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Dirhodium(II,II) Paddlewheel Complexes
Radim Hrdina*[a]

This minireview summarizes synthetic approaches towards
homoleptic dirhodium(II,II) paddlewheel complexes with the
general formula Rh2A4. These complexes have found numerous
applications in a wide range of chemical research and industry
as catalysts, detectors, enzymatic inhibitors or building blocks
for molecular scaffolds. In organic synthesis they are commonly
used to transfer electron-deficient species, they act as Lewis
acids to activate unsaturated bonds, serve as hydrogenation
catalysts and participate in oxidation/reduction processes.

Dirhodium paddlewheel complexes are composed of the Rh-Rh
backbone and four bridging anions, which surround the core.
According to the application, the electrochemical potential of
the Rh atom can be modulated, as can the geometry and
physical and chemical properties of the metal complex.
Dirhodium complexes can be prepared in one step from basic
inorganic precursors or by post-functionalization of the paddle-
wheel structures.

1. Introduction

Dirhodium(II,II) paddlewheel complexes with the general for-
mula Rh2A4 (Figure 1) are compounds consisting of a Rh-Rh
backbone and four bridging anions, which surround this core.
The reported bridging anions from which homoleptic dirho-
dium complexes are built up include amidinates, 2-amino-
pyridinates, carboxamidates, carboxylates, phosphinates, phos-
phates, pyrazolates, 2-oxo-pyridinates, triazenides and thio-
analogs (replacing the oxygen) of such bidentate ligands
(overview in section 6). These complexes are widely used in
many industrial applications and in academic research, specifi-
cally in hetero- and homogeneous catalysis of organic
reactions,[1] material science,[2] life sciences,[3] medicine,[4] ana-
lytical chemistry,[5] structural inorganic chemistry[6] and theoret-
ical chemistry.[7]

2. Structure of dirhodium(II,II) complexes

2.1. Symmetry of dirhodium(II,II) paddlewheel complexes

Dirhodium(II,II) tetraacetate 2 was the first binuclear rhodium
paddlewheel compound whose structure was confirmed by X-
ray crystallography.[8] The four bridging anions (acetates) are
arranged around the Rh-Rh core in such a way that the
structure resembles lantern or paddlewheel. These two words
are now used to describe binuclear complexes with such an
anion arrangement (Figure 2). Dirhodium tetraacetate repre-
sents the most symmetrical complex (besides dirhodium
formate K2, Figure 12, section 6) in this class of compounds. All
other dirhodium complexes with structurally different bridging
ligands either belong to the same point group D4h or the
number of operations of symmetry in the described complex is
reduced.

2.2. Properties of dirhodium(II,II) paddlewheel complexes

The formal oxidation state of each rhodium atom in dirhodium
tetraacetate and generally in this class of complexes is +2. The
distance between two rhodium atoms is in the range of 2.35–
2.55 Å according to the nature of the bridging ligand and of the
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Figure 1. Schematic representation of dirhodium(II,II) paddlewheel com-
plexes.

Figure 2. Structure of dirhodium(II,II) tetraacetate (Rh2OAc4) 2. L= ligand
coordinating through a dative bond to Lewis acidic rhodium atom. The
length of the rhodium-rhodium bond is sensitive to the nature of ligand L
and can vary in the range of 2.38 to 2.52 Å. The torsion angle around the
rhodium-rhodium bond may be nonzero in case of complexes with other
bridging ligands.
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axial ligand (for example, if the axial ligand is water then the
Rh-Rh bond length in Rh2A4 for A= tBuCOO is 2.37 Å, for A=

CH3COS is 2.55 Å; for Rh2OAc4 2 with water as an axial ligand is

Radim Hrdina obtained his Ph.D. degree in
2007 at Charles University in Prague in the
group of Martin Kotora. Afterwards he joined
the group of Peter R. Schreiner at Justus-
Liebig University as Alexander-von-Humboldt
fellow. After two years, he moved to Univer-
sity of Geneva to join the group of Jérôme
Lacour. Since 2014 till 2019 he has been a
“habilitand” at Justus-Liebig University in
Giessen. 2019 he completed the habilitation
process with the thesis “Functionalization of
bridged cycloalkanes” and was awarded the
title of Privatdozent. His research interests
include synthesis of organic compounds,
development of artificial enzyme-like com-
plexes, organo-, semi-metal-, transition-metal-
catalysis and C� H functionalization of alkanes.

Scheme 1. Synthesis of dirhodium tetraacetate 2 from rhodium trichloride 1
through intermediate structure 3. L=EtOH or H2O. (Depiction of homoleptic
complexes with plain lines as in the case of compound 2 appears in
literature and is used in this review as well.)

Scheme 2. Dirhodium tetraacetate 2 as model starting material for ligand
exchange reactions. The ligand exchange proceeds in three consecutive
steps. Coordination of the ligand (AXAH) in axial position of the dirhodium
complex, protonation of the acetate bridging ligand and finally release of
acetic acid accompanied by formation of a new bridge. This sequence of
steps is repeated until all ligands are exchanged for new ones.

Scheme 3. Kinetically controlled formation of isomer 4 in the ligand
exchange reaction of dirhodium acetate 2 with N-substituted carboxamides
(R=C-substituent) or carbamates (R=N-substituent) and subsequent rear-
rangement of 4 to thermodynamically most stable product 5. L=RCONHR2.
Removal of acetic acid can be described as irreversible process. Typically, the
acetic acid is removed from the reaction mixture or the new ligand is in
huge excess to the starting material that the acetic acid does not participate
in ligand exchange processes.

Scheme 4. Dirhodium(II,II) paddlewheel complexes as starting materials in
organic reactions, i. e. modifications of organic ligand without changing the
lantern structure of the metal complex.

Scheme 5. Dirhodium(II,II) complex 7 was designed for click reactions with
organic azides. Carbonate formation was the key post-functionalization
reaction to connect dirhodium complex 6 with an organic moiety.
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2.38 Å, with Et2NH as an axial ligand is 2.40 Å).[9] The rhodium-
rhodium bond is described according to the analytical data,[10]

diamagnetism[11] and electronic spectra[12] as a single bond.[13]

The unusual strength of this metal-metal single bond is
explained by orbital mixing of the rhodium atom with the
bridging ligands.[14] Both rhodium atoms have free coordination
site in the axis of the Rh-Rh bond. The color of the complex and

other electronic properties strongly depend on the ligand in
this axial position. For example, if the axial ligand in the
molecule of rhodium tetraacetate is water then the complex is
green, if the axial ligand is ammonia then the complex is red.[15]

Excited state properties such as life time, optical transition

Scheme 6. Dirhodium complex 8 containing carbonyl group was designed
for condensation reactions with organic hydrazines to get highly substituted
complexes 9. R2 =H, COOH; R=biotin, maleimide, folic acid, Hoechst dye.

Scheme 7. Synthesis of complex 10 with terminal double bond designed for
addition reactions or (co)-polymerizations. Complexes 11a and 11b were
designed for transesterification reactions and amidations. Complex 11c was
designed for Suzuki reaction with boronic acids (C–C coupling).

Scheme 8. Design of dirhodium(II,II) complex 13 with free amino group for
the attachment of functional groups via amide bond formation towards
poly- functional complexes 14. These complexes found application as
nitrene transfer catalysts in site-selective amination reactions.

Scheme 9. Formation of heteroleptic complex 16 by formal exchange of one
bridging acetate ligand for fluorescein. The synthesis was performed by the
preparation of the intermediate complex 15 and subsequent exchange of
the labile trifluoroacetate ligand.

Scheme 10. Preparation of heteroleptic complexes, geometric isomers cis-18
and trans-18 from suitably chosen starting materials 2 and 17.

Scheme 11. Heteroleptic complexes with ligands containing different bridg-
ing atoms (O, N). Out of four different geometric isomers the trans-complex
19 was formed exclusively.
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frequency and energy transfer of dirhodium carboxylates are
independent of the axial ligand.[16] The dirhodium paddlewheel
complex with a sterically demanding bridging carboxylate
ligand (Figure 17, P9) was prepared to demonstrate that the
axial positions can be blocked for intermolecular ligation.[17] The
bridging anion can be also designed to contain moiety for
intramolecular axial ligation.[18] The distance between the Rh
atom and the axial ligand L is in the range between 2.2–2.5 Å
and these values are typically listed. Bridging anions influence
properties of the complex electronically and determine the

resulting spatial shape of the complex.[19] The most frequent
bridging anions are carboxylates[20] and carboxamidates,[21]

accessibility of these as enantiopure starting materials allows
the preparation of chiral dirhodium complexes that can be used
for enantioselective processes.[22] The axial electrophilic site of
the rhodium atom is exploited in catalysis[23] especially for
transfer of electron deficient species such as carbenes or

Scheme 12. Synthesis of heteroleptic complex via twofold Friedel-Crafts
reaction of dirhodium(II,II) acetate with triphenyl phosphine. Cis-isomer 20
was formed exclusively and isolated.

Scheme 13. Synthesis of dirhodium based metallo-peptide 21 used for
modulating of the peptide chain structure.

Scheme 14. Synthesis of heteroleptic complex 22 from 17 via threefold
ligand exchange. Presumably, the steric effect of the ligand limits the
number of exchanges.

Scheme 15. Irreversible removal of acetate ligands of complex 2 using
alkylating agent in the presence of acetonitrile or other nitrogen containing
ligand leads to the formation of dirhodium(II,II) complexes 23 without any
bridging ligand.

Scheme 16. Disruption of lantern structure of rhodium acetate 2 with 2,2‘-
bipyridine ligand under different reaction conditions.

Scheme 17. Ligand exchange of bridging acetate for 2-amido-1,8-naphthyr-
idine derived ligand in the molecule of dirhodium acetate 2 to form complex
27.
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nitrenes. The electron donating ability of the bridging anions
influence stabilization of the electron deficient ligated species
in axial position through the metal back bonding and thus

Scheme 18. Replacement of two acetate ligands in the complex 2 for chiral
enantiopure N-substituted α-amino acid. Thermodynamically the most stable
diastereomer is formed exclusively. L=H2O.

Scheme 19. Neutral 30 and cationic 29 complexes of 1,8-napthyridine
derivatives.

Scheme 20. Disruption of lantern structure with ligands containing also
other heteroatoms than nitrogen as hexafluoroacetylacetonate complex 31
and methionine complex 32 (studied in context of cytotoxicity of dirhodium
compounds exposed to physiological conditions).

Scheme 21. Oxidation of dirhodium complex 33 by N-chlorosuccinimide.
Complex 34 exhibits remarkable TON's as nitrenoid transfer catalyst in
intramolecular C� H amination reactions.

Scheme 22. Oxidation of dirhodium(II,II) paddlewheel complex 35 by nitrosyl
hexafluoroantimonate to dirhodium(II,III) cationic complex 36. This complex
is used as Lewis acidic catalyst in enantioselective [2+3] cycloaddition
reactions.

Scheme 23. Oxidation of dirhodium tetraacetate 2 by NO, cleavage of
rhodium-rhodium bond. The distance of rhodium atoms in complex 37 is
2.52 Å.

Scheme 24. Synthesis of Rh-Bi heterometallic paddlewheel complex 39 by
heating of stoichiometric mixture of Rh2(OOCCF3)4 and Bi2(OOCCF3)4 in glass
ampoule.

