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Abstract: Metallosupramolecular chemistry has attracted the

interest of generations of researches due to the versatile
properties and functionalities of oligonuclear coordination

complexes. Quite a number of different discrete cages were
investigated, mostly consisting of only one type of ligand
and one type of metal cation. Looking for ever more com-
plex structures, heterobimetallic complexes became more

and more attractive, as they give access to new structural
motifs and functions. In the last years substantial success

has been made in the design and synthesis of cages consist-

ing of more than one type of metal cations, and a rapidly
growing number of functional materials has appeared in the

literature. This Minireview describes recent developments in
the field of discrete heterometallic macrocycles and cages
focusing on functional materials that have been used as
host-systems or as magnetic, photo-active, redox-active, and

even catalytically active materials.

Introduction

In the past decades, coordination-driven self-assembly of or-

ganic ligands and metal cations to well-defined and often aes-
thetically very appealing discrete 2D- and 3D-architectures has

been a widely studied and still is a highly active field in supra-
molecular chemistry. Besides their pure aesthetics, however, a

careful design and choice of the ligand structures and the
metal centers also offer unique chances to introduce certain

functions that are hardly accessible employing covalent ap-

proaches.
Many advances were made in making self-assembly process-

es predictable and design approaches like the symmetry-inter-
action approach,[1] the molecular-library approach[2] and the

molecular paneling approach[3] soon became generally used
tools in planning sophisticated supramolecular structures.

Many reviews were published on metallosupramolecular cages

and macrocycles with different functionalities, like host–guest
systems, photo- or redox-active complexes, magnetic mole-

cules or even molecular flasks.[4–8]

However, most of the work in this field was done with ho-

mometallic structures. As increasing complexity is one major
goal that drives supramolecular research, there is a growing in-
terest in systems that consist of more than one type of metal

cation over that past two decades. Significant progress in plan-
ning heterobimetallic structures allows for the reliable synthe-
sis of such structures. Particularly, the complex-as-a-ligand
strategy and the use of hard and soft metal cations or the use

of metal cations that prefer different coordination geometries
are common approaches to successfully distinguish between

two different metal cations. There are already some excellent
reviews in literature[5, 9–11] that discuss the structural aspects

and synthetic strategies in detail with beautiful examples, and

therefore, these aspects will not be discussed in detail herein.
Clearly, the combination of two different metal cations in a

single discrete aggregate largely increases the accessibility of
new structural motifs and geometries. To date, manifold struc-

tures were described, amongst others macrocycles,[12–16] heli-
cates,[17–19] tetrahedra,[20] trigonal bipyramids,[12, 21–23] cubic[21, 22, 24]

and prismatic cages,[25] and unique assemblies like adaman-

toid[26] cages and waterwheel-, tweezer- and butterfly-shaped
complexes.[27]

Using two different metal cations that prefer different coor-
dination spheres, however, also allows for new strategies to

achieve high-fidelity self-sorting in complicated situations like
five-component,[28] or even six-component systems,[29] as nicely

demonstrated by Schmittel and co-workers.

Moreover, heterobimetallic systems proved very useful in
the synthesis of advanced mechanically interlocked structures,

like grid catenanes[30] and even the templated construction of
borromean rings[31, 32] and Solomon links.[33]

In the following, however, we will concentrate on the discus-
sion of the growing field of functional aspects of heterobime-
tallic assemblies rather than just on their astonishing discrete

2D- and 3D-structures. In case a metallosupramolecular cage is
‘just’ used as a container molecule, the nature of the used
metal cations might be negligible, but when it comes to cer-
tain functionalities, the nature of the metal cations is of major

importance and apparently, the use of two different metal cat-
ions can lead to strongly improved properties or even the

emergence of new ones. Thereby, we will focus on cage(-to-

cage) transformations, host–guest interactions, magnetic and
photophysical properties, redox activity and catalytic activity.

By discussing recent examples for different sorts of proper-
ties, we wish to give insight into the broad and manifold area

of functional heterobimetallic assemblies.

Functional Heterobimetallic Assemblies

Cage transformations

Complex-to-complex transformations can be seen as a molecu-

lar reaction, where building blocks are exchanged in order to
transform one reversibly assembled complex into another
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upon exposure to a chemical stimulus. Clearly, one prerequisite
is that the overall situation before the transformation is less fa-

vored, than the situation afterwards, in order to provide a suffi-
cient driving force for these thermodynamically controlled pro-

cesses.
This strategy is also a powerful approach to access heterobi-

metallic complexes as can be seen from the striking example
with an unusual cage geometry that was reported from the

group of Zhou in 2014.[34] Here, metal ions could be ex-

changed. Reaction of protonated 1 with Mo2(OAc)4 at 85 8C
yielded the core–shell molecular assembly 2, where two Mo2

units are bridged by four ligands and this ‘core’ was surround-
ed by an additional (Mo2)4(1)8 ring as a shell (Figure 1). There-

fore, in the overall assembly, two conformations of the ligand
1 can be found. When crystals of 2 were exposed to a solution

of Cu(NO3) in DMF for only six hours, partial metathesis was

observed. This single crystal to single crystal metathesis gave
rise to heterobimetallic [(Mo2L2)4][(Cu2L2)2] assembly 3 where

exclusively the metal units of the core were exchanged. This
behavior was attributed to tension in the core assembly with

Mo2 units that is released, if more flexible Cu2 moieties are in-
corporated.

Ligand building block exchanges become possible, when

the subcomponent self-assembly strategy[35] is used to con-
struct cages. An example of a sequence of cage-to-cage trans-

formations from a monometallic to a heterobimetallic cage
and finally to another monometallic one was introduced by

the group of Nitschke.[36] The homometallic tetrahedron 4 is
rather labile due to the long bridging ligands and can incorpo-

rate the C4 symmetric metalloligand 5, which results in the for-

mation of the heterobimetallic cubic cage 7, containing eight
iron(II) and six platinum(II) cations. This reaction releases

twelve equivalents of the long, linear diamine 6. However,
when 7 was then treated with the shorter diamine 8 the

metalloligand 5 is again released and 8 was incorporated in-
stead, resulting in the formation of the smaller and more

stable homometallic tetrahedral cage 9 (Scheme 1).

Another example of a dynamic heterobimetallic system, con-
sisting of a cube and a trigonal bipyramid, that allows for

cage-to-cage transformations could be presented by our
group recently.[37] Ligand fragment exchanges were possible
due to a sterically strained coordination sphere around iron(II)
cations, caused by crowded ligands with methyl groups. When

11 or 15 were treated with an analogous less bulky non-me-
thylated building block, the systems incorporated the new
building block releasing the less favorable subcomponent. The
reduction of steric strain might be the driving force in this
case and eventually resulted in a change of the spin state of

iron(II) cations from high-spin in strained cages to low-spin.
Furthermore, this system also allowed for exchanges of

intact ligands. When the chelating bisdentate ligand dppp
(dppp = 1,3-bis(diphenylphosphino)propane) was added to
cubic 10 or 11, the cages were transformed into the trigonal

bipyramidal complexes 14 or 15, since palladium(II) favors the
binding of dppp over 4-pyridyl donors. As a side product the

metalloligands 12 and 13 were released in this transformation
(Scheme 2). These examples, where metal-bridging compo-

nents within a heterobimetallic system were exchanged, nicely
demonstrate how dynamic behavior of heterobimetallic sys-

tems can be exploited to manipulate their structures in situ.

