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a  b  s  t  r  a  c  t

Cyclodextrins  (CDs)  are  well-known  molecular  hosts  for forming  stable  host–guest  inclusion  complexes
or  supramolecular  species  due  to their special  hydrophobic  internal  cavity  and  hydrophilic  external
surface.  The  unique  ability  of CDs  to form  inclusion  complexes  is  widely  exploited  in  many  areas,  e.g.
supramolecular  chemistry,  catalysis,  drug  carrier  systems,  food  industry  and  cosmetics.  While  inter-
actions  of CDs  with  metal  ions  have  been  studied  for decades,  structurally  well-defined  systems  are
relatively  rare  and  the  application  of CDs-based  functional  materials  is in  its initial  phase.  This review
focuses  on  the  synthesis,  reactivity  and  structural  diversity  of  well-defined  metal  complexes  derived
essentially  from  native  CDs. Various  structural  motifs  for  metal  complexes  based  on CDs  were  delineated
ranging  from  monomeric  species,  dinuclear  systems,  homo-  and heterometallic  sandwich-type  com-
plexes  to  cylindrical,  extended  structures.  The  reported  examples  are  discussed  with  an  emphasis  placed
on how  the  character  of used  metal  or auxiliary  ions,  and  the  formation  of intra-  and/or  intermolecular
hydrogen  bonds  can influence  the  mode  of aggregation  and  supramolecular  arrangement  of  the resulting
metal  complexes.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of six,
seven, or eight glucopyranose units in �, � and � forms, respectively
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(Scheme 1). The structure of these molecules is toroidal containing a
relatively hydrophobic central cavity and hydrophilic outer surface.
They are well-known molecular hosts for forming stable host–guest
inclusion complexes or supramolecular species due to their special
hydrophobic internal cavity and hydrophilic external surface [1–3].
Most of the reported studies on chemistry of CDs have focused on
the utilization of this group of macrocycles as molecular recognition
receptors [4], drug delivery carriers [5–7], scaffolds for biomimet-
ics [8,9] or supramolecular hosts for organometallic complexes
[10] and polyoxometalates [11]. A significant number of review
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Scheme 1. A schematic representation of the native CDs and D-glucopyranosyl ring.

articles [1–3] and books [12,13] devoted to different aspects of
these areas have been published. Recently, an intriguing exten-
sion of CD applications as supporting molecule to modify metal
nanoparticles by the direct surface attachment [14,15] or semicon-
ductor nanocrystals [16,17] by the host–guest surface modification
has been demonstrated. Moreover, �-CD has appeared as a
very attractive building unit for the synthesis of nanoporous
carbohydrate Metal–Organic Frameworks [18,19] with potential
applications in gas storage [20] and as host templates for incor-
porating nanoclusters or nanoparticles [21,22].

Astonishingly, with over 120 years of the development of CDs
contributing to the vastness of the scientific literature [3], their
coordination chemistry with metal ions remains an area essentially
little explored and a number of structurally characterized native
CD-based metal complexes is relatively scant (undoubtedly, the
paucity of structural data results from the difficulties with the iso-
lation of well-defined systems). Moreover, to our best knowledge,
there is no review dealing with the latter aspect of CDs chem-
istry besides special cases such as a review describing composition
and stability of native CD-based metal complexes in solution [23]
or reviews concerning metal complexes with functionalized CDs
[24,25]. Functionalization of CDs permits various modes of metal
ion complexation to further enhance the potential applications of
the CD chemistry. In this regard, the design of biomimetic com-
plexes for the modeling of metalloenzyme active sites has been
particularly developed (for a selected example of metal complexes
with CDs acting as enzyme mimic  see Scheme 2a and b) [26,27].
Moreover, cavity-shaped metal complexes with functionalized CDs
have also found application in the field of homogeneous catalysis
and molecular recognition (cf. Scheme 2b and c) [25,28,29].