Scheme 25. Important intermediates relevant for applications in catalysis
were confirmed, with the exception of the intermediate splitting molecular
hydrogen, which is here just proposed.
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modulate its reactivity.[24] Electron deficiency of the rhodium
atom can be correlated with the oxidation potential of the
complex and these values are recorded for model complexes
from individual categories (e.g., E1/2 for Rh2(OAc)4 =1.02 V in
DCM, for Rh2(caprolactamate)4 =0.05 V in CH3CN).[25] Lewis
acidic properties of the complexes are also exploited in other
fields of catalysis or in different applications. For example, axial
ligands with two nucleophilic sites can be used to connect
dirhodium complexes into the coordination polymer
networks.[26]

All bridging anions can be exchanged for different bridging
anions and new homoleptic complexes are described. Exchange
of one, two or three bridging anions with a structurally different
bridging anion leads to the formation of heteroleptic com-

plexes. The bridging anion can be composed of two same
binding atoms (O, N, P, C, S) or the atoms are different. If the
two binding atoms are not equivalent (chemically, or due to
symmetry of the ligand) then it gives rise to the formation of
geometric isomers. The ratio of such isomers reflects the
kinetics of the ligand exchange, thermodynamic stability of
resulting complexes and physical properties as solubility of the
individual isomeric complexes.

3. Syntheses of dirhodium(II,II) complexes

3.1. From rhodium trichloride

Rhodium trichloride 1 is the main inorganic precursor for the
preparation of dirhodium(II,II) paddlewheel complexes
(Scheme 1). Rhodium acetate 2 was one of the first complexes
prepared using the following method: A mixture of rhodium
chloride, sodium acetate, acetic acid and ethanol is refluxed
under inert gas to obtain dirhodium acetate.[27] Rhodium
carboxylates of stronger acids as for example trifluoroacetic
acid are prepared directly from corresponding sodium salts in
ethanol.[28] It has been deduced that ethanol serves as reducing
agent in this synthesis. This reaction was proven to proceed
through intermediate 3 Rh4(μ-Cl)4(μ-OAc)4, which was isolated
and fully characterized.[29] This method is used for the
preparation of dirhodium (II) paddlewheel complexes in cases
when the educt (organic acid) is not soluble in organic solvents.
Rhodium hydroxide can be also used for the synthesis of
rhodium paddlewheel complexes, but the yields are lower due
to formation of rhodium metal.[15]

3.2. Bridging ligand exchange

The majority of homoleptic dirhodium complexes are prepared
by the bridging ligand exchange from dirhodium tetraacetate
2. Dirhodium(II,II) tetrakis(trifluoroacetate) 17 was the first
compound synthesized using this method.[15] The general
procedure is following: The ligand, organic acid, which is loaded
in an excess is refluxed in high boiling solvents such as toluene
or chlorobenzene with the rhodium acetate 2. During the
reaction the releasing acetic acid is continuously removed
(distilled off) from the reaction mixture to shift the equilibrium
towards the new complex. The ligand exchange proceeds in
three formal steps.[30] Coordination of the new ligand to the
dirhodium complex in axial position, disruption of the bridge,
i. e. protonation of the acetate ligand and subsequent release of
acetic acid accompanied by bridging ligand replacement. This
process continues until all four acetates are replaced for a new
ligand (Scheme 2). The ligand exchange leads to the mixture of
isomers, if the bridging ligand contains two different binding
atoms or the ligand is not symmetrical. The ratio of isomers can
be changed according to the reaction conditions (kinetic versus
thermodynamic control of the ligand exchange reaction). The
kinetics of the exchange reaction is dominated by the trans-
effect (i. e., labilization of the exchanging ligand due to electron

Scheme 26. Interaction of dirhodium tetraacetate 2 with DNA.

Scheme 27. Dirhodium(II,II) peptide complexes developed for (a) reversible
binding or for (b) covalent marking of peptides.

Scheme 28. Detectors based on the change of properties during axial ligand
exchange. An example, complex 42 is green, complex 43 is red.
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donation of the bridging ligand atom in trans position on the
same rhodium atom).

This phenomenon is reflected in the syntheses of dirhodium
(II,II) tetrakiscarboxamidates, carbamates and other complexes
containing (N,O)-bridging ligands, since nitrogen is stronger σ-
donor than oxygen (Scheme 3). In some cases, the trans-effect
can be used to control the number of ligand exchanges for the
selective formation of heteroleptic complexes (section 4.1). If
the reaction conditions allow reversible exchange of ligands,

which is very often the case, the thermodynamically more
stable complexes are formed and typically only the major
isomer is isolated and described as 5 or the mixture of
geometric isomers is obtained and the preparative separation
of these complexes follows (Scheme 3).[31]

There is only one report, in which the authors succeeded in
isolating the kinetic product 4 in the class of (N,O)-bridging
ligand containing dirhodium complexes (the bridging ligand is
in this case a carbamate derivative E5 (Figure 12).[32]

Figure 3. Dirhodium(II,II) complexes containing N,N'-bridging ligands: A1,[124] A2,[125] A3,[125] A4,[125] A5: Ar=Ph,[126] A5: Ar=C6H4-(p-CF3, p-Cl, p-OCH3, m-OCH3),
[127]

A5: Ar=C6H3/4-(p-Me, m-Me, m-Cl, m-CF3, 3,4-Cl2, 3,5-Cl2),
[25] A5: Ar=C6H4-(p-F, p-Me, o-F, o-Me),[109] A6: Ar=C6H4(p-Br, p-NH2, p-tethered Ru complex by amide

bond),[40] A6: Ar=p-Py,[128] A7,[127] A8,[129] A9,[130] A10.[131]

Figure 4. Dirhodium(II,II) complexes containing N,O-bridging ligands: B1 R=Me, R'=H,[132] B1 R=CHMeEt, R'=H,[133] B1 R=H, R‘=COOMent,[133] B2 (F),[134] B3
(Cl),[134] B4.[118]

Figure 5. Dirhodium(II,II) complexes containing N,O-bridging ligands: C1,[135] C2,[136] C3.[137]
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Ligand exchange reactions can be performed in water as a
solvent, in such cases rhodium carbonate Na4Rh(CO3)4 is
typically used as a starting material.[33]

3.3. Functionalization of the organic part of the complex

Dirhodium(II,II) complexes are relatively stable in mild acidic or
basic media, which can be exploited for post-functionalization
reactions and purification of resulting complexes by methods
commonly used in organic chemistry such as column chroma-
tography on silica gel. Post-functionalization of rhodium
complexes, i. e. the direct modification of the organic part of the
complex enables implementation of functional groups that are
not tolerated by the ligand exchange procedures mentioned in
section 3. Either these functional groups degrade during the
ligand exchange process or they hinder the ligand exchange. A
further advantage of post-functionalization reactions is the late
stage structural modification, which speeds up the synthesis of
a broad variety of desired complexes. So far only few methods
have been developed to decorate dirhodium paddlewheel
complexes with additional functional groups by covalent bond
formation reaction directly on the organic part of the dirhodium
complex (Scheme 4).

Complex 6 with unprotected hydroxyl group was prepared
by ligand exchange method from cis-dirhodium diacetate di
(trifluoroacetate) complex 18 (Scheme 5). Complex 6 was
isolated and used as a starting material in the carbonate
formation reaction. This reaction enabled to connect the

dirhodium paddlewheel complex 6 with the organic moiety
containing strained carbon-carbon triple bond to form complex
7.[34] Huisgen cycloaddition of azides with reactive alkynes, also
called strain promoted azide-alkyne cycloaddition (SPAAC),[35] is
a frequently used “click” reaction for various conjugations, for
example of metal complexes with proteins. In another work
complex 6 was used as starting material to prepare biotinylated
complex (connected through the hydroxyl group), which was
then embedded within streptavidin enzyme variant to form
artificial metalloenzyme. This metalloenzyme was used for
enantioselective carbene transfer reactions.[36]

Complex 8 with a free carbonyl group was developed to
implement new functionalities via hydrazone bond formation
with hydrazine derivatives.[37] Hydrazone bond formation pro-
ceeds at mild acidic conditions at room temperature and is also
commonly used to connect various (bio)-molecules. In this case,
dirhodium complex 8 was connected with derivatives of biotin,
maleimide, folic acid and Hoechst dye to form substituted
complexes 9 (Scheme 6).

Complex 10 with terminal carbon-carbon double bond was
prepared by ligand exchange from dirhodium tetrakis trifluor-
oacetate 17.[38] Replacement of trifluoroacetate group, the
ligand exchange proceeds at low temperatures under which
terminal double bonds do not degrade. The resulting complex
10 was isolated and used for (co)-polymerization reactions to
immobilize the dirhodium complex on solid support and use in
heterogeneous catalysis. Complex 11a with an ethylcarboxylate
group served as precursor for amidation reaction with benzylic
amines, which were connected to solid polymer support

Figure 6. Dirhodium(II,II) complexes containing N,O-bridging ligands (achiral amidates derived from RCONH2): D1,[138] D2,[139] D3,[140] D4,[141] D5,[142] D6
(heteroleptic complexes with various acetamide/acetate ratio described, [138] D7 (heteroleptic complexes with various acetamide/trifluoroacetate ratio
described),[143] D8.[60]
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(Scheme 7).[39] Complex 11a was prepared by ligand exchange
from dirhodium acetate 2. Complex 11b (Scheme 7) was
prepared by palladium catalyzed Hartwig-Buchwald amination
using benzophenonimine as a coupling reagent from the
corresponding bromo-derivative (A6, Figure 3), which was
prepared by ligand exchange from rhodium acetate 2. Complex
11b was used for the connection of Ru(II) complexes via
covalent amide bond. Resulting heterometallic compounds are
studied as potential photo-active devices for hydrogen produc-
tion from water.[40] Complex 11c (Scheme 7) was designed for
C–C coupling reactions with boronic acid derivatives.[41] The
resulting bulky complexes served as catalysts for carbene
transfer reactions in the C� H functionalization of alkanes.

Complex 12 was prepared by ligand exchange from
dirhodium tetraacetate 2 and N-protected adamantane based
artificial γ-amino acid. Hydrogenolysis of the Cbz protecting
group with hydrogen catalyzed by Pd/C was performed to

prepare complex 13 with sterically shielded free amino group.
This complex is configurationally stable, can be isolated and
was post-functionalized via amide bond formation using
activated organic esters or organic isocyanates.[42] Dirhodium
lantern complexes of amino acids, in which the unprotected
amine group is not sterically shielded are not bench stable and
undergo structural (in this work unspecified) rearrangements to
different type of complexes (Scheme 8).

4. Reactivity of dirhodium(II,II) complexes

4.1. Formation of heteroleptic paddlewheel complexes

The exchange of one, two or three bridging ligands of the
homoleptic dirhodium complex leads to the formation of
heteroleptic complexes. Selected examples are ordered by the

Figure 7. Dirhodium(II,II) complexes containing N,O-bridging ligands (carbamates and ureates): E1,[144] E2,[133] E3,[145] E4,[133] E5,[146] E6,[147] E7,[148] E8,[148] E9,[149]

E10,[149] E11,[149] E12,[149] E13,[150] E14,[150] E15.[150]
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number of ligand exchanges. Partial ligand exchanges are
difficult to control and typically lead to a mixture of complexes.
Desired complexes, according to their properties, can be
separated by crystallization, chromatography on silica-gel, HPLC
or using other separation techniques.

The replacement of one bridging ligand (acetate) for the
ligand with similar binding properties (carboxylate) is syntheti-
cally the most difficult task as demonstrated on the preparation
of complex 16.[43] A direct ligand exchange from dirhodium
tetraacetate 2 would lead to a statistical mixture of heteroleptic
complexes. To solve this problem complex 15 with labile
sacrificial trifluoroacetate group was prepared first and then

this group was replaced by the new ligand in 86% yield
(Scheme 9). The yield of the mono-substituted complex 15 is
unfortunately not reported in the literature. If two ligands
significantly differ in bridging ability/stabilization of ligand
rhodium bond then there is a possibility to control the
exchange process. The dominance of the trans-effect in kinetic
controlled ligand exchange reactions was demonstrated in the
targeted preparation of heteroleptic complexes cis-18 and
trans-18.[44] The twofold ligand exchange of acetate for trifluor-
oacetate starting from dirhodium tetraacetate 2 leads to the
formation of cis-geometric isomer 18, while starting from

Figure 8. Dirhodium(II,II) complexes containing N,O-bridging ligands (ureates): F1,[151] F2,[152] F3,[151] F4,[153] F5.[154]

Figure 9. Dirhodium(II,II) complexes containing N,O-bridging ligands (amidates): G1.[155]
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dirhodium tetrakis(trifluoroacetate) 17 leads to the formation of
trans-isomer 18 (Scheme 10).