Host–guest interactions

Metallosupramolecular architectures with well-defined cavities
are often suitable for guest encapsulation. This might be em-

ployed to manipulate the conformation, stability and reactivity

of guest molecules in certain ways.
Besides a large number of homometallic examples, heterobi-

metallic assemblies were also successfully employed as host-
molecules for several guest molecules. The use of two different

metal cations offers a versatile strategy for the construction of
large cavities from simple building blocks[38, 39] and also for host

molecules that feature two accessible cavities for guest

uptake.[40]

An example for the encapsulation of small organic mole-

cules by a heterobimetallic [Zr6Pd3] trigonal bipyramid was re-
ported by the group of Mukherjee.[41] The cage 16 was assem-
bled from two C3 symmetric trinuclear carboxylate-bridged zir-
conocene-based metalloligands and three cis-blocked palladiu-

m(II) building blocks. The water-soluble cage was found to be
capable to encapsulate water-insoluble small, electron-rich
molecules like naphthalene and 2-naphtaldehyde in its hydro-
phobic cavity in aqueous media (Figure 2 a). Also, the subse-
quent extraction of guest molecules with chloroform was pos-
sible, leaving the empty cage in the aqueous phase.

Jin presented a series of heterobimetallic boxes using CuII-

based pyridyl-functionalized ß-diketonate metalloligands with

Matthias Hardy studied chemistry at the Uni-
versity of Bonn and received his M.Sc. in 2016,
working with Prof. Arne Letzen. Since then he
is working on his Ph.D. project focusing on
the synthesis and characterization of hetero-
bimetallic assemblies.

Arne Letzen studied chemistry at the Univer-
sity of Oldenburg and obtained his Ph. D. in
the field of carbohydrate chemistry. He was a
postdoc in the group of Prof. Dr. Julius Rebek,
Jr. at the Scripps Research Institute in La Jolla,
USA. He then returned to Oldenburg to start
his independent research in the field of supra-
molecular chemistry. In 2006 he became pro-
fessor of organic chemistry at the University
of Bonn. His research interests include various
areas of supramolecular chemistry and organ-
ic synthesis.

Chem. Eur. J. 2020, 26, 13332 – 13346 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH13334

Chemistry—A European Journal
Minireview
doi.org/10.1002/chem.202001602

http://www.chemeurj.org


half-sandwich Ir, Ru or Rh fragments.[42–44] They could show

that the cage size could be adjusted by choosing different or-

ganic ligands so that the size of the inner cavity could be
matched to the needs of guest molecules. Using this strategy,

they could assemble box-like cage 17 that was able to encap-
sulate aromatic guests such as pyrene or [Pt(acac)2] (Fig-

ure 2 b).

Severin assembled a heterobimetallic octahedron containing

18 metal centers from a clathrochelate metalloligand with in-

corporated iron(II) cations[20, 45, 46] that was found to be the first
metallosupramolecular capsule that successfully encapsulates

tetraphenylborate anions.[47] Cage 18 could bind three BF4
@

anions and one BPh4
@ anion, even from aqueous media (Fig-

ure 2 c). However, using non-polar solvent mixtures, the ob-
served binding constant for BPh4

@ dropped dramatically, point-

Figure 1. Reaction of 1 with Mo2(OAc)4 at high temperatures yielded the core–shell assembly 2 that could be further transformed to heterobimetallic 3 via
metathesis of metal ions.[34]

Scheme 1. Cage-to-cage transformations starting from tetrahedral cage 4 to heterobimetallic 7 upon addition of 5. Compound 7 could then be transformed
to the homometallic tetrahedron 9 upon addition of subcomponent 8.[36]

Scheme 2. Transformation of cubic cages 10 and 11 to trigonal bipyramidal assemblies 14 and 15 upon addition of the bisdentate ligand dppp.[37]
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ing out the importance of the hydrophobic effect in such
host–guest systems.

These examples show that heterobimetallic cages can fea-

ture inner voids that are able to readily encapsulate neutral or-
ganic or anionic guest molecules.

Another interesting host–guest complex involving a hetero-
bimetallic host was reported by Ward and co-workers. By using
symmetric ligands with two pyrazole-pyridyl termini they re-

ported on the formation of an inert metalloligand by coordi-
nating one end of the ligand to RuII cations. This metalloligand

can subsequently be used to assemble heterobimetallic[26] and

even mixed-metal, mixed-ligand coordination cages.[48] After
assembling the cubic Ru4Co4L12 20 framework, starting from

ligand 19, they found that this cage contains an additional
[Na(BF4)4]3@ complex after crystallization over several months,

with the sodium cation probably leached from the glassware.
The four tetrafluoroborate anions assemble in a tetrahedral

fashion, each anion facing towards a CoII site, creating a cavity
in the cavity (Figure 3).

When it comes to heterobimetallic cages with additional
functionality, the interplay between the different metal cations

is not only of major importance for the construction of the
cage itself, but also the different metal cations often adopt cer-

tain tasks to achieve a certain functionality.

Jin and co-workers presented the box-like cage 22, in which
two silver(I) cations connect two tetranuclear [Rh4] pyramidal

frustums 21 (Scheme 3).[49] They found that this capsule shows
a high tendency for the encapsulation of para-substituted aro-

matic compounds, such as p-xylene, p-dichloro-, p-dibromo-
and p-diiodobenzene. Crucial for these binding events was

both, the size and shape matching as well as attractive Ag-p
interactions. The selectivity for p-substituted aromatics was so
high, that the capsule 22 could be used to separate p-xylene

efficiently from its constitutional isomers from an equimolar
mixture. The capsule was also able to separate p-dibromoben-

zene in the presence of excess m- and o-dibromobenzene. In
case of p-xylene the encapsulated guest could be liberated by

simple extraction with diethyl ether, recovering the intact cap-

sule 22. For other guests, the guest molecules could be re-
leased, when the host–guest complex was exposed to sunlight,

yielding the free guests and metalloligand 21. The interplay
between structure determining RhIII cations and connecting, as

well as coordinating AgI cations facilitated the otherwise very
difficult separation of the regioisomeric guest species.

Figure 2. X-ray crystal structures of a) Zr6Pd3 trigonal bipyramid 16 ;[41]

b) host–guest complex of pyrene%17;[42] c) octahedral host–guest complex
of 18 with three encapsulated BF4

@ ions and one BPh4
@ anion;[47] (guest mol-

ecules are shown as space-fill models; hydrogen atoms, non-coordinated
solvent molecules and non-encapsulated counter anions are omitted for
clarity; color code: light blue—zirconium, petrol—palladium, yellow—rhodi-
um, orange—copper, red—iron, blue—nitrogen, bright red—oxygen,
green—chlorine, green-yellow—fluorine, beige—boron, grey—carbon).

Figure 3. Ligand 19 can be used to form cage 20 in a stepwise assembly.
Cage 20 was found to encapsulate an additional [Na(BF4)4]3@ complex (color
code: purple—cobalt, light pink—ruthenium, pink—sodium, light green—
fluorine, beige—boron, blue—nitrogen, grey—carbon).[48]
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The controlled regulation of substrate binding events, like it

can be found in many biological systems, requires communica-
tion between constituents of such networks.[50] In artificial sys-

tems this is often achieved by the utilization of allosteric ef-

fects.[51, 52] In 2013 Nitschke and co-workers reported on a het-
erobimetallic cubic coordination cage based on a C4 symmetric

molybdenum(II) ‘paddle-wheel’ metalloligand.[53] Combination
of this metalloligand with pyridine-2-carbaldehyde and iron(II)

cations yielded the cage 24 that was found to be able to en-
capsulate one iodide anion with a binding constant of 3.8 V
104 m@1 (Scheme 4 path a). However, the strength of this bind-

ing event could be manipulated by different small molecules.