Native CDs have a large number of primary and secondary
hydroxyl groups that can provide plenty of coordination sites to
chelate metal ions and form covalent bonds at basic pH, where
the OH groups can be deprotonated and act as nucleophiles. How-
ever, successful determination of the stability and type of the
CD-based metal complexes requires the cooperation of several
structural factors. The goal of this review is to fill the gap in the
comprehensive depiction of ongoing research in the area of native
CD-based metal complexes. We  have comprehensively surveyed
the structural diversity of well-defined metal complexes derived
from native CDs reported in the literature. Various structural motifs
are observed ranging from monomeric and dinuclear systems,
homo- and heterometallic sandwich-type complexes to cylindrical
extended structures. The examples are discussed emphasizing how
the character of the metal or auxiliary ions used, and the forma-
tion of intra- and/or intermolecular hydrogen bonds can influence
the mode of aggregation and supramolecular arrangement of the
resulting metal complexes.

2. �-, �- and �-CDs metal-based complexes

In this section we focus on the preparation methods of
metal–organic complexes based on native �-, �- and �-CDs,

and describe the variety of both their molecular structures and
supramolecular architectures. The coordination flexibility of CDs to
metal ions and structural diversity of the corresponding complexes
is shown in Fig. 1. In general, deprotonation and complexation
of secondary hydroxyl groups of CDs to metal ions leads to the
formation of sandwich-type complexes in which partly or fully
deprotonated CD molecules are connected through a multinuclear
metallomacrocycle ring. Such metallomacrocycle ring can contain
one or two different kinds of metal ions. To date, there are only two
examples of structurally-characterized homometallic sandwich-
type complexes (type I, Fig. 1). In turn, reactions of metal salts
with CDs in the presence of auxiliary alkali-metal ions (Li+, Na+,
K+ or Rb+) lead to the formation of a family of heterometallic
sandwich-type complexes. In the heterometallic systems, metal
ion distribution in the metallomacrocycle ring can appear in dif-
ferent patterns depending on the inherent number of coordination
sites in a CD molecule and the character of auxiliary ions used. In
particular, the utilization of Li+ as auxiliary ions leads to the forma-
tion of sandwich-type complexes containing a metallamacrocycle
with {M,  Li, Li}n-type rings (type II, Fig. 1) or {M, Li}n metallo-
macrocycle with alternate metal centers (type III, Fig. 1). On the
contrary, utilizing Na+ as auxiliary ions usually promote the for-
mation of {M,  Na}n metallomacrocycle. In the case of K+ and Rb+,
due to their larger size, such ions are located outside the cavity
of sandwich-type complexes and link the adjacent molecules in
a cylindrical more extended structures (type IV, Fig. 1). The for-
mation of hydrogen bonds between the solvent molecules and
the deprotonated and free hydroxyl groups of CDs influences the
noncovalent-driven self-assembly processes. The structural analy-
sis reveals that sandwich-type complexes can form diverse types
of supramolecular architectures ranging from nonporous close
packed structures to more extended layered networks. Another
class of CD-metal based complexes constitutes mono- and dinu-
clear systems forming a bucket-wheel-shaped assembly (type V,
Fig. 1).

2.1. ˛-CD metal-based complexes

The literature search shows that a native �-CD appears as an
efficient first-sphere coordination ligand for metal ions. A series of
heterometallic sandwich-type complexes in which partly or fully
deprotonated �-CD molecules are connected through multinu-
clear metallomacrocycle ring has been reported. However, there
is lack of examples of the homometallic �-CD-based complexes.
In the heterometallic systems, metal ions in the metallomacrocy-
cle ring appear in different patterns depending on the auxiliary
ions used. By utilizing Li+ as the auxiliary ion, sandwich-type
complexes containing a {M, Li}n- or {M,  Li, Li}n-type metallo-
macrocycle ring (type II and III, Fig. 1) have been observed. In the
presence of Na+ ions partly or fully deprotonated �-CDs molecules
are capable of templating transition metal ions with the forma-
tion of {M, Na}n-type ring (type III, Fig. 1). In turn, coordination of
K+ or Rb+ ions leads to the formation of dinuclear sandwich-type
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