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Article history: Chiroptical methods represent indispensable tools for structural studies of chiral coordination com-
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pounds. Numerous applications in asymmetric catalysis, chiral recognition, chiral materials, and
supramolecules stabilized by metals have fuelled their ongoing development. Materials derived from
chiral coordination compounds have attracted considerable interest due to the possibility to fine-tune
their physical properties through versatile chemical synthesis. This review provides an overview of the
applicability range of chiroptical methods as a principle tool for chirality investigation, and typical appli-
R cations of chiral coordination chemistry. The potential of electronic and vibrational chiroptical methods
Coordination compounds . . N .. ... . . ..
Chiroptical spectrascopy in the design and characterization of coordination compounds is discussed. The electronic optical activity
New materials in the form of circular dichroism (CD) continues to be the most frequent tool in stereo-chemical analy-
sis. The potential of vibrational optical activity (VOA) for chiral coordination compounds is still poorly
explored, especially when compared with VOA’s role in organic chemistry and biochemistry. However,
the vibrational region can often provide unique and more detailed information than the electronic meth-
ods, because of higher spectroscopic resolution, reduced dependence on characteristic chromophores,
and better reproducibility of the spectra by theoretical methods.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Chirality, the so called left- and right-hand symmetry, is defined

in chemistry by IUPAC as: The geometric property of a rigid object

(or spatial arrangement of points or atoms) of being nonsuper-

S imposable on its mirror image; such an object has no symmetry
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Fig. 1. Examples of chirality of an organic compound, camphor (top), and a cop-
per(Il) coordination compound (containing the camphor residue, too, bottom).

superimposable on its mirror image the object is described as being
achiral [1]. Molecular chirality is essential for the functioning of
living organisms. For coordination compounds, the issue of chi-
rality emerged almost as early as the coordination chemistry was
founded by Alfred Werner [2]. Chirally resolved (enantiomeric)
coordination compounds could be utilized in many domains of
chemistry including asymmetric catalysis, chiral recognition, chiral
materials, and supramolecular chemistry [3].

In spite of that, chirality is not so frequently explored in coor-
dination chemistry as it is in organic chemistry and biochemistry
[4]. One of the reasons may be the complicated relation between
the geometry and electronic configuration of coordination com-
pounds. Heavy metals contain d and higher angular-momentum
orbitals, sometimes spin-polarized, and the theoretical description
is more complicated than for the majority of organic compounds,
often containing s and p orbitals only. Additionally, for elements of
higher atomic number, relativistic effects cannot be neglected [5].

In metal complexes, chirality is often realized by an asymmetric
ligand arrangement around one or several coordination centres of
high coordination number [2,6]. To some extent, the metal plays
the role of the asymmetric carbon in organic molecules, often with
a similar chiral scaffold (Fig. 1). The chiral arrangement is variable
in crystals in which optically active compounds (both organic and
inorganic) may belong to one of 15 symmetry point groups, Cy, s,
Cy, Cyy, Day, C3, D3, Cy, Sy, Dzd, Dy, Cg, Dg, T, and O.

The most common coordination compounds that are chiral at
molecular level possess elements of octahedral (OC-6), tetrahe-
dral (T-4), distorted square planar (SP-4), and helical symmetries.
According to the milestone work of Zelewsky, the transfer of chi-
rality from ligand to the metal ion centre is the most efficient way
of asymmetric synthesis of coordination compounds [7].

Aremarkably large variety of coordination compounds has been
prepared via a self-assembly of metal ions and optically active
ligands. Their properties are relatively well-predictable from geom-
etry and cooperative effects [3,8].

Materials made from coordination compounds have thus been
attracting attention as their physical properties may be fine-tuned
through versatile chemical synthesis [9]. Materials exhibiting mul-
tiple optical, electrical, and magnetic properties are sometimes
referred to as multi-functional [10].

Optical spectroscopic methods can be conveniently utilized to
study the synergetic effects between the geometry and physical
properties due to manipulated chirality. Chiroptical spectroscopies
are based on the interaction of chiral matter with left- and right-
circularly polarized light [11].