24 could also encapsulate up to six ammonia molecules, which

bind to the molybdenum moieties inside the cavity. Ammonia
appeared to be an effector for the iodide binding, since the

binding of I@ was eight times stronger in the presence of am-

monia (Scheme 4 path b). This might be a result of decreased
Coloumb interactions between iodide and weakly coordinating

triflate from 24, which was replaced by ammonia inside the
cavity and also additional hydrogen-bonds between NH3 and

I@ might enhance the binding of iodide. The presence of
CF3CO2

@ on the other hand inhibited the iodide uptake and
therefore could be used as an inhibitor, most likely based on

unfavorable Coloumb interactions (Scheme 4 path c).

Scheme 3. [Rh4]-fragment 21 could be used as a metalloligand for the assembly of heterobimetallic 22, which again could be used to separate p-xylene from
its aromatic constitution isomers. Guest release was achieved either by extraction with diethyl ether or by exposure to sunlight. Color code: yellow—rhenium,
silver—silver, green—chlorine, bright red—oxygen, blue—nitrogen, grey—carbon.[49]

Scheme 4. Allosteric regulation of guest binding properties of heterobimetallic cube 24 (color code: red—iron, light green—molybdenum, bright red—
oxygen, blue—nitrogen, grey—carbon).[53, 54]
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This study was extended one year later, when two distinct
allosteric sites were described on the very same cage.[54] The

substrate in this work was Mo2O7
2@, which was encapsulated

by 24 with a binding constant of 2.7 V 105 m@1 (Scheme 4 path

d). Tri-n-octylphosphine could bind to the molybdenum moiet-
ies from outside the cavity and thereby decrease the binding

constant for the uptake of Mo2O7
2@ to 1.4 V 104 m@1, most likely

based on the trans effect across the Mo2 units (Scheme 4 path
e). Tetraphenylborate on the other hand could bind to one

edge of 24, probably based on edge-to-face interactions, also
inhibiting the encapsulation of Mo2O7

2@ because of unfavora-
ble electrostatic repulsion between the inhibitor and the guest
(Scheme 4 path f). However, the presence of BPh4

@ did not

affect the binding of P(nOct)3 and therefore both inhibitors
could be used independently from each other to regulate the

guest uptake.

In a following study Nitschke and co-workers could also
show that subtle ligand modifications could invert the halide

binding hierarchy in such cubic cages.[55]

These examples impressively show how two different metal

cations in one coordination cage can complement one another
by adopting different tasks, like determining the cage (and

cavity) geometry and offering additional binding motifs for

small molecules or ions.

Magnetic properties

Connecting several metal centers with unpaired electrons in

metallosupramolecular assemblies might lead to materials that
exhibit interesting and exciting magnetic properties. Connect-

ing two different metal cations might also lead to unusual
magnetic communication between both types of metals and

there already is a number of examples for heterobimetallic
cages that feature interesting magnetic behavior.

In 2015 Wang and co-workers introduced a chiral organic

ligand that self-assembles into heterobimetallic cubic cages
with zinc(II) and palladium(II) cations. Interestingly, the chirality

of the ligand controlled the resulting chirality of the stereogen-
ic zinc cations, presenting the first diastereoselective synthesis

of enantiomerically pure O symmetric cages.[56] This purely dia-
magnetic system was expanded in 2018, when the very same

ligand was used in combination with metal cations that feature
unpaired electrons to assemble MII

8CuII
6 cubic cages (M = NiII =

25, M = CoII = 26) (Figure 4).[57] Magnetic measurements with
these cages revealed, that the data for 25 obey the Curie–
Weiss law with C = 12.45 cm3 mol@1 K and q=@1.37 K, which

suggests weak antiferromagnetic interactions between the
metal cations. However, for 26 the data deviate from the

Curie–Weiss law at around 45 K, probably due to spin-orbit
coupling of the CoII ions, which might be the main contribu-

tion to the magnetic behavior, besides weak antiferromagnetic

coupling (Figure 4 a and b).
Using 1-(4-pyridyl)butane-1,3-dione as an organic ligand,

Brechin and co-workers developed a series of heterobimetallic
cubic cages with metal compositions following [MIII

8MII
6] ,

where MIII is Cr3 +or Fe3 + and MII is Pd2+ , Co2 + , Ni2 + or
Cu2+ .[58, 59] Most of these assemblies showed weak intermetallic

interactions: the [Cr8Cu6] coordination cube, e.g. , showed weak
ferromagnetic coupling while the magnetic behavior of

[Cr8Co6] was dominated by the axial ligand field splitting of
Co2 + .[58]

The magnetic data for [Fe8Cu6] 27, [Fe8Ni6] 28 and [Fe8Co6]

29 are given in Figure 5. For 27 and 28 the magnetic suscepti-
bility essentially follows the Curie law down to 50 K, where the

susceptibility drops rapidly. However, for 29 the deviation from
the Curie law already starts at 180 K, before decreasing abrupt-

ly at 15 K. In all of these cases this behavior probably results
from weak antiferromagnetic interactions between the para-

magnetic metal cations and additional zero-field splitting in

case of 28 and 29. Using EPR spectroscopy it could also be
shown, that the zero-field splitting of iron(III) cations within

the heterobimetallic networks is larger, than in the mononu-
clear metalloligand, showing how the properties of the metal
ions can be tuned by assembling heterobimetallic structures.[59]

Very similar results were obtained, when trigonal bipyramidal

cages from the same organic ligand were investigated,[60]

showing that this system provides high flexibility with regard
to the cage structure and the choice of the metal cations.

In 2016 the group of Li presented the first 3d–4f heterobi-
metallic coordination cage, containing DyIII and CuII cations.[61]

The use of a non-centrosymmetric metalloligand resulted in
the formation of the slightly distorted square prismatic

[Dy8Cu6] box 30. As dysprosium(III) is known to often exhibit

interesting magnetic behavior, like magnetic bistability in
single-molecule-magnets,[62] the potential communication be-

tween DyIII and CuII in 30 was of special interest. Figure 6 a
shows the cT vs. T plot of 30, which is nearly constant above

100 K, with an effective magnetic moment of 29.6 mB, which is
consistent with eight DyIII with S = 5/2 and six CuII with S = 1/2.

Figure 4. X-ray crystal structures of enantiomerically pure 25 and 26 (top)
(color code: orange—copper, greenish—nickel, purple—cobalt, blue—nitro-
gen, grey—carbon). Plot of cMT vs. T (left axis), cM

@1 vs. T (right axis) and cor-
responding linear fit of (a) 25 and (b) 26 (adapted with permission from
ref. [57] , copyright 2018, American Chemical Society).
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Below 100 K the behavior is dominated by zero-field splitting,
with a minimum at 11 K, after which cT increases rapidly, indi-
cating ferromagnetic coupling between DyIII and CuII. The zero-

field splitting and ferromagnetic coupling suggested single-
molecule-magnet behavior for 30. Indeed, the out-of-phase AC

magnetic susceptibility c’’ (Figure 6 b) showed a characteristic
frequency dependency and slow magnetic relaxation, as ex-

pected for weak single-molecule-magnets. Similar results could

also be found with [FeIII
8CuII

6] cages.[63] Hence, using of non-
centrosymmetric metalloligands like in 30 might be a way to

increase the overall anisotropy of magnetic cages and provides
a new approach to ‘tune’ the coordination sphere of magnetic

metal cations.

