral or because oligomeric or polymeric complexes
are formed.?> With the alkyl-bridged ligands 101b—
d-H,, similar gallium complexes are formed which
are soluble in nonpolar solvents if decyl substituents
are attached to the ligand (101c,d). MALDI TOF and
FAB MS spectrometric investigations of the gallium
complexes of 101c and 101d show the presence of
triple-stranded dinuclear [Gay(101c,d)s] and of hexa-
stranded tetranuclear complexes [Gay(101c,d)g]. This
reveals that at least a mixture of two, probably more,
oligomeric components [Gay(101c,d)s], is present.??6227

The insoluble material formed from ligand 10la
can be solubilized by the addition of appropriate
metal salts to the preformed mixture of complexes
(or during the complex formation). After heating
overnight one defined species [Mc{Ga,101az}]" (M
= Na, K) is formed quantitatively which is positively
charged and is soluble in DMSQ.225-227

The gallium complexes of ligands 101 represent a
further example for the principle of dynamic combi-
natorial chemistry. In the first step—the complex
formation—a mixture (= library) of supramolecular
coordination compounds is formed. All the compo-
nents of this dynamic library are in equilibrium with
each other. In a second step—the selection step—this
library can be transformed into one defined com-
pound by addition of an appropriate template. By
binding of this template all the components of the
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mixture are transformed into the one species which
is the most favored host for the template (Figure
48).15

Adding cations (M = Na, K, Rb, NH,) to the library
of complexes [Ga,101as], leads to the triple-stranded
helicates [Mc{Ga,101az}]*. The cryptate-type struc-
ture was shown by X-ray analysis for M = Na, K.??6
However, due to the different size of the guests, the
metallacryptand [Ga,10las] has to adopt a more
stretched or more condensed structure depending on
the template. This can be observed by NMR spec-
troscopy using the proton in the 2-position of the
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ligand as a probe, which experiences different aniso-
tropic shifts depending on the expansion of the
dinuclear gallium complex.??6 The helicates [McC
{Ga,101ds}]* (M = Na, K, NH,) possess long alkyl
chains, making the complexes soluble in nonpolar
solvents such as hexane or benzene.??’

The related ethylene-bridged ligand 102-H; with
an inverted pattern of the oxygen and nitrogen
donors forms a mixture of different gallium com-
plexes [Ga,1023],. However, no solubilization is ob-
served upon addition of alkali metal ions due to the
lack of internal oxygen atoms which are essential for
the binding of the cations.??®

Compound 100a-H; with only one methylene unit
bridging the two hydroxyquinoline moieties cannot
be used for complex formation due to its low solubility
in appropriate solvents. However, the decyl-substi-
tuted derivative 100b-H, forms dinuclear triple-
stranded complexes [Ga,102bs] in chloroform solu-
tion, although an excess of lithium or sodium cations
has to be present. NMR investigations show that the
meso-helicate is obtained (two doublets are observed
for the diastereotopic protons of the spacer), and it
is supposed that two or three alkali metal cations are
bound to the dinuclear complex [Ga,102bs].?%8

The Cs-bridged ligand 103-H, was introduced by
Hiratani?®® and can be used for the formation of
dinuclear triple-stranded gallium complexes [McC
{Gay1033}]t (M = K, NHy4, Rb, Cs). X-ray structural
investigations of, e.g., [Csc{Ga,1033}]" show that the
complex adopts a meso-helicate structure.?®® The
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templating metals which are bound in the interior
of the dinuclear complex show an unusual coordina-
tion geometry. They are only binding to the internal
oxygen atoms of ligands 103 with remaining binding
sites blocked by the C=CHy, units. By NMR spectro-
scopic and structural studies it can be ruled out that
a binding interaction of the alkali—metal with the
vinylidene units of 103 does occur.??8

Ligand 104-H; forms dinuclear gallium complexes
[Csc{Ga,1043}]t in the presence of the large cesium
cation.??8

From all those studies it can be seen that the
formation of dinuclear triple-stranded coordination
compounds highly depends on the presence of tem-
plates with an appropriate size. Dinuclear gallium
complexes of the smallest ligand 100 are formed in
the presence of Li or Na cation, of the ethylene-linked
derivatives 101 in the presence of Na, K, NH,4, or Rb
cation, of Hiratanis ligand 103 in the presence of K,
NH,, Rb, or Cs cation, and of the large bis(hydrox-
yquinoline) 104 only with Cs cation.