Historically, optical rotation and the optical rotation dispersion
(ORD) were the easiest methods to apply. However, the spectra

were difficult to interpret in terms of the structure, as the rotation
at each wavelength comprises contributions of many electronic
transitions. Currently, the most widely applied technique is thus
circular dichroism (CD) detecting the absorption difference between
left- and right-circularly polarized light for individual transitions
(Fig. 2). It includes the traditional electronic CD (ECD) sensing elec-
tronic transitions and sometimes referred to as ultra-violet CD
(UVCD), although commercially available spectrometers cover a
broad range of wavelengths (~180-800 nm). This range may be
severely restricted by the solvent transmission, material of the
sample cell, etc. Below 180 nm, special vacuum techniques and syn-
chrotron radiation can be used as the source of light. Low-lying
electronic transitions, for example in lanthanide complexes, can be
seen by extending the wavelength range to the near-infrared region
(800-1100 nm).

Theoretically, a technique akin to ECD is circularly polarized
luminescence (CPL). It detects transitions from the excited states,
i.e. it measures the differences in emission of the left- and right-
circularly polarized light [12].

In 1970s, molecular vibrational optical activity (VOA) was
developed [13], which brought about the possibility to study the
vibrational transitions, usually more numerous and better resolved
than the electronic ones. Additionally, the calculation of VOA spec-
tra is easier than for the electronic ones since one only needs to
model the electronic ground state.

The instrumentation for vibrational analogue of ECD, vibrational
circular dichroism (VCD), has been commercially available since
about 1997. The technique operates with infrared radiation.

Somewhat less common is the other form of VOA, Raman
optical activity (ROA) which detects the differences in scattering
intensities of right- and left-circularly polarized light. ROA instru-
mentation has been commercially available since about 2003.

Table 1 summarizes some basic properties of various chiroptical
techniques. However, any categorical division is only approximate.
For example, VOA spectroscopies can also include contributions
from low-lying electronic states; VCD has also been extended to
the near-infrared region (NIR-VCD), although applications in coor-
dination chemistry have not been reported so far [14].

Unlike for simple infrared absorption, VCD optical elements
limit the wavenumber range and sometimes the choice of sol-
vent. Also, samples suitable for VCD measurement should exhibit
absorbance in a relatively narrow range of 0.1-1.0; the most
desirable value is ca. 0.5. The absorbance can be optimized by
a combination of sample concentration, optical pathlength, and
the choice of solvent. Deuterated organic solvents are frequently
employed in order to reduce the absorbance and broaden the spec-
troscopic window. For insoluble compounds, solid state VCD may
be helpful while employing dispersion in mineral oil, or KBr pellet.

Compared with VCD, ROA measurement requires even slightly
higher sample concentration on average. Note that for many
compounds the recommended concentrations in Table 1 are not
possible due to the limited solubility. Unlike for VCD, water is a very
good solvent for the Raman techniques, whereas scattering from
organic solvents often masks the signal from the sample. Although
theoretically possible [15], ROA above ~2400cm™! is rarely mea-
sured due to the limits of the coupled-charge detector. Both of the
VOA methods (VCD and ROA) are more reliable than the electronic
ones to determine the conformation or absolute configuration.

ORD and ECD are probably the most flexible and most sensi-
tive techniques. Many organic solvents enabling ECD measurement
in a large part of the 180-800 nm intervals are available, and the
concentration can be lower than for VOA. The electronic spectra,
however, provide a limited number of features, not necessarily
associated with local geometry. ECD interpretation requires rather
extensive computations of excited electronic states, for which
available methods provide a limited precision only.
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Fig. 2. Schematic description of CD, A; and A are absorptions of left- and right-circularly polarized light.

2. Chiroptical spectroscopic methods in coordination
chemistry

2.1. Electronic circular dichroism (ECD) and optical rotatory
dispersion (ORD)

Let us recall that absorption and circular dichroism spectra con-
sist of peaks typically characterized by their positions (Amax, ¥max )
maximal/minimal intensities (&max, A€max, A€min), and band-
widths. The sign of a CD band represents the principal advantage
against the absorption as it brings about enhanced structural infor-
mation. All systems studied by ECD are also amenable to ORD;
however, the latter technique monitors a combined contribution
of all electronic states, and is used less frequently for structural
determination.