Besides the described magnetic behaviors, another magnetic

phenomenon of major interest is the spin-crossover process, in
which metal centres can switch their spin state from low- to
high-spin (and vice versa) upon a certain external stimulus, like

temperature, light or pressure.[64] In the past few years a grow-
ing number of metallosupramolecular assemblies was investi-
gated, as they offer the possibility to mechanically connect
spin-crossover centers.[65]

Frequently used and notably versatile building blocks for
the assembly of heterobimetallic cages are metallaporphyrins,

as they give access to various geometries and functions.[66]

These cages often show very interesting host–guest behavior
towards aromatic guests[67–69] and can even exhibit antiaromat-

ic character.[70]

However, these building blocks also proved useful for the

design of cages with interesting magnetic properties. In 2011
the Nitschke group presented a heterobimetallic cubic system

based on a porphyrin backbone and the metal composition

[FeII
8MII

6] (MII = Ni2 + , Zn2+) that facilitated the encapsulation of
large aromatic guests, such as coronene, C60 and C70.[71] In 2017

the porphyrin-based ligand system could be modified in our
group, so that the [Fe8Zn6] cube 31 could be obtained, with

coordinating tris(imidazolylimine) moieties.[72] The iron(II) cat-
ions in this coordination sphere exhibit spin-crossover behav-

Figure 5. Solid state structures of 27, 28, and 29 (top) (color code: red—
iron, orange—copper, greenish—nickel, purple—cobalt, bright red—oxygen,
blue—nitrogen, yellow—sulfur, grey—carbon). a) Plot of cT vs. T for 27–29
(B = 0.1 T) (solid lines are a fit of the experimental data, dashed lines are the
Curie constants). b) Magnetization of 27–29 in field ranges of T = 2–7 K and
B = 0–7 T (dashed lines indicate the saturation values expected for the field-
induced alignment of all isotropic spin centers) (reprinted with permission
from ref. [59] , copyright 2018, American Chemical Society).

Figure 6. Solid state structure of [Dy8Cu6] 30 (color code: dark green—dys-
prosium, orange—copper, red—oxygen, blue—nitrogen, grey—carbon).
(a) Magnetic susceptibility c and cT vs. T. (b) Temperature dependence of
the out-of-phase components of the AC susceptibility for frequencies of
100–5000 kHz (reproduced with permission from ref. [61] , copyright 2016,
Royal Society of Chemistry)
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ior, which could be investigated in solution, using the Evans’
method and the ideal solution model (Figure 7). The spin-

crossover of 31 was located at T1/2 = 247.7 K. Interestingly, the
encapsulation of C70 as a guest in 31 resulted in the stabiliza-

tion of the high-spin state and decreased the transition tem-
perature by 11 K. According to thermodynamic data from the

ideal solution model, this was a consequence of an increased
transition entropy with the encapsulated guest molecule.

Another example of a heterobimetallic spin-crossover

assembly came from the group of Batten.[73] Starting from a
neutral CuI metalloligand, self-assembly with Fe(NCS)2 gave

the heterobimetallic nanoball 32 that featured two crystallo-
graphically distinct iron(II) sites: [FeII(NCS)2(py)4] and

[FeII(NCS)(CH3CN)(py)4] . The measurement of the magnetic sus-

ceptibility revealed that approximately half of the iron(II) cen-
ters switch from high- to low-spin upon cooling to 80 K. Below
10 K the measurement is affected by the zero-field splitting of
high-spin states (Figure 8 a). Mçssbauer spectroscopy suggest-

ed, that the [FeII(NCS)(CH3CN)(py)4] sites undergo the spin-
crossover process. Also, it was found that 32 undergoes light-

induced switching by the light-induced excited spin state trap-
ping effect (LIESST). Photomagnetic measurements at 10 K
showed that irradiation with a green laser (l= 514.5 nm) re-
sulted in a rapid increase in cT from 1.6 to 3.4 cm3 mol@1 K,
proving the complete switching of low-spin species to a meta-

stable high-spin state. The excited state can be ‘erased’ either
by heating to 55 K, or by irradiation with a red laser (l=

830 nm), inducing a reverse-LIESST effect. This on/off-switching

was found to be a completely reversible process without ob-
served diminishing (Figure 8 b).

The presented magnetic materials beautifully show that two
different metal cations can communicate within a heterobime-

tallic network, as long as the metal-to-metal distances are not
too long. The use of magnetic metal cations may lead to mag-

netic coupling, single-molecule magnets or spin-crossover

compounds.

Photophysical properties

Transition metal cations and also organic chromophores can

be used to equip metallosupramolecular cages with interesting
photophysical properties. Here, the assembly of heterobimetal-

lic structures could lead to exciting communication between
the building blocks, in terms of energy transfer between

metals and ligands and also metal-to-metal transfers. Beves
and coworkes reported on a series of enantiopure, mononu-

clear ruthenium(II) complexes that showed luminscence and
long excited-state lifetimes. These complexes could be used as

metalloligands with cadmium(II) cations in order to assemble a

one dimensional coordination polymer.[74] Also, they could use
a ruthenium(II)-containing metalloligand to construct heterobi-

metallic tetrahedra with iron(II) or zinc(II) cations. The photo-
physical properties of the metalloligand and heterobimetallic

cages remained nearly identical, showing the potential for
such inert ruthenium units in the construction of photoactive

nanocages.[75]

Using a symmetric ligand with a naphthalene core and a
stepwise assembly strategy, Ward and coworkes reported on a

[Os4Cd4] cubic cage that featured both, redox- and photoactivi-
ty of the Os sites.[76] Interestingly, the fluorescence characteris-

tics of the naphthalene-containing ligand was completely
quenched in this cage, indicating the presence of a (naph-

Figure 7. Chemical shifts of a selected proton in temperature-dependent 1H-
NMR experiments in [D4]MeOH. Empty squares 31, filled squares C70@31,
and calculated molar susceptibility cM based on the ideal solution model
(black lines, scaled) (adapted from ref. [72] , copyright 2017, Wiley-VCH).

Figure 8. Solid state structure of nanoball 32 (top) (color code: red—iron,
orange—copper, yellow—sulfur, blue—nitrogen, beige—boron, grey—
carbon). (a) Plot of cMT vs. T per FeII ion (empty circles) and the light-induced
excited metastable high-spin state with subsequent thermal relaxation (filled
squares). (b) Cycling of green- (filled squares) and red- (empty squares) light-
induced switching between high spin (‘on’) and low-spin (‘off) states (adapt-
ed from ref. [73] , copyright 2009, Wiley-VCH).
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thyl)!OsII energy transfer from the ligand to osmium(II) cat-
ions.

The group of Ribas presented cofacial zinc-porphyrin nano-
capsules that were found to produce singlet oxygen (1O2)

upon irradiation (Figure 9).[77] The palladium(II)-based cage 33
showed a photosensitizing efficiency that was similar to Zn-tet-

raphenylporphyrin, however, the photostability of 33 was sig-
nificantly enhanced.

Therefore, 33 proved to be useful as a robust catalyst for 1O2

production. On the other hand, the photosensitizing properties

of copper(II)-based 34 were switched off, due to electron trans-

fer from the zinc-porphyrins to copper(II). Interestingly, 34
could be switched ‘on’ by protonation of the carboxylate

groups, leading to disassembly of 34. This process could also
be reversed by deprotonation and subsequent re-assembly of

the free building blocks to 34. Thus, 34 could be used as a
dormant photosensitizer that could be reversibly switched on/
off by protonation/deprotonation cycles.