An example that demonstrates the combination of kinetic
and thermodynamic effects is the synthesis of heteroleptic
complex Rh2(OAc)2(HNCOCF3)2 19. Exclusive formation of one
isomer (out of four geometrical isomers) of heteroleptic
complex 19 in high 90% yield was observed when Rh2OAc4 2
was refluxed at 130 °C in CF3CONH2 as solvent for one day. In
this case the partial exchange of two acetate ligands leads to
the product with carboxamidate bridges trans to each other
(trans-effect) and thermodynamically more stable is the isomer

Figure 10. Dirhodium(II,II) complexes containing N,O-bridging ligands (chiral amidates): H1: R=Me, CH2
tBu, cyclohexyl,[156] H2,[157] H3,[158] H4

(OMenth=menthol),[159] H5,[157] H6,[160] H7,[161] H8,[160] H9,[162] H10,[162] H11,[62] H12: R=cyclohexyl, cyclooctyl, 2-adamantyl,[77] H13,[162] H14,[162] H15,[162] H16,[162]

H17,[162] H18,[163] H19,[164] H20,[165] H21.[165]

Figure 11. Dirhodium(II,II) complexes containing N,S-bridging ligands: J1,[166]

J2.[167]
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with Ci symmetry. Carboxamidate ligands are trans to each
other in the complex framework and nitrogen atoms do not
share the same rhodium atom in the complex 19
(Scheme 11).[45]

Heteroleptic complexes can vary in nature of bridging
heteroatoms (C, N, O, P, S) as demonstrated on the reaction of
rhodium acetate 2 with triphenylphosphine (Scheme 12):[46]

Twofold Friedel-Crafts reaction leads to the formation of
paddlewheel complex 20 bridging Rh-Rh bond through carbon
and phosphorus atoms. Only one geometric isomer 20 is
formed in this reaction.

The synthesis of heteroleptic complexes with three different
ligands was demonstrated on the preparation metallo-peptide
21.[47] Precursor for this exchange reaction was the cis-complex

Figure 12. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCH2R and fluorinated analogues: K1,[168] K2 (the first complex
in the history of dirhodium(II,II) paddlewheel complexes),[169] K3,[15] K4,[170] K5,[171] K6,[172] K7,[28] K8,[28] K9,[28] K10,[8] K11,[173] K12,[173] K13,[173] K14,[173] K15,[174]

K16,[175] K17,[175] K18,[175] K19,[170] K20,[176] K21,[177] K22 (including the complex as Boc deprotected salt),[178] K23.[179]

Figure 13. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCHRR‘: L1,[180] L2,[181] L3,[182] L4,[182] L5.[183]

Figure 14. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCH2Het; Het=heteroatom: M1,[111] M2,[184] M3,[182] M4.[182]
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18, with labile (weaker trans-effect) trifluoroacetate bridging
ligands. Exchanging carboxylates of the peptide precursor are
chemically different, which leads to the formation of geometric
isomers. Desired isomer 21 was separated using HPLC
(Scheme 13).

Presumably, steric factors enabled to partially control the
threefold exchange of trifluoroacetate ligand for the bulky
carboxylate in the synthesis of heteroleptic dirhodium complex
22. The 65% yield of the desired complex under stated
conditions is remarkably high (Scheme 14).[48]

To the best of my knowledge, dirhodium(II,II) complexes
with four different bridging ligands have not been reported so
far.

4.2. Disruption of the lantern structure

Nitrogen coordinates strongly to the rhodium atom, which
leads to the formation of structurally different complexes. One
heteroatom containing molecules coordinate in the axial
position of the dirhodium paddlewheel complexes as a dative
ligand. If the removal of the bridging ligand is irreversible
(Scheme 15) as demonstrated with triethyloxonium tetrafluor-
oborate, which alkylates the acetate, then compounds as
acetonitrile form square planar complexes around each of the
rhodium atom and coordinate also in the axis of rhodium-
rhodium bond.[49] This type of dirhodium(II,II) “wheel” com-
plexes as 23 lacking μ-bridging ligands can be formed also with
other compounds as porphyrins,[50] imine[51] or oxime

derivatives.[52] The rhodium-rhodium bond in such complexes is
much weaker and can be thermally broken.

Compounds containing two spatially separated heteroatoms
can bind two molecules of dirhodium complexes and form
supramolecular structures keeping the paddlewheel framework.
Two or more heteroatoms in proximity (1,1' or 1,2-substituted)
containing ligands as naphthyridines, phenanthrolines, bipyr-
idines and other can disrupt the lantern structure and form new
complexes with different geometries. For example 2,2‘-bipyr-
idine breaks the lantern structure by binding to one atom of
rhodium to form complex 24 with three bridging acetates and
one non-bridging (Scheme 16).[53] The same ligand under differ-
ent exchange conditions can remove one acetate completely
while forming complex 25.[53] Ligand exchange reaction with
two equivalents of 2,2‘-bipyridine leads to the formation of
complex 26.[54]

Generally, bridging type of complexation is denominated μ,
complexation to one atom is denominated k, for contiguous
atoms then η. The kappa convention is used together with μ
when it is necessary to specify which central atoms are bridged,
and through which donor atoms. Compound with three
heteroatoms can be designed that both types of ligation occur
within the same ligand as exemplified on the preparation of
complex 27 (Scheme 17).[55] The binding of the nitrogen
containing ligands can be bridging or the bidentate ligand can
bind to each atom of rhodium separately.

If the two binding atoms are different or if the bidentate
ligand is not symmetrical then the resulting complex of type 28
is chiral as the rhodium atom becomes stereogenic. If the ligand
itself is chiral that means it contains stereogenic element then

Figure 15. Dirhodium(II,II) complexes containing O,O‘-bridging ligands with structural motive OOCCRR'Het; Het=heteroatom, R,R'=alkyl or aryl: N1,[182] N2,[5]

N3,[182] N4,[185] N5,[186] N6,[187] N7,[188] N8,[188] N9,[182] N10.[182]
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the diastereomers are formed. If the nitrogen atom is
substituted then the complexation hinders the inversion on the
nitrogen and this atom is also stable stereogenic center.
Interestingly, in the case of N-substituted enantiopure α-amino
acids only one isomer of the dirhodium complex 28 was formed
and isolated (Scheme 18). The absolute configuration of result-
ing complexes was determined using ECD, VCD and NMR
spectroscopy.[56]

Various homoleptic or heteroleptic complexes are used as
precursors for the ligand exchange reactions. Five- and six-
membered rhodium containing rings are formed preferentially.
The ligand exchange can lead to the formation of neutral

complexes as 30 or cationic complexes as 29 with non-
coordinating anion (Scheme 19).[57]

Complexes 29, 30 and related derivatives are now tested
and applied as photosensitizers for water splitting to generate
molecular hydrogen.[57]

The disruption of lantern structure can occur also with
ligands containing other heteroatoms than nitrogen. Examples
of complexes with hexafluoro acetylacetonate ligand 31[58] and
with racemic amino acid methionine 32[59] are shown in
Scheme 20.

Figure 16. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCR1R2R3: O1,[189] O2,[190] O3,[190] O4,[191] O5,[185] O6,[192] O7,[193]

O8,[191] O9,[194] O10,[194] O11,[194] O12,[194] O13: R=H,[195] R=Me,[196] O14,[197] O15,[197] O16,[197] O17,[197] O18,[41] O19,[41] O20,[41] O21,[41] O22,[41] O23,[41] O24,[41] O25,[41]

O26,[41] O27,[41] O28,[41] O29,[41] O30,[41] O31,[41] O32,[42] O33,[42] O34,[42] O35,[42] O36,[42] O37,[42] O38.[182]
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Figure 17. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCAr: P1,[182] P2,[198] P3,[24] P4 R'=Me,[199] P4 R'=C9H19,
R'=C13H27 ,[200] P5,[39] P6,[201] P6-2 (Cl),[202] P6-2 (F),[203] P7,[182] P8,[204] P9,[17] P10,[205] P11,[206] P12,[207] P13,[208] P14,[208] P15,[208] P16,[209] P17,[194] P18,[210] P19,[211]

P20,[212] P21,[213] P22,[213] P23,[213] P24,[214] P25,[215] P26,[273] P27.[273]
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4.3. Oxidation of rhodium atom in paddlewheel complexes

Oxidants in stoichiometric amounts to the dirhodium complex
can remove electron from one of the rhodium atom and form
complexes, which are highly Lewis acidic.

Complexes with O,N-bridging ligands such as 34[60] or 36[61]

are stable and can be prepared, whereas the isolation of
dirhodium (II,III) complexes with O,O'-bridging ligands has not
been reported. The excess of an oxidant leads to the cleavage
of the rhodium-rhodium bond and further transformations. The
anion either binds to the rhodium atom in axial position like
chloride in complex 33 (Scheme 21) or does not coordinate as
in the case of 36 with hexafluoroantimonate and other non-
coordinating anions as hexafluorophosphate or tetrafluorobo-
rate (Scheme 22).

Chiral dirhodium(II,III) complexes can be used as Lewis acid
catalysts for example as in enantioselective [2+3] cycloaddition
reactions[61] or hetero-Diels-Alder reactions.[62]

4.4. Rhodium-rhodium bond cleavage

The use of two equivalents or an excess of an oxidant can lead
to the cleavage of the metal-metal bond keeping the paddle-
wheel structure of bridging ligands. The complex 37 was
prepared by oxidation of dirhodium tetraacetate 2 by NO gas.
The structure was confirmed by X-ray crystallography showing
significantly prolonged distance between rhodium atoms
(2.52 Å) and computationally (Scheme 23).[63] Another protocol
employing Cu(II) catalyst, arylboronic acid as an substrate and
oxygen as an oxidant demonstrates that the Rh-Rh bond can be
cleaved irreversibly to form stable bis-aryl-dirhodium(III) tetrakis
carboxamidate complexes.[64]

There are number of oxidative procedures, which lead to
the formation of monomeric Rh(III) complexes from dirhodium
complexes, one example is the reaction of dirhodium acetate 2
with arylsulfinic acid under aerobic conditions, which leads to
the formation of Rh(O2SAr)3.