The gallium(I11) complexes of ligands 101 and 103
have already been discussed; however, helicate-type
coordination compounds are also obtained with other
metals: [Mc{Al,10la,c3}]" (M = Na, K), [McC
{Fez101a,cs}]™ (M = Na, K), [Mc{Cr,101a,c3}]" (M
= Na, K), [Mc{Al,1033}]" (M = Na, K, NH,4, Rb, Cs),
and [Mc{Fe,1033}]* (M = Na, K, NH,4, Rb, Cs).?28
The zinc(I1) complexes [Mc{Zn,101az}]~ (M = Li, Na,
K) and [Kc{Zn,1033}]~ are negatively charged, and
thus, one of the countercations is encapsulated in the
interior of the triple-stranded helicate-type com-
plexes.??6

Ligands 105-H3; and 106-H; represent sequential
ligands with one catechol and one 8-hydroxyquinoline
(105)%3* or the related 2-aminophenole (106)%%? as
binding site for metal ions. Therefore, the ligands
possess a sequence of two electronically different but
geometrically very similar ligand units. Upon forma-
tion of triple-stranded dinuclear helicate-type com-
plexes, the ligands are able to adopt a parallel (XL V1)
or an antiparallel (XLVII) orientation (Figure 49).
This relative orientation is controlled by the choice
of appropriate metal ions or a combination thereof.?32

The regiochemistry of the ligand orientation can
be controlled since the two electronically different
binding sites prefer coordination to electronically
different metal centers. Thus, sequential ligands such
as 105 or 106 upon reaction with a 1:1 mixture of
two different metal ions should lead to heterodi-
nuclear complexes with a parallel orientation of the
ligand strands (XLVI). One of the chelating units
binds to one kind of metal ion and the other one to
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the other. Complexes with an antiparallel ligand
orientation are formed if only one kind of metal ion
is used for the self-assembly of the dinuclear com-
plexes. In the resulting coordination compounds both
metals are similar and in a thermodynamically
controlled system prefer to have a coordination
environment as similar as possible. “Nature tries to
minimize charge separation”. This is only possible if
complexes such as XLVII are formed.?3?

Reaction of the hydroxyquinoline/catechol ligand
105-H; with gallium(l11) nitrate and potassium car-
bonate leads to the dinuclear triple-stranded helicate
[Ga,1053]°". FAB mass spectrometry shows the pres-
ence of the dinuclear complex, while 2D NMR spec-
troscopy reveals that the unsymmetric complex with
an antiparallel orientation of ligand strands XLVII
is obtained. No signals of the symmetric complex
XLVI can be detected. Reaction of the same ligand
105-H; with a mixture of titanium(1V) and gallium-
(1) ions does not lead to a complex like XLVI. An
insoluble material is obtained which cannot be char-
acterized.?s!

The catechol/aminophenole derivatives 106-H;
on the other hand lead to complexes XLVI as well
as XLVII. With gallium(l1l) or titanium(lV) ions
the meso-helicate-type coordination compounds
[M;106as]" (M = Ga, n = 3; M =Ti, n = 1) with an
antiparallel orientation of the ligands are obtained.
3C NMR spectra of complexes [M,106a3]"~ show all
39 signals which are expected for an unsymmetric
XLVII complex, no more and no less. A 1:1 mixture
of gallium(ll) and titanium(lV) ions on the other
hand leads to the symmetric complex (with a Cs axis)
[GaTil06as]>~ of type XLVI. NMR spectroscopy
reveals only one set of 13 signals for ligand 106a. The
potassium salt of [GaTil06a3]?>~ was characterized by
X-ray structure analysis, showing that titanium(lV)
binds to the catechol and gallium(lll) to the ami-
nophenole binding site. Intramolecular hydrogen
bonding occurs between the amino group and the
internal oxygen donor atom of ligand 106a leading
to further stabilization of the dinuclear complex
[GaTil06az]?>". Here the self-assembly is not con-
trolled by the templating abilities of countercations.
Instead, the hydrogen bridges act as a kind of
internal template.?*?