Another impressive luminescent cage came from the group
of Sun.[78] The chiral ligand 35 was used to form the mononu-

clear europium(III) complex 37 or the dinuclear palladium(II)
metalloligand 36, which could assemble the trigonal bipyrami-
dal cage 38, when combined with europium(III) cations (Fig-
ure 10 a). Both, the mononuclear complex 37 and the heterobi-
metallic cage 38 showed luminescence upon excitation at
270 nm, with emissions featuring 5D0!7FJ (J = 1–4) transitions

of EuIII. However, the emission intensity at 615 nm of 38 was

40-fold higher than that observed with 37 (Figure 10 b).
Luminescence titrations with the dipalladium metalloligand

36 revealed that the emission of PdII at 500 nm gradually di-
minished upon addition of EuIII, with the red luminescence of

EuIII increasing simultaneously. This clearly indicates the effec-
tive energy transfer from the dinuclear palladium units to EuIII,

showing the beautiful interplay of the metal cations within this

cage. Additionally, cage 38 proved useful as an antibiotic
sensor, especially sensitive to penicillin G sodium salt (PCL-Na)

as the presence of this antibiotic led to luminescence quench-
ing. Since the quenching was linearly proportional to the PCL-

Na concentration and the detection limit was only 2.177 V
10@8 m, 38 would be suitable as a quantitative PCL-Na sensor

(Figure 10 c).

Figure 9. Palladium(II)-based 33 shows photosensitized 1O2-production upon
irradiation with sun light (ON-state), whereas copper-based 34 is a dormant
photosensitizer (OFF-state), because of the electron transfer (ET) from the
zinc(II) porphyrin to copper(II) cations and can be switched ‘on’ by protona-
tion.[77]

Figure 10. (a) Stepwise assembly and structure of 38 as determined by XRD analysis (hydrogen atoms, solvate and counter anions are omitted in the crystal
structure; color code: petrol—palladium, green—europium, red—oxygen, blue—nitrogen, grey—carbon). (b) Excitation (dashed lines) and emission (solid
lines) spectra of 37 (black, 3.33 V 10@6 m) and 38 (red, 1.67 V 10@6 m) (excitation and emission intensity of 37 is 10 times amplified for clarity). (c) Luminescence
emission spectra (lex = 345 nm) of 38 (20 mm) with the addition of 0–120 mm of PCL-Na. Inset shows photographs before and after the addition of PCL-Na
(adapted with permission from ref. [78] , copyright 2018, American Chemical Society).
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The group of Su presented ruthenium-based cage 41 that
assembled to a truncated octahedron with PdII cations.[79] This

cage features interesting optoelectrical properties while toler-
ating aqueous solutions and provides a large, hydrophobic

cavity for the effective encapsulation of guest molecules
(Scheme 5). Indeed, the heterobimetallic cage 41 was found to

be able for the uptake of aromatic, water insoluble guests,

such as naphthalene, pyrene or anthracene in aqueous media,
most likely favored by the hydrophobic effect. More fascinat-

ing, 41 also trapped the polar guests 2,2-dimethoxy-2-phenyla-

cetophenone (DMPA), 1-hydroxycyclohexyl phenyl ketone
(HCPK) and 2-hydroxy-2-methylpropiophenone (HMPP), mole-

cules that are widely used in ink and paint, due to their photo-
sensitive behavior. UV irradiation studies revealed a notable

protective effect of cage 41 on the encapsulated photoinitia-
tors. Although the mononuclear metalloligand 40 also shields
these molecules, photolysis with 40 appeared after 24 h of irra-

diation, while the heterobimetallic cage 41 protected the pho-
tolabile guest molecules in aqueous solution up to 120 hours.

This again shows how both metal cations within a heterobime-
tallic cage are of major importance to achieve certain and en-

hanced functionality and activity.

Redox activity

The incorporation of redox-active metal cations into supra-

molecular assemblies can lead to useful electrochemical prop-
erties. Besides the change of the overall charge of the com-
plex, the change of the oxidation number is often connected
with a change of the preferred coordination number and/or

geometry. Therefore, an overall modification of the complex
structure might be achieved.

This Minireview already discussed Ward’s [Os4Cd4] heterobi-
metallic cube that showed reversible redox behavior of the Os-

sites.[76] In an earlier study the same group could already pres-
ent an analogous [Ru4Cd4] cage that exhibited redox activity,

specifically at the Ru-sites [80] and the group of Hanan reported
on a [Ru3Pd3] triangle that undergoes quasi-reversible redox
behavior with independently operating Ru-centers.[81]

Severin and co-workers reported on the heterobimetallic
[Pt2Cu2] macrocycle 42, in which the CuI cations were found to
undergo oxidation (Scheme 6). In this complex, the CuI cations
are coordinated in a tetrahedral fashion, resulting in a rectan-

gular structure with a Pt-Pt distance of around 12 a. However,
treatment with chlorinated solvents resulted in the oxidation

of CuI to CuII. This oxidation proceeds via an atom transfer radi-

cal reaction, involving a homolytic cleavage of a carbon-chlor-
ine bond. The abstracted chlorine atom is then found as a new

chloride ligand coordinated to copper(II). The oxidation rate is
dependent on the nature of the chlorinated solvent in accord-

ance with the relative homolytic dissociation energies of the
C@Cl bonds. Therefore, the oxidation proceeds fastest in CCl4.

The oxidation of CuI to CuII resulted in a change of the coordi-

nation geometry from tetrahedral to trigonal bipyramidal,
which caused a major change in the complex structure. The

rectangular complex 42 underwent a hinge motion along the
Cu–Cu axis to build the butterfly-shaped complex 43 with a re-

duced Pt–Pt distance of 7.84 a. The reverse reaction was possi-
ble, when 43 was treated with activated Mg, resulting in the

recovery of 42.[82]

A frequently used redox-active building block for the con-
struction of heterobimetallic assemblies is ferrocene.[83–86] There

is a study where ferrocene containing platinum(II) metallacy-

Scheme 5. Stepwise assembly of the [Ru8Pd6] truncated octahedron 41, ca-
pable of guest encapsulation.[79]

Scheme 6. Oxidation of 42 to 43 with CCl4, coupled with a hinge motion.
Reverse reaction proceeded via treatment with activated Mg.[82]
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cles could even interact with so-called carbon dots (10 nm-

sized carbon nanoparticles).[87]

An interesting alternative use of ferrocene, despite its redox

activity, is its use as a rotatable element for the construction of
molecular machines. Following this approach, the group of

Crowley could report on some switchable ferrocene-based
rotors.[88–90] The folded bis(ferrocene) 44 adopts a syn–syn con-

formation regarding the ferrocene moieties, with p–p interac-

tions between pyridyl- and phenyl rings stabilizing the overall
sandwich-like arrangement (Scheme 7).[91] However, addition of

copper(I) 6,6’-dimesityl-2,2’-bipyridine complex 46 resulted in a
conformational change from folded 44 to unfolded anti–anti

45. 46 was chosen in order to achieve the selective formation
of heteroleptic complexes. The change to the anti–anti rota-

mer is most likely a result of steric and electrostatic repulsion

between the copper complex fragments. The chemical rever-
sion of this process was achieved by the addition of two equiv-

alents of 1,4,8,11-tetraazacyclotetradecan (cyclam), with quanti-
tative formation of CuII-cyclam and recovery of 44. Addition of

[Cu(CH3CN)4](PF6) reformed 45 again, resulting in a completely
reversible process. However, this switching produced huge
amounts of waste products. A much cleaner switching was

achieved electrochemically in CV experiments and even in bulk
electrolysis in the presence of 2,2’,6’,2’’-terpyridine (terpy).
Starting from 45, oxidation gave 44 and the formation of pen-
tacoordinated [46(terpy)] . Subsequent reduction reformed 45
with free terpy. This behavior is based on the preference for
different coordination numbers of CuI (CN = 4) and CuII (CN =

5). This way, the redox activity within this system could be
used in order to achieve a controlled molecular rotation.