[65]

Figure 18. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCHHetR; Het=oxygen or halogen, R=alkyl or aryl: Q1,[216]

Q2,[189] Q3,[180] Q4,[182] Q5,[182] Q6,[182] Q7,[182] Q8,[182] Q9,[182] Q10,[182] Q11,[182] Q12,[182] Q13,[217] Q14,[187] Q15,[182] Q16,[182] Q17,[182] Q18,[182] Q19,[182] Q20.[182]
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4.5. Replacement of one Rh atom by Bi in paddlewheel
complexes

Heating a stoichiometric mixture of two bimetallic complexes
dirhodium tetrakis(trifluoroacetate) 17 and dibismuth tetrakis-
(trifluoroacetate) 38 leads to the formation of heterometallic
complex bismuth-rhodium tetrakis(trifluoroacetate) 39 with
lantern structure of bridging ligands (Scheme 24).[66] The syn-
thesis of this complex 39 was developed in solution to increase
the yield of the transformation.[67] Complex 39 is used as
starting material for the preparation of various Bi-Rh paddle-
wheel complexes by ligand exchange reactions (Figure 26).[68]

Such complexes are used in catalysis and their reactivity is
compared with dirhodium(II,II) analogs to study the effect of
metal-metal interactions.[69] The enhanced electrophilicity of the
rhodium atom in Bi-Rh paddlewheel complexes (due to
interaction between 4d orbitals of rhodium and 6p orbitals of
Bi, also resulting in reduced π-back bonding to the species
bound in axial position) can lead in some cases to different
reaction outcomes as demonstrated on the catalyzed insertion
of carbenes into the molecule of dichloromethane.[70]

Figure 19. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCHHetR; Het=nitrogen, R=alkyl or aryl (proline derivatives):
R1,[218] R2,[219] R3,[220] R4,[221] R5,[222] R6,[182] R7,[223] R8,[182] R9,[224] R10,[225] R11,[225] R12,[225] R13,[225] R14,[225] R15,[225] R16,[225] R17,[225] R18,[225] R19,[225] R20,[223] R21,[182]

R22,[182] R23.[182]
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Figure 20. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCHHetR; Het=nitrogen, R=alkyl or aryl (α-amino acid
derivatives): S1,[226] S2,[206] S3,[227] S4,[223] S5,[228] S6,[229] S7,[229] S8,[229] S9,[228] S10,[229] S11,[229] S12,[182] S13,[182] S14,[33] S15,[230] S16,[182] S17,[182] S18,[182] S19,[182] S20,[231]

S21,[227] S22.[180]
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5. Applications of dirhodium(II,II) complexes

5.1. Catalysts of organic reactions

Dirhodium complexes (chiral or achiral) are used as homoge-
neous catalysts or can be immobilized for heterogeneous
catalysis. Immobilization platform is provided by achiral poly-
mer or by chiral peptide of enzymatic cavity.[36] Immobilization
is typically performed through axial ligation to one of the
rhodium atoms.[71] The second rhodium atom then serves as the
site of action. Immobilization can be also achieved via
connection through the bridging ligand[72] and then the
reactivity of both rhodium atoms can be further modulated as
mentioned in previous section 4. Another possibility is the
formation of polymeric networks using tetradentate bridging
ligands and the application in heterogeneous catalysis (e.g.,
based on terephthalic acid).[73]

Dirhodium(II,II) paddlewheel complexes (Scheme 25) serve
as Lewis acid catalysts (e.g. for activation of enynes,[74] boronic

acids[75]). Catalytic properties of the dirhodium paddlewheel
complexes can be tuned also by axial ligation of one of the
rhodium atom.[76] The acidity can be increased by oxidation of
one of the rhodium atom to cationic dirhodium (II,III) com-
plexes, which are also used as catalysts of organic trans-
formations (carbonyl ene reactions,[77] dipolar cycloadditions,[61]

hetero-Diels-Alder reactions[62]).
The most frequent application of dirhodium(II,II) complexes

is the transfer of electron deficient species as carbenes[78] or
nitrenes[79] on organic substrates. Rhodium-carbenoids can be
generated from various precursors as diazo compounds,[80]

cyclopropenes,[81] enynals/enynones[82] or substituted triazols.[83]

Rhodium-carbynoid was recently generated from hypervalent
iodo-derivative containing diazo moiety and its reactivity was
studied in the reaction with alkenes.[84] Rhodium-nitrenoids are
typically generated from imidoiodinanes, which are prepared
in situ by oxidation of amides using hypervalent iodine
compounds or by decomposition of azides[85] or by α-
elimination reactions.[86] Transfer of rhodium-carbenoids/nitre-

Figure 21. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCHHetR; Het=nitrogen, R=alkyl or aryl (cyclic α-amino acid
derivatives): T1,[182] T2,[182] T3,[232] T4,[182] T5,[223] T6,[233] T7,[233] T8,[234] T9,[234] T10,[234] T11,[234] T12,[234] T13,[234] T14,[234] T15,[234] T16,[234] T17,[234] T18,[234] T19,[234]

T20,[234] T21,[234] T22,[234] T23,[234] T24,[234] T25,[234] T26,[234] T27,[234] T28,[234] T29,[235] T30.[235]
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Figure 22. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCHHetR; Het=nitrogen, R=alkyl or aryl (α-amino acid
derivatives): U1,[182] U2,[182] U3,[231] U4,[206] U5,[218] U6,[182] U7,[182] U8,[231] U9,[182] U10,[182] U11,[182] U12,[182] U13,[230] U14,[227] U15,[182] U16,[182] U17,[182] U18,[182] U19,[182]

U20,[182] U21,[182] U22,[236] U23,[105] U24,[182] U25„[237] U26.[238]
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noids on organic educts results in (singlet-like) C� H functional-
izations (amination reactions[87]/ alkylations[88]),[89] insertion reac-
tions to unsaturated bonds (aziridinations[90]/
cyclopropanations[91]/ cylopropenations[92]), insertion reactions
to Si� H bonds,[93] insertion reactions to other heteroatom-H

bonds,[94] ylide formations[95] with heteroatoms (oxygen,[96]

nitrogen,[97] sulfur[98]) and subsequent ylide transformations
(intramolecular rearrangements[99] or intermolecular condensa-
tion reactions[100]) to the final natural or artificial products.[101]

Figure 23. Dirhodium(II,II) complexes containing O,O'-bridging ligands with structural motive OOCCHHetR; Het=nitrogen, R= tertiary substituent: V1,[230]

V2,[231] V3,[231] V4,[239] V5,[239] V6,[240] V7,[241] V8,[236] V9,[242] V10,[243] V11,[239] V12,[244] V13,[245] V14,[246] V15,[239] V16,[227] V17,[231] V18,[235] V19,[247] V20,[247] V21,[247]

V22,[229] V23,[229] V24,[248] V25,[249] V26.[248]
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Intermediates relevant to carbene transfer processes, i. e.
diazo derivative[102] as ligand in axial position of dirhodium
complex, and dirhodium complex coordinating carbene, were
isolated and confirmed by X-ray structural analysis.[103] Dirho-
dium nitrenoid intermediate proposed in many theoretical
studies has recently been trapped in crystalline matrix and
described.[104] Heteroleptic dirhodium complexes for highly
enantioselective processes start to appear.[105] Dirhodium com-
pounds can be used as catalysts for hydrogenation of
alkenes[106] (such reactions were proposed to proceed via
heterolytic splitting of hydrogen by the dirhodium complex) or
can be used as catalysts for transfer hydrogenations[107],
dynamic kinetic resolution of alcohols, DKR of homoallyl-
carboxylic acids[108] or as catalysts in other processes as hydro-
formylation of alkenes[109,274] or reduction of CO2 with silanes.[110]

Photochemical and thermal evolution of molecular hydrogen

from water[111] can be catalyzed with dirhodium paddlewheel
complexes with electron withdrawing carboxylate ligands.[112]

Rh(II) to Rh(III) redox transitions of dirhodium complexes are
used in reduction/oxidation processes (e.g. sulfide oxygen-
ations catalyzed by Rh2(esp)2 (W1, Figure 24)[275] or allylic
oxidations of alkenes with hydrogen peroxide as an oxidant
catalyzed by caprolactam dirhodium complex (C1, Figure 5)[113]

or by Rh2(esp)2 (W1, Figure 24)).[276]

5.2. Bio-medical applications

Rhodium does not occur in any of the known natural biological
processes.[3] The use of rhodium for medicinal applications
dates back to 1958, when interactions of rhodium (I) complexes
with the protein casein were studied.[114] Later rhodium (II)

Figure 24. Dirhodium(II,II) complexes containing O,O‘-bridging ligands with structural motive OOC-spacer-COO: W1,[250] W2,[251] W3,[252] W4,[253] W5,[254] W6,[252]

W7a R=H,[255] W7b R= tBu,[256] W8,[257] W9,[188] W10,[258] W11,[258] W12,[71] W13.[259]
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complexes, specifically dirhodium(II,II) tetracarboxylates togeth-
er with other transition metal complexes that act as cisplatin
were tested as anti-tumor agents,[115] but their toxicity pre-
vented their use for cancer treatment at that time.[116]

It has been found that rhodium paddlewheel complexes
bind to the DNA bases[117] via axial ligation site 40 and in some
cases the bridging ligand is replaced by the nucleic base
(guanine) to form complexes like 41 (Scheme 26).[118] Various
heteroleptic complexes as 16 (Scheme 9) containing the
fluorescent ligands were prepared from homoleptic structures
to assess the intracellular fate of dirhodium complexes in living
organisms.[119] Rhodium tetracarboxylates quench the fluoro-
phores in their vicinity, i. e. complex 16 does not emit visible
light. After the induced ligand “loss” (fluorescein in case of
complex 16) in the studied medium the released fluorophore is
the molecule that is then detected as emitter.

Dirhodium-peptide complexes, which exploit the Lewis
acidity of both rhodium atoms, were developed to study the
structural properties of enzymatic peptides. Either “passively”,
by reversible binding of e.g. two histidine units in axial position
of the dirhodium complex (Scheme 27, a)[43] or “actively” serving
as (carbene/nitrene)-transfer catalyst by labelling the protein
with a specific organic compound (Scheme 27, b).[120]

5.3. Molecular detectors

Devices for the detection of small molecules/gases such as
carbon monoxide,[121] ammonia,[122] nitrogen oxide[123] and other
heteroatomic compounds are based on the change of complex
physical properties upon ligation of detected molecule in the
axial position of the dirhodium complex. For example, con-
ductivity can be measured in case of complexes coated on
semi-conductive materials.[121] The molecules can be also
detected by simple visual inspection as the colour of the
dirhodium complexes changes dramatically with different axial
ligands (Scheme 28).[9]

6. Overview of Rh2A4 paddlewheel complexes

An overview of bridging ligands (to the best of my search) used
for the syntheses of homoleptic dirhodium(II,II) paddlewheel
complexes from their first report in 1960 to 2019 is listed.
Selected heteroleptic complexes are not completely covered.
They were mentioned because some special bridging ligands
appear only in heteroleptic complexes, e.g. 2-phenyl-phos-
phines or guanidine derivatives, or because they serve as an
example for the formation of geometric isomers, which often
complicate the isolation of one desired complex. Citation in
figures refers to the first preparation of the complex with
depicted bridging ligand or to the described synthesis with
spectral characterization of the complex containing depicted

Figure 25. Dirhodium(II,II) complexes containing O,O'-bridging ligands (phosphinate or phosphate derivatives): X1,[260] X2,[19] X3,[261] X4,[261] X5,[261] X6,[262] X7,[262]

X8,[263] X9,[263] X10,[263] X11,[261] X12.[264]
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bridging ligand. Citations do not cover syntheses of complexes
with the same bridging ligand, but different axial ligation L.
Geometric isomers are visualized by means of a ball stick image
with the color code. The isolated isomer described is shown
(this does not guarantee that it is the only isomer formed in the
reaction or the main isomer). In many cases the ratio between
major and minor isomer(s) is not mentioned in the correspond-
ing publication. The absolute configuration of chiral ligands is
shown, enantiomeric complexes are omitted. This overview is
intended for quick orientation in the literature and does deal
with the properties of individual complexes.

6.1. N,N'-Bridging ligands

6.2. Figure 3 shows dirhodium(II,II) complexes containing N,N'-
bridging ligands.

6.2. N,O-Bridging ligands

See Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, and
Figure 10 for dirhodium(II,II) complexes containing N,O-bridging
ligands.

6.3. N,S-Bridging ligands

Figure 11 depicts dirhodium(II,II) complexes containing N,S-
bridging ligands.