The ethylene-bridged ligands 106b,c-Hs?% lead to
the corresponding triple-stranded dinuclear helicates
[Gax106b,c3]3 (XLVII) or [GaTil06b,c3]?>~ (XLVI).
In complexes of ligand 106b with internal amino
groups, stabilization of the dinuclear helicates occurs
by hydrogen bonding. However, due to the larger
distance of the complex units (compared to 106a), this
stabilization is not very effective and the dinuclear
complexes slowly decompose in solution. With ligand
106c, the complex formation depends on the tem-
plating ability of the countercations and stable heli-
cates [Ga,106c3]°~ or [GaTil06c;]%> are formed in the
presence of sodium or potassium cations.?3*

Binding of the cations indirectly could be shown
by dynamic NMR spectroscopy at variable tempera-
ture in methanol-d;. Complexes [GaTi1l06b3]?~ with
internal hydrogen bonds show similar inversion
barriers for the sodium (AG* = 16.0 kcal/mol) as well



3488 Chemical Reviews, 2001, Vol. 101, No. 11

as for the potassium salt (AG* = 16.2 kcal/mol).
However, for the “templated” [GaTil06cs]?", a dra-
matic influence of the cations can be observed (so-
dium, AG* = 11.5 kcal/mol; potassium, AG* = 15.8
kcal/mol), indicating the binding of the cations to this
helicate.?*

2. Imine- and Carbonyl-Based Ligands

Helicates can be prepared by electrochemical meth-
ods using the corresponding transition metal as
cathodic material in the presence of appropriate
ligands such as catechol/imine donors 107a-H, or
108. However, 107a-H4 with copper does not lead to
a helicate but to a bishelical trinuclear complex
[Cuz107a(107a-Hy)] with two external hydroxy groups
of one ligand strand being uncoordinated.?*® However,
the related ligand 107b-H; forms a dinuclear double-
stranded helicate [Ni,;107b;] which possesses two
square-planar nickel(ll) complex units and shows a
helical twist which is introduced by the alkyl spacer.?3¢

With nickel and ligand 108, double-stranded heli-
cates [Ni,108;] and [Ni,108,(pyridine),] are obtained
electrochemically. [Ni»,108;] is formed in the absence
of pyridine. X-ray structural analysis shows that both
nickel centers are pseudooctahedrally coordinated,
each binding to the amide oxygens and the imines
with the two pyridine units bridging the two metal
centers. The phenolic OH groups do not interfere with
binding. In [Ni,108(pyridine),] both metal centers
are also hexacoordinated. One of them binds to two
amide oxygens, two imines, and the two pyridine
units of the two ligand strands 108, while the second
is coordinated to two amides, two imines of the
strands, and two additional pyridines.?3”

Ligand 109-H; possesses two oxygen/nitrogen che-
lating units and forms a dinuclear complex [Cus-
(109-H),(H20),]?>" with copper(ll) ions. However, this
double-stranded complex is not helical but planar
with water molecules coordinating to the copper
centers. Intramolecular hydrogen bonding between
—OH and —O stabilizes this complex.?38

Two tridentate dioxygen/nitrogen donor units of
ligands 110a/b are able to bind to europium(lll) ions
in water and to form triple-stranded dinuclear com-
plexes [Eu,1103]6" which are highly luminescent in
water. Model considerations seem to indicate that
complexes [Eu,1103]®" possess the structure of a
triple-stranded helicate.?3®

Ligand 111-H; should also be mentioned here. 111
does not form a helicate but a tetranuclear complex
[Zn4111,] which possesses two double-helical sub-
units [Zn,111,] which are connected by coordination
of two amide oxygen atoms of each double helix to
the zinc centers of the other.?4°

V. Ligands Possessing Sulfur, Carbon, or
Phosphorus Donors

Ligand 8d, which possesses sulfur as well as
nitrogen donor sites, has already been discussed.5' 53
Other ligands with sulfur atoms in the strand are
the thioethers 112a and 112b (Figure 50).24

Derivatives 112a/b form double-stranded com-
plexes [Ag:112a,]*" and [Ags112b,]3" with silver(l)
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ions. In the dinuclear complex [Ag.112a,]%", both
silver centers are trigonal planar coordinated binding
to one pyridine unit of one ligand and to a nitrogen
and a sulfur atom of the other. Ligands 112a adopt
a parallel bent structure XLVII1 (Figure 51).24

In the trinuclear complex [Agz112b,]**, again the
two ligand strands are arranged parallel (IL). Here,
one terminal ion and the central silver ion have a
tetracoordinated N,S,-coordination environment while
the silver at the second terminus is dicoordinated
binding to two pyridine moieties.?*

The stable biscarbene 113 forms a dinuclear com-
plex [Hg2113,]*" with mercury(ll) ions in which the
two ligand strands wrap around the mercury ions.
They are bound by the carbenes and possess a linear
dicoordinated geometry. The pyridine units of 113 do
not interact with the metal centers.??