Molecular flasks

An impressive application of metallosupramolecular cages is
the use as molecular flasks or even supramolecular catalysts.[92]

Mimicking a main function of enzymes, such applications are

of major interest, but likewise difficult to achieve. Still, there
are some fascinating examples of heterobimetallic cages that

are capable of mediating organic reactions within their cavi-
ties.[93]

In 2013 the de Bruin group reported on a heterobimetallic
cage that could be used as a molecular flasks for the catalysis

of radical-type reactions.[94] The cubic cage 47 with porphyrin

capped surfaces encapsulated 4-pyridyl substituted porphyrin
guests, such as 48 with a central CoII cation. Here, the 4-pyridyl

donors of 48 coordinated to ZnII cations, occupying the cen-
ters of the cube’s faces. The CoII cation in the center of the

cubic assembly 49 was then found to be catalytically active to-
wards diazo compounds in radical-type reactions. For example,

the diazo ester 50 could enter the cage’s cavity and was acti-

vated by the CoII porphyrin to yield the carbon centered radi-
cal 52.

Unlike with similar compounds that were found to undergo
a radical addition to the arene,[95] intermediate 52 underwent a

1,2-hydrogen atom shift to yield the olefins 51 in 72 % yield
and with a notable diastereoselectivity of d.r. (E/Z) = 16:84

(Scheme 8). The control reaction using 48 without cage 47
yielded less than 7 % yield, pointing out the important role of
the heterobimetallic cage.

The incorporation of CoII-porphyrins into heterobimetallic
molecular flasks was also investigated by Cook and co-workers

in oxygen reduction catalysis in a [Ru8(CoII-porphyrin)2]
prism.[96] The group of Reek reported on the photocatalytic
production of molecular hydrogen by an artificial [FeFe]

hydrogenase that was encapsulated in a porphyrin-based cap-
sule.[97]

The group of Jin used Cp*-capped Ir-moieties to construct
heterobimetallic boxes together with CuII, NiII or ZnII ions. The
Lewis acidity of copper(II) cations within the heterobimetallic
framework was further increased, due to the electron-with-

drawing effect of the Cp*Ir groups, exhibiting an increased ac-
tivity in Lewis acid assisted reactions, such as the acetalization
of aldehydes.[98]

The group of Mukherjee reported on a molecular tube with
eight Pd(dppf) (dppf = 1,1’-bis(diphenylphosphino)ferrocene)

building blocks that was utilized to perform intramolecular cy-
cloadditions of O-allylated benzylidinebarbituric acids in a

regio- and stereoselective manner.[99]

Su and co-workers reported on the application of the octra-
hedral cage 41, that was already introduced as a protecting

cage for photolabile molecules in this Minireview earlier (vide
supra, Scheme 5), as a molecular flask.[100] Since 41 is photo-

and redox-active and features a confined chiral cavity, its po-
tential in photodimerizations within its homochiral cavity was

Scheme 7. Chemical and electrochemical switching between folded 44 and unfolded 45 upon addition or removal of CuI moieties.[91]
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investigated. Interestingly, the coupling of naphthols and their
derivatives yielded the unusual 1,4-coupling products, instead

of 1,1-couplings. It was found that irradiation with a blue LED
was crucial to initiate the reaction, since no product was de-

tected without light irradiation. Because of product inhibition,
it was necessary to extract the product from the cage after the

reaction, however, since it was found that cage 41 can encap-

sulate up to nine naphthol molecules, only 10 mol % of the
cage were sufficient to perform the reaction. Conversion of 53
in the presence of 10 mol % of (all-D)-41 in acetonitrile/water
(1:1) upon irradiation with a blue LED yielded (S)-54 in an over-

all yield of 32 % and an ee of 32 % after 24 hours at room tem-
perature (Scheme 9). As the product was found to racemize in

solution after extraction, the initial ee might even be higher.
Additionally, homochiral cages 41 were found to protect the
stereo information of the product, as racemization proceeded
much slower inside the cavities. ESR spectroscopy indicated a
radical mechanism, as superoxide, hydroxyl and naphthoxy

radicals were detected during the photoreaction.
These examples might demonstrate the enormous potential

of heterobimetallic cages that feature defined cavities to con-
duct organic reactions as molecular flasks.

Conclusion and Outlook

Metallosupramolecular cages have been and continue to be of
major interest in material science and nanotechnology for

about three decades now. Having learned much about the as-

sembly, properties and functions of homometallic assemblies
the development of heterometallic analogues is one of the ob-

vious strategies to increase the structural and functional diver-
sity of these fascinating (supra-)molecular architectures. Over

the last years significant progress has been made to develop
reliable design concepts to access heterobimetallic complexes

with manifold compositions, geometries and sizes. Very often

such structures even tolerate the use of a series of different
metal cations with similar coordination preferences and charge

densities, so that a whole series of complexes with different
properties can be obtained from one single ligand.

As a result, more and more assemblies are described that in-
corporate more than one type of metal cation and feature cer-
tain functionalities that open the quest for applications.

Heterobimetallic assemblies combine the properties of two
different metal cations within one discrete aggregate. This
offers the unique chance to achieve enhanced or even entirely
new properties through the interplay and communication of

these metal cations, as shown in many examples in this Minire-
view.

We have focused on the discussion of recent examples for

heterobimetallic assemblies with interesting dynamic structural
behavior, their host–guest chemistry, their magnetic and pho-

tophysical properties, their redox-activities and their use as
molecular flasks, thus, giving a glimpse of the huge potential

of these metallosupramolecular architectures.
However, there are also additional and more specialized

functionalities known in heterobimetallic systems. Mukherjee

and co-workers, for example, presented heterobimetallic as-
semblies that show high proton conductivity, based on coordi-

nated water molecules as proton sources and guest water mol-
ecules as proton conducting pathways.[101] The group of

Schmittel reported on heterobimetallic high-speed rotors,
based on a zinc-porphyrin platform.[102, 103] Chi and co-workers

Scheme 8. Heterobimetallic cage 47 encapsulated guest 48 with a central
CoII cation, which could then be used to perform radical-type reactions.[94]

Scheme 9. Enantiomerically pure 41 can transform 53 into 54 in a stereo-
and regioselective manner upon irradiation with a blue LED.[100]
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even reported on heterobimetallic rectangles with anticancer
activity.[104]

The presented properties and functions may lead to various
applications of heterobimetallic assemblies in the future. Dy-

namic systems may be used to access smart switches that un-
dergo major structural changes upon chemical stimuli. That

way, for example, the triggered encapsulation and release of
guest molecules might be controlled, even in complex multi-

component systems. The large and often easy to achieve varie-

ty of cage sizes and properties allows for a fine-tuning of
guest binding properties, for example, useful for the effective

separation of constitutional or even stereoisomers that other-
wise would be very difficult or even impossible. Potential mag-

netic communication between two different metal cations may
give access to new single molecule magnets and spin-cross-
over compounds, which are highly interesting for potential ap-

plications in quantum computing or the development of new
nanosized storage media and switches. Communication in het-
erobimetallic photo- or redoxactive compounds may be very
useful in terms of sensing, energy transfers or the construction

of sophisticated molecular motors. Molecular flasks that are as-
sembled from two different metal cations might lead to en-

hanced or entirely new reactivity, new ways to control reaction

pathways and offer the chance to combine two catalytically
active metal cations within one discrete assembly.