6.4. O,O'-Bridging ligands

The figures below present an overview of dirhodium(II,II)
complexes containing O,O'-bridging ligands with structural
motive OOCCH2R and fluorinated analogues (Figure 12),
OOCCHRR‘ (Figure 13), OOCCH2Het; Het=heteroatom (Fig-

Figure 26. Bismuth-rhodium(II,II) paddlewheel complexes: Y1,[265] Y2,[266] Y3,[266] Y4,[266] Y5,[266] Y6,[267] Y7,[68] Y8,[68] Y9,[68] Y10,[268] Y11,[268] Y12,[268] Y13,[269] Y14„[266]

Y15,[270] Y16,[270] Y17,[270] Y18,[270] Y19.[270]
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ure 14), OOCCRR'Het; Het=heteroatom, R,R'=alkyl or aryl (Fig-
ure 15), OOCCR1R2R3 (Figure 16), OOCAr (Figure 17), OOCCH-
HetR; Het=oxygen or halogen (Figure 18), OOCCHHetR; Het=

nitrogen, R=alkyl or aryl (proline derivatives) (Figure 19),
OOCCHHetR; Het=nitrogen, R=alkyl or aryl (α-amino acid
derivatives) (Figure 20), OOCCHHetR; Het=nitrogen, R=alkyl or
aryl (cyclic α-amino acid derivatives) (Figure 21), OOCCHHetR;
Het=nitrogen, R=alkyl or aryl (α-amino acid derivatives) (Fig-
ure 22), OOCCHHetR; Het=nitrogen, R= tertiary substituent
(Figure 23), and OOC-spacer-COO (Figure 24). Figure 25 shows
phosphinate or phosphate derivatives of dirhodium(II,II) com-
plexes containing O,O'-bridging ligands.

6.5. Bridging ligands in heterobimetallic Bi-Rh paddlewheel
complexes

See Figure 26 for bismuth-rhodium(II,II) paddlewheel com-
plexes.

6.6. O,S-Bridging ligands

Figure 27 shows dirhodium(II,II) complexes containing O,S-
bridging ligands.

7. Conclusion

The soft nucleophilicity of the rhodium atom at the core of the
dirhodium paddlewheel complexes is exploited in a variety of
applications. The broad applicability of these complexes,
ranging from homogeneous catalysis to advanced materials, is
the driving force for their structural modifications. The
optimization of known processes, the search for new applica-
tions and curiosity lead to the development of new homoleptic
complexes with elaborated organic bridging and axial ligands
as well as heteroleptic complexes combining the features of
individual ligands in one complex. Interestingly, dirhodium(II,II)
complexes with four different bridging ligands are not yet
known. The stability of dirhodium(II,II) complexes with bridging
ligands against mild oxidants, reductants, acidic or basic media
resembles to certain degree to the stability of organic
compounds. This feature allows to use methods of organic
chemistry for structural modifications and for the purification of

the final complexes. We are witnessing the boom of this field,
which will bring a variety of new poly-functional complexes and
exciting applications.

Acknowledgements

This work was supported by the DFG (HR 97/1-1). I acknowledge
members of the Institute of Organic Chemistry JLU Giessen for
their generous support. I would like to thank Christopher Gawlig
for language corrections, Dr. Urs Gellrich and Dr. Artur Mardyukov
for manuscript proofreading. Open access funding enabled and
organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Bidentate ligands · Bridging ligands · Paddlewheel
complexes · Post-functionalization · Rhodium

[1] A. F. Trindade, J. A. S. Coelho, C. A. M. Afonso, L. F. Veiros, P. M. P. Gois,
ACS Catal. 2012, 2, 370–383.

[2] Z. T. Xu, Coord. Chem. Rev. 2006, 250, 2745–2757.
[3] J. Ohata, Z. T. Ball, Dalton Trans. 2018, 47, 14855–14860.
[4] P. S. Felder, S. Keller, G. Gasser, Adv. Therap. 2020, 3, 26.
[5] K. Wypchlo, H. Duddeck, Tetrahedron-Asymmetry 1994, 5, 27–30.
[6] G. Aullon, S. Alvarez, Inorg. Chem. 1993, 32, 3712–3719.
[7] A. Y. Rogachev, M. A. Petrukhina, J. Phys. Chem. A 2009, 113, 5743–

5753.
[8] M. A. Porai-Koshits, A. S. Antsuskhima, Dokl. Akad. Nauk SSSR 1962,

146, 1102–1105.
[9] H. T. Chifotides, K. R. Dunbar, in Multiple Bonds Between Metal Atoms

(Eds.: F. A. Cotton, C. A. Murillo, R. A. Walton), Springer US, Boston, MA,
2005, pp. 465–589.

[10] R. J. H. Clark, A. J. Hempleman, Inorg. Chem. 1989, 28, 746–752.
[11] T. A. Stephenson, S. M. Morehouse, A. R. Powell, J. P. Heffer, G.

Wilkinson, J. Chem. Soc. 1965, 3632–3640.
[12] G. Bienek, W. Tuszynski, G. Gliemann, Z. Naturforsch. B J. Chem. Sci.

1978, 33, 1095–1098.
[13] L. Dubicki, R. L. Martin, Inorg. Chem. 1970, 9, 673–675.
[14] J. Lloret, J. J. Carbo, C. Bo, A. Lledos, J. Perez-Prieto, Organometallics

2008, 27, 2873–2876.
[15] S. A. Johnson, H. R. Hunt, H. M. Neumann, Inorg. Chem. 1963, 2, 960–

962.
[16] P. M. Bradley, B. E. Bursten, C. Turro, Inorg. Chem. 2001, 40, 1376–1379.
[17] F. A. Cotton, E. A. Hillard, C. A. Murillo, J. Am. Chem. Soc. 2002, 124,

5658–5660.
[18] B. G. Anderson, D. Cressy, J. J. Patel, C. F. Harris, G. P. A. Yap, J. F. Berry,

A. Darko, Inorg. Chem. 2019, 58, 1728–1732.
[19] M. C. Pirrung, J. C. Zhang, Tetrahedron Lett. 1992, 33, 5987–5990.
[20] E. B. Boyar, S. D. Robinson, Coord. Chem. Rev. 1983, 50, 109–208.
[21] M. P. Doyle, D. C. Forbes, Chem. Rev. 1998, 98, 911–935.
[22] F. G. Adly, Catalysts 2017, 7, 19.
[23] J. Hansen, H. M. L. Davies, Coord. Chem. Rev. 2008, 252, 545–555.
[24] M. C. Pirrung, A. T. Morehead, J. Am. Chem. Soc. 1994, 116, 8991–9000.
[25] T. Ren, C. Lin, E. J. Valente, J. D. Zubkowski, Inorganica Chim. Acta

2000, 297, 283–290.
[26] S. Takamizawa, E. Nakata, H. Yokoyama, K. Mochizuki, W. Mori, Angew.

Chem. Int. Ed. 2003, 42, 4331–4334; Angew. Chem. 2003, 115, 4467–
4470.

[27] P. Legzdins, R. W. Mitchell, G. L. Rempel, J. D. Ruddick, G. Wilkinson, J.
Chem. Soc. A 1970, 3322–3326.

[28] G. Winkhaus, P. Ziegler, Z. anorg. allg. Chem. 1967, 350, 51–61.
Figure 27. Dirhodium(II,II) complexes containing O,S-bridging ligands: Z1,[271]

Z2,[272] Z3.[198]

Minireviews
doi.org/10.1002/ejic.202000955

525Eur. J. Inorg. Chem. 2021, 501–528 www.eurjic.org © 2020 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Donnerstag, 04.02.2021

2106 / 189900 [S. 525/528] 1

http://orcid.org/0000-0001-5060-6666


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[29] Y. Kataoka, N. Yano, T. Kawamoto, M. Handa, Eur. J. Inorg. Chem. 2015,
5650–5655.

[30] J. L. Bear, J. Kitchens, M. R. Willcott, J. inorg. nucl. Chem. 1971, 33,
3479–3486.

[31] C. T. Eagle, D. Farrar, G. N. Holder, M. L. Hatley, S. L. Humphrey, E. V.
Olson, M. Quintos, J. Sadighi, T. Wideman, Tetrahedron Lett. 2003, 44,
2593–2595.

[32] M. P. Doyle, C. E. Raab, G. H. P. Roos, V. Lynch, S. H. Simonsen,
Inorganica Chim. Acta 1997, 266, 13–18.

[33] G. H. P. Roos, M. A. McKervey, Synth. Commun. 1992, 22, 1751–1756.
[34] H. Yang, P. Srivastava, C. Zhang, J. C. Lewis, Chembiochem 2014, 15,

223–227.
[35] J. Dommerholt, F. P. J. T. Rutjes, F. L. van Delft, Top. Curr. Chem. 2016,

374, 16.
[36] J. M. Zhao, D. G. Bachmann, M. Lenz, D. G. Gillingham, T. R. Ward, Catal.

Sci. Technol. 2018, 8, 2294–2298.
[37] D. G. Bachmann, P. J. Schmidt, S. N. Geigle, A. Chougnet, W. D.

Woggon, D. G. Gillingham, Adv. Synth. Catal. 2015, 357, 2033–2038.
[38] V. Levchenko, B. Sundsli, S. Oien-Odegaard, M. Tilset, F. K. Hansen, T.

Bonge-Hansen, Eur. J. Org. Chem. 2018, 2018, 6150–6157.
[39] D. K. Kumar, A. S. Filatov, M. Napier, J. Sun, E. V. Dikarev, M. A.

Petrukhina, Inorg. Chem. 2012, 51, 4855–4861.
[40] M. W. Cooke, M.-P. Santoni, G. S. Hanan, A. Proust, B. Hasenknopf,

Dalton Trans. 2009, 3671–3673.
[41] K. B. Liao, S. Negretti, D. G. Musaev, J. Bacsa, H. M. L. Davies, Nature

2016, 533, 230–234.
[42] J. P. Berndt, Y. Radchenko, J. Becker, C. Logemann, D. R. Bhandari, R.

Hrdina, P. R. Schreiner, Chem. Sci. 2019, 10, 3324–3329.
[43] F. Vohidov, S. E. Knudsen, P. G. Leonard, J. Ohata, M. J. Wheadon, B. V.

Popp, J. E. Ladbury, Z. T. Ball, Chem. Sci. 2015, 6, 4778–4783.
[44] Y. Lou, T. P. Remarchuk, E. J. Corey, J. Am. Chem. Soc. 2005, 127,

14223–14230.
[45] K. Aoki, M. A. Salam, Inorg. Chim. Acta 2002, 339, 427–437.
[46] A. R. Chakravarty, F. A. Cotton, D. A. Tocher, J. H. Tocher, Organo-

metallics 1985, 4, 8–13.
[47] A. N. Zaykov, K. R. MacKenzie, Z. T. Ball, Chem. Eur. J. 2009, 15, 8961–

8965.
[48] F. P. Calo, A. Fürstner, Angew. Chem. Int. Ed. 2020.
[49] M. E. Prater, L. E. Pence, R. Clérac, G. M. Finniss, C. Campana, P. Auban-

Senzier, D. Jérome, E. Canadell, K. R. Dunbar, J. Am. Chem. Soc. 1999,
121, 8005–8016.

[50] B. B. Wayland, S. L. Van Voorhees, C. Wilker, Inorg. Chem. 1986, 25,
4039–4042.

[51] G. H. Imler, M. J. Zdilla, B. B. Wayland, J. Am. Chem. Soc. 2014, 136,
5856–5859.

[52] V. B. Panov, M. L. Khidekel, S. A. Shchepinov, Bull. Acad. Sci. USSR, Div.
Chem. Sci. 1968, 17, 2272–2273.

[53] M. Cwikowska, F. P. Pruchnik, R. Starosta, H. Chojnacki, A. Wilczok, S.
Ulaszewski, Inorganica Chim. Acta 2010, 363, 2401–2408.

[54] T. Yoshimura, K. Umakoshi, Y. Sasaki, Inorg. Chem. 2003, 42, 7106–
7115.

[55] M. Sarkar, P. Daw, T. Ghatak, J. K. Bera, Chem. Eur. J. 2014, 20, 16537–
16549.

[56] M. Szabo, M. Kleineisel, K. Nemeth, A. Domjan, E. Vass, G. Szilvagyi,
Chirality 2020, 32, 446–456.