The tetraphosphane derivatives (R,R)-114 or (S,S)-
114 form double-stranded dinuclear complexes
[M2114,]2" with silver(l) or gold(l) ions. Crystal struc-
ture analysis shows the presence of the helicate (M)-
[Ag2{(R,R)-114},]°t and meso-type complex A,A-
[Ag2{(R,R)-114},]?" in a 1:1 ratio in the crystal. For
the gold complex only helicate (M)-[Aux{(R,R)-114},]**
is observed in the solid state.?*3

VI. Ligand Self-Recognition in Helicate Chemistry

The use of mixtures of different ligands for the
formation of helicate-type complexes can lead to
mixtures of heteroleptic and homoleptic oligonuclear
coordination compounds (Figure 52). If such a mix-
ture is formed, there is no self- or heterorecognition
of the ligand strands. Here, the self-assembly process
is highly unspecific.®

If only the homoleptic complexes, with one kind of
ligand per coordination compound, are formed, a
sorting of the ligands proceeds by self-recognition
during the self-assembly of the metallosupramolecu-
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lar aggregates. On the other hand, exclusively het-
eroleptic complexes can be formed by heterorecogni-
tion.

There are different ways to control self- or heter-
orecognition of ligands during the self-assembly of
helicate-type complexes.*®

1. Control of Self-Recognition by the Number of
Binding Sites

The first self-recognition experiments were de-
scribed in 1993 using bipyridine derivatives as ligands.
The reaction of ether-linked oligobipyridine deriva-
tives 7m,n,0,i with copper(l) ions does not lead to a
complex mixture of copper compounds. Only the four
homoleptic double-stranded helicates [Cu,7m,]?",
[Cus7n,]®T, [Cus702]*t, and [Cus7i,]>" are formed by
self-sorting or self-recognition of the ligands during
the self-assembly process (Figure 53).24
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The imine-bridged bipyridine derivatives 9a and
9b show similar self-recognition in the helicate
formation with silver(l) or copper(l) ions.%®

2. Self-Recognition by Coordination Geometry

Derivatives 7b and 15b are different with respect
to the position in which the spacer is attached to the
bipyridine units (Figure 54). Thus, ligand 7b prefers
a tetrahedral coordination geometry at the metal,
leading to double-stranded helicates, while ligand
15b can form octahedral metal complexes (— triple-
stranded helicate).?**

A mixture of ligands 7b and 15b in the presence
of copper(l) and nickel(ll) ions leads to a sorting of
not only the ligands but also the metals. The double-
stranded copper helicate [Cus7b,]*" and the triple-
stranded nickel helicate [Nis15b3]®" are exclusively
observed. In this example “homo”-self-recognition
proceeds.?*

On the other hand, choosing the right system
allows the observation of heterorecognition. Mixing
ligands 7b (three bipyridine binding sites) and the
tris(terpyridine) ligand 25c and performing coordina-
tion studies with copper(ll) ions leads exclusively to
the formation of the hetero-double-stranded helicate
[Cus(7b)(25c)]¢" (Figure 55). This is due to the
preferred high coordination number (5 or 6) at the
copper(ll) ions. [Cus(7b)(25¢)]é* could be character-
ized by X-ray analysis and shows three pentacoordi-
nated copper(ll) centers with the two different ligands
7b and 25c wrapping around them.56:245

Substituting bipyridine in one position of the
trischelate 7b by phenanthroline (e.g., 8a) does not
lead to self-recognition, if a mixture of, e.g., 7b and
8a is reacted with copper(l) or silver(l) ions. The
bipyridine and phenanthroline binding sites are too
similar to distinguish between them.53:54.66
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3. Size Control of Self-Recognition

A further possibility of controlling self-recognition
in the formation of helicates is to use rigid ligands
with significant differences in the distances of the
metal binding sites.?*6