All these examples beautifully show how the field of hetero-
bimetallic assemblies is growing and will continue to do so in

the future and how it constantly expands to explore new
areas. Being still in its infancy we are looking forward for the

new developments in this field ahead of us—certainly, the best

is still to come.
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Reek, B. de Bruin, Chem. Eur. J. 2013, 19, 10170 – 10178.
[95] A. Gans-uer, M. Behlendorf, D. von Laufenberg, A. Fleckhaus, C. Kube,

D. V. Sadasivam, R. A. Flowers, Angew. Chem. Int. Ed. 2012, 51, 4739 –
4742; Angew. Chem. 2012, 124, 4819 – 4823.

[96] A. N. Oldacre, A. E. Friedman, T. R. Cook, J. Am. Chem. Soc. 2017, 139,
1424 – 1427.

[97] S. S. Nurttila, R. Becker, J. Hessels, S. Woutersen, J. N. H. Reek, Chem.
Eur. J. 2018, 24, 16395 – 16406.

[98] H. Li, Y.-F. Han, Y.-J. Lin, Z.-W. Guo, G.-X. Jin, J. Am. Chem. Soc. 2014,
136, 2982 – 2985.

[99] B. Roy, A. Devaraj, R. Saha, S. Jharimune, K.-W. Chi, P. S. Mukherjee,
Chem. Eur. J. 2017, 23, 15704 – 15712.

[100] J. Guo, Y.-W. Xu, K. Li, L.-M. Xiao, S. Chen, K. Wu, X.-D. Chen, Y.-Z. Fan,
J.-M. Liu, C.-Y. Su, Angew. Chem. Int. Ed. 2017, 56, 3852 – 3856; Angew.
Chem. 2017, 129, 3910 – 3914.

[101] R. Saha, D. Samanta, A. J. Bhattacharyya, P. S. Mukherjee, Chem. Eur. J.
2017, 23, 8980 – 8986.

[102] S. K. Samanta, J. W. Bats, M. Schmittel, Chem. Commun. 2014, 50,
2364 – 2366.

[103] S. Saha, P. K. Biswas, M. Schmittel, Inorg. Chem. 2019, 58, 3466 – 3472.
[104] N. Singh, S. Jang, J.-H. Jo, D. H. Kim, D. W. Park, I. Kim, H. Kim, S. C.

Kang, K.-W. Chi, Chem. Eur. J. 2016, 22, 16157 – 16164.

Manuscript received: April 2, 2020
Revised manuscript received: April 14, 2020

Accepted manuscript online: April 15, 2020

Version of record online: September 11, 2020

Chem. Eur. J. 2020, 26, 13332 – 13346 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH13346