[57] H. J. Sayre, A. Millet, K. R. Dunbar, C. Turro, Chem. Comm. 2018, 54,
8332–8334.

[58] S. Cenini, R. Ugo, F. Bonati, Inorg. Chim. Acta 1967, 1, 443–447.
[59] A. E. Garcia, F. Jalilehvand, P. Niksirat, B. S. Gelfand, Inorg. Chem. 2018,

57, 12787–12799.
[60] K. P. Kornecki, J. F. Berry, Chem. Comm. 2012, 48, 12097–12099.
[61] X. C. Wang, C. Weigl, M. P. Doyle, J. Am. Chem. Soc. 2011, 133, 9572–

9579.
[62] Y. Wang, J. Wolf, P. Zavalij, M. R. Doyle, Angew. Chem. Int. Ed. 2008, 47,

1439–1442; Angew. Chem. 2008, 120, 1461–1464.
[63] O. V. Sizova, J. Mol. Struc-THEOCHEM 2006, 760, 183–187.
[64] J. Wolf, R. Poli, J. H. Xie, J. Nichols, B. Xi, P. Zavalij, M. P. Doyle,

Organometallics 2008, 27, 5836–5845.
[65] J. G. Norman, E. O. Fey, J. Chem. Soc. Dalton Trans. 1976, 765–767.
[66] E. V. Dikarev, T. G. Gray, B. Li, Angew. Chem. Int. Ed. 2005, 44, 1721–

1724; Angew. Chem. 2005, 117, 1749–1752.
[67] A. S. Filatov, M. Napier, V. D. Vreshch, N. J. Sumner, E. V. Dikarev, M. A.

Petrukhina, Inorg. Chem. 2012, 51, 566–571.
[68] L. R. Collins, S. Auris, R. Goddard, A. Fürstner, Angew. Chem. Int. Ed.

2019, 58, 3557–3561.

[69] Z. Ren, T. L. Sunderland, C. Tortoreto, T. Yang, J. F. Berry, D. G. Musaev,
H. M. L. Davies, ACS Catal. 2018, 8, 10676–10682.

[70] L. R. Collins, M. van Gastel, F. Neese, A. Fürstner, J. Am. Chem. Soc.
2018, 140, 13042–13055.

[71] H. M. L. Davies, A. M. Walji, T. Nagashima, J. Am. Chem. Soc. 2004, 126,
4271–4280.

[72] E. G. Moschetta, S. Negretti, K. M. Chepiga, N. A. Brunelli, Y. Labreche,
Y. Feng, F. Rezaei, R. P. Lively, W. J. Koros, H. M. L. Davies, C. W. Jones,
Angew. Chem. Int. Ed. 2015, 54, 6470–6474; Angew. Chem. 2015, 127,
6570–6574.

[73] J. Q. Liu, C. Fasel, P. Braga-Groszewicz, N. Rothermel, A. S. L. Thanka-
mony, G. Sauer, Y. P. Xu, T. Gutmann, G. Buntkowsky, Catal. Sci.
Technol. 2016, 6, 7830–7840.

[74] K. Ota, S. I. Lee, J. M. Tang, M. Takachi, H. Nakai, T. Morimoto, H.
Sakurai, K. Kataoka, N. Chatani, J. Am. Chem. Soc. 2009, 131, 15203–
15211.

[75] P. M. P. Gois, A. F. Trindade, L. F. Veiros, V. Andre, M. T. Duarte, C. A. M.
Afonso, S. Caddick, F. G. N. Cloke, Angew. Chem. Int. Ed. 2007, 46,
5750–5753; Angew. Chem. 2007, 119, 5852–5855.

[76] A. F. Trindade, P. M. P. Gois, L. F. Veiros, V. Andre, M. T. Duarte, C. A. M.
Afonso, S. Caddick, F. G. N. Cloke, J. Org. Chem. 2008, 73, 4076–4086.

[77] X. C. Xu, X. C. Wang, Y. X. Liu, M. P. Doyle, J. Org. Chem. 2014, 79,
12185–12190.

[78] H. M. L. Davies, D. Morton, Chem. Soc. Rev. 2011, 40, 1857–1869.
[79] G. Dequirez, V. Pons, P. Dauban, Angew. Chem. Int. Ed. 2012, 51, 7384–

7395; Angew. Chem. 2012, 124, 7498–7510.
[80] G. Maas, Angew. Chem. Int. Ed. 2009, 48, 8186–8195; Angew. Chem.

2009, 121, 8332–8341.
[81] Y. M. Deng, M. P. Doyle, Isr. J. Chem. 2016, 56, 399–408.
[82] J. Ma, L. Zhang, S. F. Zhu, Curr. Org. Chem. 2016, 20, 102–118.
[83] S. Chuprakov, S. W. Kwok, L. Zhang, L. Lercher, V. V. Fokin, J. Am. Chem.

Soc. 2009, 131, 18034–18035.
[84] Z. F. Wang, L. Y. Jiang, P. Sarro, M. G. Suero, J. Am. Chem. Soc. 2019,

141, 15509–15514.
[85] H. Hayashi, T. Uchida, Eur. J. Org. Chem. 2020, 2020, 909–916.
[86] E. Azek, M. Khalifa, J. Bartholomeus, M. Ernzerhof, H. Lebel, Chem. Sci.

2019, 10, 718–729.
[87] F. Collet, C. Lescot, P. Dauban, Chem. Soc. Rev. 2011, 40, 1926–1936.
[88] C. Zheng, S. L. You, Rsc Advances 2014, 4, 6173–6214.
[89] H. M. L. Davies, K. B. Liao, Nature Rev. Chem. 2019, 3, 347–360.
[90] P. Müller, C. Fruit, Chem. Rev. 2003, 103, 2905–2919.
[91] M. P. Doyle, M. N. Protopopova, Tetrahedron 1998, 54, 7919–7946.
[92] M. P. Doyle, M. Protopopova, P. Müller, D. Ene, E. A. Shapiro, J. Am.

Chem. Soc. 1994, 116, 8492–8498.
[93] H. Keipour, V. Carreras, T. Ollevier, Org. Biomol. Chem. 2017, 15, 5441–

5456.
[94] A. DeAngelis, R. Panish, J. M. Fox, Acc. Chem. Res. 2016, 49, 115–127.
[95] A. Ford, H. Miel, A. Ring, C. N. Slattery, A. R. Maguire, M. A. McKervey,

Chem. Rev. 2015, 115, 9981–10080.
[96] S. Kitagaki, Y. Yanamoto, H. Tsutsui, M. Anada, M. Nakajima, S.

Hashimoto, Tetrahedron Lett. 2001, 42, 6361–6364.
[97] G. Mehta, S. Muthusamy, Tetrahedron 2002, 58, 9477–9504.
[98] A. C. S. Reddy, P. Anbarasan, Org. Lett. 2019, 21, 9965–9969.
[99] J. Adams, D. M. Spero, Tetrahedron 1991, 47, 1765–1808.

[100] W. Zeghida, C. Besnard, J. Lacour, Angew. Chem. Int. Ed. 2010, 49,
7253–7256; Angew. Chem. 2010, 122, 7411–7414.

[101] A. G. H. Wee, Curr. Org. Synth. 2006, 3, 499–555.
[102] A. Padwa, D. J. Austin, Angew. Chem. Int. Ed. 1994, 33, 1797–1815;

Angew. Chem. 1994, 106, 1881–1899.
[103] C. Werle, R. Goddard, P. Philipps, C. Fares, A. Fürstner, J. Am. Chem. Soc.

2016, 138, 3797–3805.
[104] A. Das, Y. S. Chen, J. H. Reibenspies, D. C. Powers, J. Am. Chem. Soc.

2019, 141, 16232–16236.
[105] V. N. G. Lindsay, A. B. Charette, ACS Catal. 2012, 2, 1221–1225.
[106] B. C. Hui, G. L. Rempel, J. Chem. Soc. D 1970, 1195–1196.
[107] P. M. Dinh, J. A. Howarth, A. R. Hudnott, J. M. J. Williams, W. Harris,

Tetrahedron Lett. 1996, 37, 7623–7626.
[108] D. Koszelewski, A. Brodzka, A. Zadlo, D. Paprocki, D. Trzepizur, M. Zysk,

R. Ostaszewski, ACS Catal. 2016, 6, 3287–3292.
[109] S. de Doncker, A. Casimiro, I. A. Kotze, S. Ngubane, G. S. Smith, Inorg.

Chem. 2020, https://doi.org/10.1021/acs.inorgchem.0c02020.
[110] S. Itagaki, K. Yamaguchi, N. Mizuno, J. Mol. Catal. A Chem. 2013, 366,

347–352.
[111] S. Tanaka, S. Masaoka, K. Yamauchi, M. Annaka, K. Sakai, Dalton Trans.

2010, 39, 11218–11226.

Minireviews
doi.org/10.1002/ejic.202000955

526Eur. J. Inorg. Chem. 2021, 501–528 www.eurjic.org © 2020 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Donnerstag, 04.02.2021

2106 / 189900 [S. 526/528] 1

http://orcid.org/0000-0001-5060-6666


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[112] Y. Kataoka, N. Yano, Y. Kohara, T. Tsuji, S. Inoue, T. Kawamoto,
Chemcatchem 2019, 11, 6218–6226.

[113] A. J. Catino, R. E. Forslund, M. P. Doyle, J. Am. Chem. Soc. 2004, 126,
13622–13623.

[114] F. Lieben, M. Sherief, F. Petuelli, Biochem. Z. 1958, 330, 576–578.
[115] A. Erck, L. Rainen, J. Whileyma, I. M. Chang, A. P. Kimball, J. Bear,

Proceedings of the Society for Experimental Biology and Medicine 1974,
145, 1278–1283.

[116] G. Ferraro, A. Pratesi, L. Messori, A. Merlino, Dalton Trans. 2020, 49,
2412–2416.

[117] H. T. Chifotides, K. R. Dunbar, Acc. Chem. Res. 2005, 38, 146–156.
[118] K. R. Dunbar, J. H. Matonic, V. P. Saharan, C. A. Crawford, G. Christou, J.

Am. Chem. Soc. 1994, 116, 2201–2202.
[119] M. B. Minus, M. K. Kang, S. E. Knudsen, W. Liu, M. J. Krueger, M. L.

Smith, M. S. Redell, Z. T. Ball, Chem. Comm. 2016, 52, 11685–11688.
[120] F. Vohidov, J. M. Coughlin, Z. T. Ball, Angew. Chem. Int. Ed. 2015, 54,

4587–4591; Angew. Chem. 2015, 127, 4670–4674.
[121] S. Lo Schiavo, P. Piraino, A. Bonavita, G. Micali, G. Rizzo, G. Neri, Sens.

Actuators B-Chem. 2008, 129, 772–778.
[122] S. Lo Schiavo, P. Cardiano, N. Donato, M. Latino, G. Neri, J. Mater.

Chem. 2011, 21, 18034–18041.
[123] S. A. Hilderbrand, M. H. Lim, S. J. Lippard, J. Am. Chem. Soc. 2004, 126,

4972–4978.
[124] A. R. Barron, G. Wilkinson, M. Motevalli, M. B. Hursthouse, Polyhedron

1985, 4, 1131–1134.
[125] W. J. McCarty, X. Yang, L. J. D. Anderson, R. A. Jones, Dalton Trans.

2012, 41, 173–179.
[126] J. L. Bear, C. L. Yao, R. S. Lifsey, J. D. Korp, K. M. Kadish, Inorg. Chem.

1991, 30, 336–340.
[127] D. A. Lutterman, N. N. Degtyareva, D. H. Johnston, J. C. Gallucci, J. L.