Derivatives 92f-H,, 92a-H,4, and 92g-H, represent
three ligands which are rigid and possess different
separations of the catechol units (Figure 56). Mixing
the three ligands and performing a coordination
study with gallium(l11) ions with size-controlled self-
recognition or self-sorting of the ligands leads to the
three homoleptic triple-stranded helicates [Ga92f3]¢",
[Gax92a3]°~, and [Ga,92g5]6~.246

Albrecht

4. Template Control of Self-Recognition

It was discussed earlier in this paper that the self-
assembly of triple-stranded helicates and meso-
helicates from alkyl-bridged di(catechol) ligands 87—
89-H, depends on the templating ability of the
countercations.?®® Therefore, the templates also should
be able to control the self- (or hetero-)recognition of
ligands in the self-assembly of helicate-type com-
plexes.

The alkyl-bridged dicatechol ligands 87a-H, and
88a-H, possess very similar distances of the two
catechol units. Thus, in principle, a mixture of 87a-
H, and 88a-H, could lead to four different triple-
stranded dinuclear titanium(l1V) complexes—two ho-
moleptic and two heteroleptic—and oligomeric or
polymeric material (Figure 57). However, experi-
ments show that the result of a coordination study
depends on the alkali-metal cation which is present.
NMR spectroscopic and MS spectrometric studies
show that complex formation of a mixture of 87a-H,
and 88a-H, with titanium(lV) ions leads to the
homoleptic dinuclear complex [Ti,87az]*~ and oligo-
meric material “[Ti,88a3],* . It was described earlier
that ligand 88a does not form a specific dinuclear
titanium(lV) complex in the presence of potassium
ions. Therefore, with self-recognition of the ligands
the homoleptic dinuclear complex of ligand 87a and
oligomeric material of 88a are obtained. However, in
the presence of sodium cations, dinuclear complexes
[Ti,88a3]* can be formed. Self-recognition leads to
a mixture of the two homoleptic dinuclear complexes
[Ti.87as]* and [Ti,88a3].*~ No heteroleptic coordina-
tion compounds can be observed by spectroscopic
methods.?4

The situation gets somewhat more complicated if
lithium cations are used. Here, the two homoleptic
complexes [Ti»87az]*~ and [Ti,88a3]*" as well as the
heteroleptic complex [Ti,88a,87a]*" are observed by
NMR as well as MS. The second possible heteroleptic
complex [Ti,87a,88a]*" is not found at all. Those
findings show that the self-recognition of ligands in
helicate self-recognition not only depends on the
shape of the ligands but also can be controlled by
appropriate templates.?*”

Self-assembly of helicate-type complexes from a
mixture of the bis(8-hydroxyquinoline) ligands 101a-
H, and 103-H; with gallium(l11) ions in the presence
of a 1:1 mixture of NaCl and CsCl yields only the
homoleptic complexes [Nac{Ga,101a3}]" and [Csc-
{Ga,103az}]*. Here a double recognition mechanism
takes place. Self-recognition of the ligands proceeds
with a simultaneous recognition of the appropriate
alkali-metal cation.?%°

5. Self-Recognition of Chiral Ligands

Another possibility for the control of ligand self-
recognition is the use of chirality at the ligand
strands. Thus, a racemic mixture of ligands 41 with
copper(l) ions yields only the homoleptic helicates
AA-[CUz(RR-41),]?" and AA-[Cu,(SS-41),]%".115

In the case of the chiral ligand 31, the discrimina-
tion is not so pronounced, leading to mixtures of
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different diastereoisomers upon complex formation
with copper(l) ions.248

VII. Quadruple- and Hexa-Stranded Helicates

There are only few examples known where heli-
cate-type complexes are formed from more than three
ligand strands.

The bipyridine ligand 115 yields a quadruple-
stranded complex [Cu,1154(H20)4]*" with copper(ll)
ions in which four ligands bridge two copper centers
(Figure 58). However, the ligands are arranged
linearly so that no helical structure is observed.?*® A
similar but twisted complex is formed from ligand
116 and palladium(ll). Here a quadruple-helicate
[Pd;116,4]*" is obtained in which the helicity is
introduced by a twist of the ligands.?>®