Chemistry—A European Journal
Minireview
doi.org/10.1002/chem.202001602

https://doi.org/10.1002/cjoc.201800121
https://doi.org/10.1002/cjoc.201800121
https://doi.org/10.1002/cjoc.201800121
https://doi.org/10.1039/C9DT00546C
https://doi.org/10.1039/C9DT00546C
https://doi.org/10.1039/C9DT00546C
https://doi.org/10.1021/acs.accounts.8b00306
https://doi.org/10.1021/acs.accounts.8b00306
https://doi.org/10.1021/acs.accounts.8b00306
https://doi.org/10.1039/C4SC03046J
https://doi.org/10.1039/C4SC03046J
https://doi.org/10.1039/C4SC03046J
https://doi.org/10.1039/C5SC03526K
https://doi.org/10.1039/C5SC03526K
https://doi.org/10.1039/C5SC03526K
https://doi.org/10.1021/jacs.6b06622
https://doi.org/10.1021/jacs.6b06622
https://doi.org/10.1021/jacs.6b06622
https://doi.org/10.1021/jacs.6b06622
https://doi.org/10.1038/nchem.1408
https://doi.org/10.1038/nchem.1408
https://doi.org/10.1038/nchem.1408
https://doi.org/10.1021/cr030673a
https://doi.org/10.1021/cr030673a
https://doi.org/10.1021/cr030673a
https://doi.org/10.1002/chem.201203814
https://doi.org/10.1002/chem.201203814
https://doi.org/10.1002/chem.201203814
https://doi.org/10.1002/anie.201307478
https://doi.org/10.1002/anie.201307478
https://doi.org/10.1002/anie.201307478
https://doi.org/10.1002/anie.201307478
https://doi.org/10.1002/ange.201307478
https://doi.org/10.1002/ange.201307478
https://doi.org/10.1002/ange.201307478
https://doi.org/10.1021/ja501809s
https://doi.org/10.1021/ja501809s
https://doi.org/10.1021/ja501809s
https://doi.org/10.1021/jacs.6b03858
https://doi.org/10.1021/jacs.6b03858
https://doi.org/10.1021/jacs.6b03858
https://doi.org/10.1021/jacs.6b03858
https://doi.org/10.1039/C5CC00087D
https://doi.org/10.1039/C5CC00087D
https://doi.org/10.1039/C5CC00087D
https://doi.org/10.1039/C5CC00087D
https://doi.org/10.1021/acs.cgd.8b00554
https://doi.org/10.1021/acs.cgd.8b00554
https://doi.org/10.1021/acs.cgd.8b00554
https://doi.org/10.1002/anie.201501041
https://doi.org/10.1002/anie.201501041
https://doi.org/10.1002/anie.201501041
https://doi.org/10.1002/ange.201501041
https://doi.org/10.1002/ange.201501041
https://doi.org/10.1002/ange.201501041
https://doi.org/10.1002/ange.201501041
https://doi.org/10.1021/acs.inorgchem.7b02674
https://doi.org/10.1021/acs.inorgchem.7b02674
https://doi.org/10.1021/acs.inorgchem.7b02674
https://doi.org/10.1039/C7SC00487G
https://doi.org/10.1039/C7SC00487G
https://doi.org/10.1039/C7SC00487G
https://doi.org/10.1039/C6DT01651K
https://doi.org/10.1039/C6DT01651K
https://doi.org/10.1039/C6DT01651K
https://doi.org/10.1002/anie.201705426
https://doi.org/10.1002/anie.201705426
https://doi.org/10.1002/anie.201705426
https://doi.org/10.1002/ange.201705426
https://doi.org/10.1002/ange.201705426
https://doi.org/10.1002/ange.201705426
https://doi.org/10.1002/ange.201705426
https://doi.org/10.1002/anie.200461515
https://doi.org/10.1002/anie.200461515
https://doi.org/10.1002/anie.200461515
https://doi.org/10.1002/ange.200461515
https://doi.org/10.1002/ange.200461515
https://doi.org/10.1002/ange.200461515
https://doi.org/10.1002/ange.200461515
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1002/ange.19941062006
https://doi.org/10.1002/ange.19941062006
https://doi.org/10.1002/ange.19941062006
https://doi.org/10.1039/C7CS00835J
https://doi.org/10.1039/C7CS00835J
https://doi.org/10.1039/C7CS00835J
https://doi.org/10.1016/j.ccr.2019.213165
https://doi.org/10.1021/ja4110446
https://doi.org/10.1021/ja4110446
https://doi.org/10.1021/ja4110446
https://doi.org/10.1021/ja4110446
https://doi.org/10.1021/jacs.7b05788
https://doi.org/10.1021/jacs.7b05788
https://doi.org/10.1021/jacs.7b05788
https://doi.org/10.1021/jacs.7b05788
https://doi.org/10.1021/jacs.6b11523
https://doi.org/10.1021/jacs.6b11523
https://doi.org/10.1021/jacs.6b11523
https://doi.org/10.1021/jacs.6b11523
https://doi.org/10.1038/s41586-019-1661-x
https://doi.org/10.1038/s41586-019-1661-x
https://doi.org/10.1038/s41586-019-1661-x
https://doi.org/10.1002/anie.201100193
https://doi.org/10.1002/anie.201100193
https://doi.org/10.1002/anie.201100193
https://doi.org/10.1002/ange.201100193
https://doi.org/10.1002/ange.201100193
https://doi.org/10.1002/ange.201100193
https://doi.org/10.1002/ange.201100193
https://doi.org/10.1002/anie.201700832
https://doi.org/10.1002/anie.201700832
https://doi.org/10.1002/anie.201700832
https://doi.org/10.1002/ange.201700832
https://doi.org/10.1002/ange.201700832
https://doi.org/10.1002/ange.201700832
https://doi.org/10.1002/anie.200805178
https://doi.org/10.1002/anie.200805178
https://doi.org/10.1002/anie.200805178
https://doi.org/10.1002/ange.200805178
https://doi.org/10.1002/ange.200805178
https://doi.org/10.1002/ange.200805178
https://doi.org/10.1002/ange.200805178
https://doi.org/10.1021/acs.inorgchem.6b02007
https://doi.org/10.1021/acs.inorgchem.6b02007
https://doi.org/10.1021/acs.inorgchem.6b02007
https://doi.org/10.1021/acs.inorgchem.8b01157
https://doi.org/10.1021/acs.inorgchem.8b01157
https://doi.org/10.1021/acs.inorgchem.8b01157
https://doi.org/10.1039/C5DT02957K
https://doi.org/10.1039/C5DT02957K
https://doi.org/10.1039/C5DT02957K
https://doi.org/10.1039/C5DT02957K
https://doi.org/10.1002/chem.201705531
https://doi.org/10.1002/chem.201705531
https://doi.org/10.1002/chem.201705531
https://doi.org/10.1021/acs.inorgchem.8b01152
https://doi.org/10.1021/acs.inorgchem.8b01152
https://doi.org/10.1021/acs.inorgchem.8b01152
https://doi.org/10.1021/ja410044r
https://doi.org/10.1021/ja410044r
https://doi.org/10.1021/ja410044r
https://doi.org/10.1021/ja410044r
https://doi.org/10.1039/C4CC02627F
https://doi.org/10.1039/C4CC02627F
https://doi.org/10.1039/C4CC02627F
https://doi.org/10.1039/c4ra01596g
https://doi.org/10.1039/C4DT03331K
https://doi.org/10.1039/C4DT03331K
https://doi.org/10.1039/C4DT03331K
https://doi.org/10.1039/C4DT03331K
https://doi.org/10.1021/om700622r
https://doi.org/10.1021/om700622r
https://doi.org/10.1021/om700622r
https://doi.org/10.1021/ja9901563
https://doi.org/10.1021/ja9901563
https://doi.org/10.1021/ja9901563
https://doi.org/10.1021/ja9901563
https://doi.org/10.1039/b200561c
https://doi.org/10.1039/b200561c
https://doi.org/10.1039/b200561c
https://doi.org/10.1039/b200561c
https://doi.org/10.1021/om990875q
https://doi.org/10.1021/om990875q
https://doi.org/10.1021/om990875q
https://doi.org/10.1021/om990875q
https://doi.org/10.1021/acs.inorgchem.8b03058
https://doi.org/10.1021/acs.inorgchem.8b03058
https://doi.org/10.1021/acs.inorgchem.8b03058
https://doi.org/10.1021/acs.inorgchem.8b03058
https://doi.org/10.1039/C5CC01973G
https://doi.org/10.1039/C5CC01973G
https://doi.org/10.1039/C5CC01973G
https://doi.org/10.1021/acs.inorgchem.7b02503
https://doi.org/10.1021/acs.inorgchem.7b02503
https://doi.org/10.1021/acs.inorgchem.7b02503
https://doi.org/10.1002/chem.200500519
https://doi.org/10.1002/chem.200500519
https://doi.org/10.1002/chem.200500519
https://doi.org/10.1039/C7CC03358C
https://doi.org/10.1039/C7CC03358C
https://doi.org/10.1039/C7CC03358C
https://doi.org/10.1021/acs.inorgchem.7b03067
https://doi.org/10.1021/acs.inorgchem.7b03067
https://doi.org/10.1021/acs.inorgchem.7b03067
https://doi.org/10.1016/j.ccr.2019.01.023
https://doi.org/10.1016/j.ccr.2019.01.023
https://doi.org/10.1016/j.ccr.2019.01.023
https://doi.org/10.1002/chem.201301411
https://doi.org/10.1002/chem.201301411
https://doi.org/10.1002/chem.201301411
https://doi.org/10.1002/anie.201200431
https://doi.org/10.1002/anie.201200431
https://doi.org/10.1002/anie.201200431
https://doi.org/10.1002/ange.201200431
https://doi.org/10.1002/ange.201200431
https://doi.org/10.1002/ange.201200431
https://doi.org/10.1021/jacs.6b12404
https://doi.org/10.1021/jacs.6b12404
https://doi.org/10.1021/jacs.6b12404
https://doi.org/10.1021/jacs.6b12404
https://doi.org/10.1002/chem.201803351
https://doi.org/10.1002/chem.201803351
https://doi.org/10.1002/chem.201803351
https://doi.org/10.1002/chem.201803351
https://doi.org/10.1021/ja412667t
https://doi.org/10.1021/ja412667t
https://doi.org/10.1021/ja412667t
https://doi.org/10.1021/ja412667t
https://doi.org/10.1002/chem.201702507
https://doi.org/10.1002/chem.201702507
https://doi.org/10.1002/chem.201702507
https://doi.org/10.1002/anie.201611875
https://doi.org/10.1002/anie.201611875
https://doi.org/10.1002/anie.201611875
https://doi.org/10.1002/ange.201611875
https://doi.org/10.1002/ange.201611875
https://doi.org/10.1002/ange.201611875
https://doi.org/10.1002/ange.201611875
https://doi.org/10.1002/chem.201701596
https://doi.org/10.1002/chem.201701596
https://doi.org/10.1002/chem.201701596
https://doi.org/10.1002/chem.201701596
https://doi.org/10.1039/c3cc49476d
https://doi.org/10.1039/c3cc49476d
https://doi.org/10.1039/c3cc49476d
https://doi.org/10.1039/c3cc49476d
https://doi.org/10.1021/acs.inorgchem.8b03567
https://doi.org/10.1021/acs.inorgchem.8b03567
https://doi.org/10.1021/acs.inorgchem.8b03567
https://doi.org/10.1002/chem.201603521
https://doi.org/10.1002/chem.201603521
https://doi.org/10.1002/chem.201603521
http://www.chemeurj.org