Eglin, C. Turro, Inorg. Chem. 2005, 44, 5388–5396.
[128] D. Chartrand, G. S. Hanan, Chem. Comm. 2008, 727–729.
[129] M. B. Hursthouse, M. A. Mazid, T. Clark, S. D. Robinson, Polyhedron

1993, 12, 563–565.
[130] D. A. Tocher, J. H. Tocher, Inorganica Chim. Acta 1985, 104, L15-L17.
[131] J. F. Berry, F. A. Cotton, P. Huang, C. A. Murillo, X. Wang, Dalton Trans.

2005, 3713–3715.
[132] F. A. Cotton, T. R. Felthouse, Inorg. Chem. 1981, 20, 584–600.
[133] H. Brunner, K. Wutz, M. P. Doyle, Monatsh. Chem. 1990, 121, 755–764.
[134] Z. Y. Li, A. David, B. A. Albani, J. P. Pellois, C. Turro, K. R. Dunbar, J. Am.

Chem. Soc. 2014, 136, 17058–17070.
[135] M. O. Ratnikov, P. L. Goldmann, E. C. McLaughlin, M. P. Doyle, Organic

Syntheses 2012, 89, 19–33.
[136] C. T. Eagle, D. Farrar, G. N. Holder, M. L. Hatley, S. L. Humphrey, E. V.

Olson, M. Quintos, J. Sadighi, T. Wideman, Tetrahedron Lett. 2003, 44,
2593–2595.

[137] M. Barberis, F. Estevan, P. Lahuerta, J. Perez-Prieto, M. Sanau, Inorg.
Chem. 2001, 40, 4226–4229.

[138] M. Q. Ahsan, I. Bernal, J. L. Bear, Inorg. Chem. 1986, 25, 260–265.
[139] Y. Fuma, O. Miyashita, T. Kawamura, M. Ebihara, Dalton Trans. 2012, 41,

8242–8251.
[140] S. Harada, M. Kono, T. Nozaki, Y. Menjo, T. Nemoto, Y. Hamada, J. Org.

Chem. 2015, 80, 10317–10333.
[141] A. M. Dennis, J. D. Korp, I. Bernal, R. A. Howard, J. L. Bear, Inorg. Chem.

1983, 22, 1522–1529.
[142] D. S. Brown, M. C. Elliott, C. J. Moody, T. J. Mowlem, J. P. Marino, A.

Padwa, J. Org. Chem. 1994, 59, 2447–2455.
[143] S. U. Dunham, T. S. Remaley, B. S. Moore, D. L. Evans, S. U. Dunham,

Inorg. Chem. 2011, 50, 3458–3463.
[144] M. P. Doyle, M. N. Protopopova, W. R. Winchester, K. L. Daniel, Tetrahe-

dron Lett. 1992, 33, 7819–7822.
[145] M. P. Doyle, W. R. Winchester, J. A. A. Hoorn, V. Lynch, S. H. Simonsen,

R. Ghosh, J. Am. Chem. Soc. 1993, 115, 9968–9978.
[146] M. P. Doyle, A. B. Dyatkin, G. H. P. Roos, F. Canas, D. A. Pierson, A.

van Basten, P. Müller, P. Polleux, J. Am. Chem. Soc. 1994, 116, 4507–
4508.

[147] M. P. Doyle, J. Colyer, J. Mol. Catal. A: Chem. 2003, 196, 93–100.
[148] M. P. Doyle, M. N. Protopopova, Q.-L. Zhou, J. W. Bode, S. H. Simonsen,

V. Lynch, J. Org. Chem. 1995, 60, 6654–6655.
[149] M. P. Doyle, J. P. Morgan, J. C. Fettinger, P. Y. Zavalij, J. T. Colyer, D. J.

Timmons, M. D. Carducci, J. Org. Chem. 2005, 70, 5291–5301.
[150] M. P. Doyle, D. J. Timmons, M. M. R. Arndt, A. Duursma, J. T. Colyer, H.

Brunner, Russ. Chem. Bull. 2001, 50, 2156–2161.
[151] Y. Lou, T. P. Remarchuk, E. J. Corey, J. Am. Chem. Soc. 2005, 127,

14223–14230.

[152] T. Remarchuk, E. J. Corey, Tetrahedron Lett. 2018, 59, 2256–2259.
[153] Y. Lou, M. Horikawa, R. A. Kloster, N. A. Hawryluk, E. J. Corey, J. Am.

Chem. Soc. 2004, 126, 8916–8918.
[154] J. M. Nichols, Y. Liu, P. Zavalij, L. Isaacs, M. P. Doyle, Inorg. Chim. Acta

2008, 361, 3309–3314.
[155] A. N. Zaykov, B. V. Popp, Z. T. Ball, Chem. Eur. J. 2010, 16, 6651–6659.
[156] M. P. Doyle, S. B. Davies, W. Hu, Chem. Commun. 2000, 867–868.
[157] M. P. Doyle, Q. L. Zhou, S. H. Simonsen, V. Lynch, Synlett 1996, 697–

698.
[158] W. Lin, A. B. Charette, Adv. Synth. Catal. 2005, 347, 1547–1552.
[159] W. Hu, D. J. Timmons, M. P. Doyle, Org. Lett. 2002, 4, 901–904.
[160] M. P. Doyle, W. H. Hu, I. M. Phillips, C. J. Moody, A. G. Pepper, A. M. Z.

Slawin, Adv. Synth. Catal. 2001, 343, 112–117.
[161] M. P. Doyle, B. D. Brandes, A. P. Kazala, R. J. Pieters, M. B. Jarstfer, L. M.

Watkins, C. T. Eagle, Tetrahedron Lett. 1990, 31, 6613–6616.
[162] Y. X. Han, E. J. Corey, Org. Lett. 2019, 21, 283–286.
[163] N. Watanabe, H. Matsuda, H. Kuribayashi, S.-i. Hashimoto, Heterocycles

1996, 42, 537–542.
[164] D. N. Zalatan, J. Du Bois, J. Am. Chem. Soc. 2008, 130, 9220–9221.
[165] M. Anada, T. Washio, N. Shimada, S. Kitagaki, M. Nakajima, M. Shiro, S.

Hashimoto, Angew. Chem. Int. Ed. 2004, 43, 2665–2668; Angew. Chem.
2004, 116, 2719–2722.

[166] S. Gopinathan, C. Gopinathan, S. A. Pardhy, S. S. Tavale, V. G. Puranik, S.
Krishnan, Inorganica Chim. Acta 1992, 195, 211–216.

[167] R. S. Lifsey, M. Y. Chavan, L. K. Chau, M. Q. Ahsan, K. M. Kadish, J. L.
Bear, Inorg. Chem. 1987, 26, 822–829.

[168] C. R. Wilson, H. Taube, Inorg. Chem. 1975, 14, 405–409.
[169] Chernyaev, II, E. V. Shenderetskaya, A. A. Karyagina, Zh. Neorg. Khim.

1960, 5, 1163–1163.
[170] A. Demonceau, A. F. Noels, A. J. Hubert, J. Mol. Catal. 1989, 57, 149–

152.
[171] L. M. Hall, R. J. Speer, H. J. Ridgway, J. Clin. Hematol. Oncol. 1980, 10,

25–27.
[172] A. Demonceau, A. F. Noels, A. J. Hubert, P. Teyssie, J. Chem. Soc., Chem.

Commun. 1981, 688–689.
[173] R. A. Howard, E. Sherwood, A. Erck, A. P. Kimball, J. L. Bear, J. Med.

Chem. 1977, 20, 943–946.
[174] D. Holland, D. J. Milner, J. Chem. Res.-S 1979, 317–317.
[175] A. Endres, G. Maas, J. Organomet. Chem. 2002, 643, 174–180.
[176] R. Najjar, W. Deolivera, J. B. Carducci, M. Watanabe, Polyhedron 1989, 8,

1157–1161.
[177] P. Chinapang, M. Okamura, T. Itoh, M. Kondo, S. Masaoka, Chem.

Comm. 2018, 54, 1174–1177.
[178] A. M. Dennis, R. A. Howard, J. L. Bear, J. D. Korp, I. Bernal, Inorganica

Chim. Acta 1979, 37, L561-L563.
[179] D. C. Forbes, S. A. Patrawala, K. L. T. Tran, Organometallics 2006, 25,

2693–2695.
[180] H. Brunner, H. Kluschanzoff, K. Wutz, Bull. Soc. Chim. Belg. 1989, 98, 63–

72.
[181] A. L. Abuhijleh, H. Abu Ali, A. H. Emwas, J. Organomet. Chem. 2009,

694, 3590–3596.
[182] R. T. Buck, D. M. Coe, M. J. Drysdale, L. Ferris, D. Haigh, C. J. Moody,

N. D. Pearson, J. B. Sanghera, Tetrahedron: Asymmetry 2003, 14, 791–
816.

[183] C. H. Hwang, Y. H. Chong, S. Y. Song, H. S. Kwak, E. Lee, Chem. Comm.
2004, 816–817.

[184] A. Tuchscherer, R. Packheiser, T. Ruffer, H. Schletter, M. Hietschold, H.
Lang, Eur. J. Inorg. Chem. 2012, 2251–2258.

[185] S. Chuprakov, B. T. Worrell, N. Selander, R. K. Sit, V. V. Fokin, J. Am.
Chem. Soc. 2014, 136, 195–202.

[186] D. Poggiali, A. Homberg, T. Lathion, C. Piguet, J. Lacour, ACS Catal.
2016, 6, 4877–4881.

[187] S. Bhaduri, H. Khwaja, Proc. - Indian Acad. Sci., Chem. Sci. 1994, 106,
847–855.

[188] H. M. L. Davies, N. Kong, Tetrahedron Lett. 1997, 38, 4203–4206.
[189] K. Das, K. M. Kadish, J. L. Bear, Inorg. Chem. 1978, 17, 930–934.
[190] A. DeAngelis, O. Dmitrenko, J. M. Fox, J. Am. Chem. Soc. 2012, 134,

11035–11043.
[191] S. Hashimoto, N. Watanabe, S. Ikegami, Tetrahedron Lett. 1992, 33,

2709–2712.
[192] N. Petiniot, A. J. Anciaux, A. F. Noels, A. J. Hubert, P. Teyssie,

Tetrahedron Lett. 1978, 1239–1242.
[193] S. Munnuri, A. M. Adebesin, M. P. Paudyal, M. Yousufuddin, A. Dalipe,

J. R. Falck, J. Am. Chem. Soc. 2017, 139, 18288–18294.

Minireviews
doi.org/10.1002/ejic.202000955

527Eur. J. Inorg. Chem. 2021, 501–528 www.eurjic.org © 2020 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Donnerstag, 04.02.2021

2106 / 189900 [S. 527/528] 1

http://orcid.org/0000-0001-5060-6666


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[194] K. N. Lamb, R. A. Squitieri, S. R. Chintala, A. J. Kwong, E. I. Balmond, C.
Soldi, O. Dmitrenko, M. C. Reis, R. Chung, J. B. Addison, J. C. Fettinger,
J. E. Hein, D. J. Tantillo, J. M. Fox, J. T. Shaw, Chem. Eur. J. 2017, 23,
11843–11855.

[195] A. Demonceau, A. F. Noels, A. J. Hubert, P. Teyssie, Bull. Soc. Chim. Belg.
1984, 93, 945–948.

[196] K. Sanada, H. Ube, M. Shionoya, J. Am. Chem. Soc. 2016, 138, 2945–
2948.

[197] C. Qin, H. M. L. Davies, J. Am. Chem. Soc. 2013, 135, 14516–14519.
[198] I. B. Baranovskii, M. A. Golubnichaya, G. Y. Mazo, V. I. Nefedov, Y. V.

Salyn, R. N. Shchelokov, Koord. Khim. 1977, 3, 743–749.
[199] D. Holland, D. J. Milner, J. Chem. Res., Synop. 1979, 317.
[200] J. Barbera, M. A. Esteruelas, A. M. Levelut, L. A. Oro, J. L. Serrano, E.