A series of quadruple-stranded helical complexes
is isolated by reaction of ligands 117 with copper,
nickel, cobalt, chromium, ruthenium, or rhodium as
the metal. The metals are binding to the nitrogen
atoms of the pyridines and the deprotonated bridging
amines. Metal—metal interaction occurs, and the
helix is terminated by coligands X (X = ClI, BF,).?%!
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Ligand 118 is a chiral bis(sulfinyl)imidoamidine
derivative which forms a quadruple-stranded chiral
copper complex [Cu,1184]*" with one chloride coun-
terion bound in the interior of the dinuclear complex.
Complexes such as [Cu,118,]*" are used as Lewis
acids for asymmetric catalysis.?®

The pentatopic ligand 119 forms two different
supramolecular architectures with silver(l) ions,
which both could be characterized by X-ray structural
analysis. One of them adopts the structure of a [4+5]
grid [Ag20119]?°*. The other is a quadruple-stranded
helicate [Ag101194]'°" with 4 ligand strands binding
to a total of 10 silver(l) ions and are wrapping around
the metals (Figure 59).252

Helical structures with more than four ligand
strands are also known. Ligands such as 85c—e or
111b form bis(triple-helical) metal complexes with
six ligand strands wrapping around metaloxo clusters
[MgO5]*2+ (M = Zn(Il), Cd(I1), Mn(11)).253

The simple urea-substituted 8-hydroxyquinoline
120-H forms a hexa-stranded helicate [Zn3120¢] in
which the three metal centers are linearly arranged
and the six ligands are orientated alternating “up”
and “down” (Figure 60).2%*

Due to the chiral substituent at the urea, complex
[Zn3120g] is formed in a highly stereoselective fashion
with an S-configuration at ligand 120 inducing a (P)-
configuration of the helix. The trinuclear complex
[Zn31206] shows an optical rotation of [o]p = —1750
(dioxane, ¢ = 0.1).%%4
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VIIl. Conclusions

Double- and triple-stranded helicates and related
oligonuclear metallosupramolecular coordination com-
pounds possess fascinating structures and are excel-
lent model systems for the study of mechanisms in
supramolecular chemistry.

The formation of helicates in some cases proceeds
in cooperative self-assembly processes, although ex-
amples are known where the special features of the
ligand strands lead to a noncooperative “stepwise”
formation of the oligonuclear complexes. If the for-
mation of the helicates is directed by templates,
dynamic combinatorial chemistry is the principle
which controls the specific formation of defined coor-
dination compounds and not of mixtures of oligomers
or polymers.

The use of sequential or directional ligands for
helicate formation leads to questions regarding the
regioselectivity of self-assembly processes. The re-
giochemistry can be controlled either by steric inter-
actions between ligand strands, special geometric
features of the ligands and/or metals, or by the
molecular recognition of electronically different bind-
ing sites by different metal ions.

Supramolecular stereochemistry is important for
the specific formation of chiral helicates versus
achiral meso-helicates. Most helicate-type complexes
are obtained with high diastereoselectivity. Here,
different mechanisms can influence the relative con-
figuration of complex units. The diastereoselectivity
can be controlled by rigid ligands, by the ligand
spacer (even versus odd length of alkyl spacers), or
by templates. Introducing chiral substituents at the

Albrecht

OH
0 OH

121
OH

122-H,
Figure 61.

spacer allows the formation of diasteromerically and
enantiomerically pure helicates.

Mixtures of ligands can be used in self-recognition
studies to obtain a self-sorting of the ligands in
selective reactions. In highly specific reactions either
homoleptic complexes are formed by self-recognition
or heteroleptic complexes are formed by self-discrimi-
nation. Here, the number of binding sites at the
ligand, the separation of the binding sites, geometric
constraints, or templating effects play an important
role in the formation of specific oligonuclear com-
plexes.

Just recently substructures of nucleic acids or of
peptides were introduced into helicate chemistry.
Ligands such as 121 or 122 form double-stranded
[Ag2121,]?" 25 or triple-stranded [Ti»1223]*" helicate-
type complexes (Figure 61).25¢ Future investigations
will show if compounds of this type can interact with
biological systems.

All of the described mechanistic and structural
studies are important to gain deeper insight into the
chemistry of helicates, which is necessary to be able
to use them for future applications. The first studies
on helicates regarding electron-transfer properties,
liquid crystalline behavior, or the potential for their
use in organic synthesis (e.g., synthesis of molecular
knots) give an indication as to which direction this
chemistry might develop in the future. However, the
mechanistic findings in helicate chemistry help to
rationally construct even larger metallosupramolecu-
lar architectures which grow into nanometer dimen-
sions and are able to act as catalysts or stabilize
unusual or highly reactive molecular species.314.257

[X. Addendum

A series of papers regarding helicate chemistry has
appeared since the submission of this manuscript.