Sola, Inorg. Chem. 1992, 31, 732–737.
[201] A. Y. Ali-Mohamed, M. Fujita, Transit. Met. Chem. 2003, 28, 361–366.
[202] W. Kosaka, K. Yamagishi, A. Hori, H. Sato, R. Matsuda, S. Kitagawa, M.

Takata, H. Miyasaka, J. Am. Chem. Soc. 2013, 135, 18469–18480.
[203] M. Nishio, H. Miyasaka, Inorg. Chem. 2014, 53, 4716–4723.
[204] A. Demonceau, A. F. Noels, P. Teyssie, A. J. Hubert, J. Mol. Catal. 1988,

49, L13-L17.
[205] T. Itoh, M. Kondo, M. Kanaike, S. Masaoko, Crystengcomm 2013, 15,

6122–6126.
[206] A. F. Noels, A. Demonceau, N. Petiniot, A. J. Hubert, P. Teyssie,

Tetrahedron 1982, 38, 2733–2739.
[207] M. Sawamura, H. Sasaki, T. Nakata, Y. Ito, Bull. Chem. Soc. Jpn. 1993, 66,

2725–2729.
[208] K. Hikichi, S. Kitagaki, M. Anada, S. Nakamura, M. Nakajima, M. Shiro, S.

Hashimoto, Heterocycles 2003, 61, 391–401.
[209] W. J. Lu, X. Pei, T. Murai, T. Sasamori, N. Tokitoh, T. Kawabata, T. Furuta,

Synlett 2017, 28, 679–683.
[210] M. Handa, Y. Ishitobi, K. Moriyama, T. Ikeue, D. Yoshioka, M. Mikuriya,

X-ray Structure Analysis Online 2011, 27, 49–50.
[211] H. Fukunaga, H. Miyasaka, Angew. Chem. Int. Ed. 2015, 54, 569–573;

Angew. Chem. 2015, 127, 579–583.
[212] A. Endres, G. Maas, Tetrahedron 2002, 58, 3999–4005.
[213] H. J. Callot, F. Metz, Tetrahedron 1985, 41, 4495–4501.
[214] S. Hofler, A. Scheja, B. Wolfram, M. Broring, Z. anorg. allg. Chem. 2016,

642, 107–117.
[215] M. W. Cooke, G. S. Hanan, F. Loiseau, S. Campagna, M. Watanabe, Y.

Tanaka, J. Am. Chem. Soc. 2007, 129, 10479–10488.
[216] C. Meyer, H. Duddeck, Magn. Reson. Chem. 2000, 38, 29–32.
[217] F. Pruchnik, B. R. James, P. Kvintovics, Can. J. Chem. 1986, 64, 936–939.
[218] C. Jing, Q.-Q. Cheng, Y. Deng, H. Arman, M. P. Doyle, Org. Lett. 2016,

18, 4550–4553.
[219] M. Kennedy, M. A. McKervey, A. R. Maguire, G. H. P. Roos, J. Chem. Soc.,

Chem. Commun. 1990, 361–362.
[220] F. Estevan, K. Herbst, P. Lahuerta, M. Barberis, J. Perez-Prieto, Organo-

metallics 2001, 20, 950–957.
[221] H. M. L. Davies, D. K. Hutcheson, Tetrahedron Lett. 1993, 34, 7243–7246.
[222] H. M. L. Davies, P. R. Bruzinski, M. J. Fall, Tetrahedron Lett. 1996, 37,

4133–4136.
[223] T. Ye, C. Fernandez Garcia, M. A. McKervey, J. Chem. Soc., Perkin Trans.

1 1995, 1373–1379.
[224] A. Biffis, M. Braga, S. Cadamuro, C. Tubaro, M. Basato, Org. Lett. 2005, 7,

1841–1844.
[225] K. Yoshikawa, K. Achiwa, Chem. Pharm. Bull. 1995, 43, 2048–2053.
[226] Y. Okada, T. Minami, M. Miyamoto, T. Otaguro, S. Sawasaki, J. Ichikawa,

Heteroat. Chem. 1995, 6, 195–210.
[227] F. G. Adly, J. Maddalena, A. Ghanem, Chirality 2014, 26, 764–774.
[228] P. Müller, Y. Allenbach, E. Robert, Tetrahedron: Asymmetry 2003, 14,

779–785.
[229] A. Ghanem, M. G. Gardiner, R. M. Williamson, P. Müller, Chem. Eur. J.

2010, 16, 3291–3295.
[230] R. T. Buck, C. J. Moody, A. G. Pepper, Arkivoc 2002, 16–32.
[231] J. T. Mattiza, J. G. G. Fohrer, H. Duddeck, M. G. Gardiner, A. Ghanem,

Org. Biomol. Chem. 2011, 9, 6542–6550.
[232] C. F. Garcia, M. A. McKervey, T. Ye, Chem. Comm. 1996, 1465–1466.
[233] H. T. Bonge, M. Kaboli, T. Hansen, Tetrahedron Lett. 2010, 51, 5375–

5377.
[234] J. Kang, B. Zhu, J. Liu, B. Wang, L. Zhang, C.-Y. Su, Org. Chem. Front.

2015, 2, 890–907.
[235] P. Müller, Y. F. Allenbach, M. Ferri, G. Bernardinelli, Arkivoc 2003, 80–

95.
[236] H. Tsutsui, Y. Yamaguchi, S. Kitagaki, S. Nakamura, M. Anada, S.

Hashimoto, Tetrahedron: Asymmetry 2003, 14, 817–821.

[237] S. K. Bertilsson, P. G. Andersson, J. Organomet. Chem. 2000, 603, 13–17.
[238] D. M. Hodgson, P. A. Stupple, F. Y. T. M. Pierard, A. H. Labande, C.

Johnstone, Chem. Eur. J. 2001, 7, 4465–4476.
[239] F. G. Adly, M. G. Gardiner, A. Ghanem, Chem. Eur. J. 2016, 22, 3447–

3461.
[240] S. Hashimoto, N. Watanabe, T. Sato, M. Shiro, S. Ikegami, Tetrahedron

Lett. 1993, 34, 5109–5112.
[241] Y. Natori, H. Tsutsui, N. Sato, S. Nakamura, H. Nambu, M. Shiro, S.

Hashimoto, J. Org. Chem. 2009, 74, 4418–4421.
[242] M. Yamawaki, H. Tsutsui, S. Kitagaki, M. Anada, S. Hashimoto,

Tetrahedron Lett. 2002, 43, 9561–9564.
[243] T. Goto, K. Takeda, N. Shimada, H. Nambu, M. Anada, M. Shiro, K. Ando,

S.-I. Hashimoto, Angew. Chem. Int. Ed. 2011, 50, 6803–6808; Angew.
Chem. 2011, 123, 6935–6940.

[244] S. R. McCabe, P. Wipf, Synthesis 2019, 51, 213–224.
[245] Z. J. Garlets, E. F. Hicks, J. Fu, E. A. Voight, H. M. L. Davies, Org. Lett.

2019, 21, 4910–4914.
[246] S. Kitagaki, M. Anada, O. Kataoka, K. Matsuno, C. Umeda, N. Watanabe,

S.-i. Hashimoto, J. Am. Chem. Soc. 1999, 121, 1417–1418.
[247] P. Müller, A. Ghanem, Org. Lett. 2004, 6, 4347–4350.
[248] R. P. Reddy, H. M. L. Davies, Org. Lett. 2006, 8, 5013–5016.
[249] A. Nasrallah, V. Boquet, A. Hecker, P. Retailleau, B. Darses, P. Dauban,

Angew. Chem. Int. Ed. 2019, 58, 8192–8196.
[250] C. G. Espino, K. W. Fiori, M. Kim, J. Du Bois, J. Am. Chem. Soc. 2004, 126,

15378–15379.
[251] R. P. Bonar-Law, T. D. McGrath, N. Singh, J. F. Bickley, C. Femoni, A.

Steiner, J. Chem. Soc. Dalton Trans. 2000, 4343–4347.
[252] M. Kono, S. Harada, T. Nemoto, Chem. Eur. J. 2019, 25, 3119–3124.
[253] N. D. Chiappini, J. B. C. Mack, J. Du Bois, Angew. Chem., Int. Ed. 2018,

57, 4956–4959.
[254] Y. Wang, Z. Fang, X. Chen, Y. Wang, Chem. Eur. J. 2020, 26, 6805–6811.
[255] J. Bickley, R. Bonar-Law, T. McGrath, N. Singh, A. Steiner, New J. Chem.

2004, 28, 425–433.
[256] K. P. Kornecki, J. F. Berry, Eur. J. Inorg. Chem. 2012, 562–568.
[257] T. Hoeke, E. Herdtweck, T. Bach, Chem. Comm. 2013, 49, 8009–8011.
[258] P. A. Chen, K. Setthakarn, J. A. May, ACS Catal. 2017, 7, 6155–6161.
[259] P. H. Ho, C. C. Hung, Y. H. Wang, G. J. Chuang, Asian J. Org. Chem.

2019, 8, 275–278.
[260] G. M. Adjabeng, D. A. Gerritsma, H. Bhanabhai, C. S. Frampton, A.

Capretta, Organometallics 2006, 25, 32–34.
[261] D. M. Hodgson, P. A. Stupple, F. Pierard, A. H. Labande, C. Johnstone,

Chem. Eur. J. 2001, 7, 4465–4476.
[262] R. Hrdina, L. Guénée, D. Moraleda, J. Lacour, Organometallics 2013, 32,

473–479.
[263] D. M. Hodgson, D. A. Selden, A. G. Dossetter, Tetrahedron-Asymmetry

2003, 14, 3841–3849.
[264] B. Xu, S. F. Zhu, Z. C. Zhang, Z. X. Yu, Y. Ma, Q. L. Zhou, Chem. Sci. 2014,

5, 1442–1448.
[265] E. V. Dikarev, T. G. Gray, B. Li, Angew. Chem. Int. Ed. 2005, 44, 1721–

1724; Angew. Chem. 2005, 117, 1749–1752.
[266] T. L. Sunderland, J. F. Berry, Dalton Trans. 2016, 45, 50–55.
[267] Z. Ren, T. L. Sunderland, C. Tortoreto, T. Yang, J. F. Berry, D. G. Musaev,

H. M. L. Davies, ACS Catal. 2018, 8, 10676–10682.
[268] E. V. Dikarev, B. Li, H. Zhang, J. Am. Chem. Soc. 2006, 128, 2814–2815.
[269] T. L. Sunderland, J. F. Berry, J. Coord. Chem. 2016, 69, 1949–1956.
[270] T. L. Sunderland, J. F. Berry, Chem. Eur. J. 2016, 22, 18564–18571.
[271] I. K. Kireeva, G. Y. Mazo, R. N. Shchelokov, Zh. Neorg. Khim. 1979, 24,

396–407.
[272] N. Mehmet, D. A. Tocher, Inorg. Chim. Acta 1991, 188, 71–77.
[273] Y. Kataoka, R. Fukumoto, N. Yano, D. Atarashi, H. Tanaka, T. Kawamoto,

M. Handa, Molecules 2019, 24, 447.
[274] H. You, Y. Wang, X. Zhao, S. Chen, Y. Liu, Organometallics 2013, 32,

2698–2704.
[275] L. Zhao, H. Zhang, Y. Wang, J. Org. Chem. 2016, 81, 129–136.
[276] Y. Wang, Y. Kuang, H. Zhang, R. Ma, Y. Wang, J. Org. Chem. 2017, 82,

4729–4736.

Manuscript received: October 14, 2020
Revised manuscript received: November 14, 2020
Accepted manuscript online: November 17, 2020

Minireviews
doi.org/10.1002/ejic.202000955

528Eur. J. Inorg. Chem. 2021, 501–528 www.eurjic.org © 2020 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Donnerstag, 04.02.2021

2106 / 189900 [S. 528/528] 1

http://orcid.org/0000-0001-5060-6666