The pyridine/imine ligand 123 was shown to form
an arc-shaped double-stranded helicate [Cu,123,]*"
which by z—s-interaction forms a cyclic tetramer
{[Cu2123,]4}8" in the solid state (Figure 62).258

Ligands 124 and 125 (and some related ligands)
form double-stranded dinuclear complexes with cop-
per(l) ions. Here, the structure of a double-stranded
helicate is observed for [Cu,124,]?" in the solid state.
For the complex of 125, a heterochiral meso-helicate
[Cu,(R-125)(S-125)]?t is found in the crystal while



Double-Stranded, Triple-Stranded, and Circular Helicates

Q

N N
/N N / 3 —
SN oy = N ¢

| P I Z

123 124

X=  NH;

\
N-N  N-OH
N\ 7 29

128

1

OH 132-H,

N NHTs
131-H,
4 ] 3
S 7 SN pS
H H
134-H,

Figure 62.

NMR spectroscopy indicates that only helical homo-
chiral complexes [Cu,(R-125),]?" and [Cu,(S-125),]*>"
are present in solution. This shows that a fast
rearrangement occurs during dissolving or crystal-
lizing the complex.?>®

The copper(l) complexes of 124 and 125 can be
switched electrochemically showing molecular hys-
teresis, e.g., two-electron oxidation of [Cu,124,]**
leads to [Cu,124,]** which rearranges to form the
corresponding mononuclear compound [Cul24]?*
which can be reduced to form [Cul24]". This species
undergoes a rearrangement reaction to obtain the
dinuclear [Cu,124,]** again.?5°

The double-stranded helicates [Cu»(126a,b),]*" pos-
sess two linearly dicoordinated copper(l) centers
which bind to the oxazoline nitrogen atoms. During
irradiation (313 nm), the 1,2-dithienylethene moiety
undergoes an electrocyclic ring closure and the ster-
eochemistry of this reaction is controlled by the metal
complex units.?%0

Depending on reaction conditions, different heli-
cates are made from ligands 127a,b and 128. Either
double-stranded coordination compounds with colig-
ands [(Cd(H20)(NO3)).127a,]?* and [(MnCl,),128,] or
triple-stranded complexes [Zn,127a3]*" and [Ni,1283]*"
are obtained.?®® In the case of the complexes of
sequential ligand 128, antiparallel orientation of the

@m
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ligand strands is observed in the solid-state struc-
tures?8! as expected.?3?

A series of imine/indole-based ligands was prepared
to obtain double-stranded helicate-type coordination
compounds. Here, the X-ray structure of the meso-
helicate [Ni,129;,] could be investigated.?5?

130a forms a linear triple-stranded complex
[Ag2130as]?* with trigonal planar silver centers, and
130b yields a quadruple-stranded linear complex
[Cu,130b,4]**. Both compounds possess the structure
of a molecular box and are able to encapsulate anionic
guests.?63

The double-stranded dinuclear helicate [Ni;131;]
is obtained by electrochemical methods.26

The phenolate/imine ligand 132-H; leads to neutral
double-stranded helicates [M;132;] (M = Cu(ll), Co-
(IN) which were characterized by X-ray structure
analysis.?® Ligand 133a-H; also possesses an imine/
phenolate binding site and forms the corresponding
copper(ll) helicate [Cu;133a,] with ferrocene units
in the spacer.?%® The related complex [Zn,133b,] was
also described.?¢”

A triple-stranded metallacryptate { KC[Fe,1345]} +
was obtained from the thiophene-substituted ligand
134-H,.%68

Chiral, enantiomerically pure (or enriched) heli-
cates were obtained by induction of chirality at
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[Ga,92a3]8~ with the chiral (S)-N-methylnicotinium
cation?%® or by separation of the enantiomers by
chromatography on paper.?”°

The phosphane ligands 135 and 136 form triple-
stranded gold(l) [Au,1353]%>" or silver(l) [Ag>1365]*"
complexes. The metal centers are trigonal-planar
with three phosphane units coordinating. Here,
[Au,135;]%" is able to trap linearly coordinated mer-
cury(0) in its interior?’* while [Ag21363]>" undergoes
ring-opening polymerization to form a coordination
polymer.272
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