For studying CD, studied compounds must absorb in the accessi-
ble range of wavelengths (Fig. 2). Very frequently, charge-transfer
(CT) excited states in coordination compounds enable ECD mea-
surement useful for absolute configuration determination [16].

Determination of molecular structure is dependent on a good
theoretical model. Reliable computations of molecular excited
states are confined to small systems. ECD and ORD spectra of
larger molecules can usually be predicted with a good accuracy
using the time-dependent density functional theory (TDDFT) [17].
Yet accurate TDDFT predictions of ECD spectra of transition metal
complexes are very difficult. The calculated spectra are strongly
dependent on the functional employed since most functionals were
optimized for light elements. The ECD signal of the d-d transitions
is often very weak and beyond the computational accuracy. Often,
convergence problems are encountered, especially for open shell
systems [18].

The first TDDFT predictions of ECD spectra of coordination
compounds were reported in 2003 [19]. Afterwards, a number
of computations on ECD spectra of transition metal complexes
appeared [20]. For example, Ziegler et al. performed theoretical ECD
predictions of tris-diamine Co(III) and Rh(III) complexes. They ver-
ified that TDDFT was able to capture major differences in the ECD
spectra of complexes with the A-configuration, and their isomers
with the A-configuration, both in the d-d and ligand-to-metal CT

(LMCT) region [20(a)]. Analysis of other coordination compounds
[M(bpy)3]?* (M=Fe, Ru, Os) provided insight into the ECD origin,
caused by d-d and metal-to-ligand CT (MLCT) transitions, analo-
gously to the ligand charge exciton excitations [20(d)]. Wang et al.
analyzed three kinds of ruthenium-chelating tris-diamine com-
plexes to quantitatively assess the individual contributions of the
AJA,R/S,and d/\ steric arrangements to ECD, and suggested simple
rules to directly determine the absolute configurations [20(f)].

Obviously, X-ray single crystal diffraction remains the most reli-
able method for determination of the absolute configuration, also
for coordination compounds. However, growing the desired crystal
may not be possible. Structure or conformation adopted in the solid
state may differ from that in solution or in the gas phase. In such
cases the ECD technique combined with TDDFT calculations can be
helpful for stereo-chemical analysis [21].

For example, Bernhard et al. asymmetrically synthesized chi-
ral hemicage metal (M =Ru, Zn, Fe) complexes with predetermined
configurations at the metal centres with an optically active ligand.
Through comparing the calculated UV-vis and ECD spectra with
experimental data, the absolute configuration was found (Fig. 3)
[21(c)].

We have asymmetrically synthesized macrocyclic copper
coordination compounds enantiomers derived from camphor
enantiomers as a model for CD complex studies (Fig. 1) [21(d)].
Their absolute configuration was determined by X-ray crystallog-
raphy. The TDDFT calculations reproduced the UV-vis and ECD
spectra quite well, which enabled reliable assignments of the ECD
and absorption bands, and the absolute configuration. Frelek et al.
used dimolybdenum carboxylates as ECD auxiliary chromophores
for the determination of absolute configuration of optically active
vic-diols, with the support of DFT calculations. The stereo-analysis
enabled them to estimate the most probable geometry of the chi-
ral complex formed in solution (Fig. 4) [22]. Recently, Enamullah
et al. reported induced chirality-at-metal and diastereoselectiv-
ity at A/A-configured distorted SP-4 copper complexes derived
from bidentate enantiopure Schiff base ligands, the TDDFT simu-
lated ECD spectra for diastereomers revealed that ECD spectra of
those complexes were strongly influenced by the configuration of
the central copper ion [23].

Table 1
Comparison of the chiroptical techniques.
ORD ECD CPL VCD ROA

Cost (108 USD) Cheap 0.1 0.3 0.1 0.2
Usual detection range 180-800 nm 180-800 nm 180-800 nm 800-4000cm! 100-2400cm™!
Typical concentration used 0.1 mg/ml 0.1 mg/ml 0.1 mg/ml 10mg/ml 30 mg/ml
Theoretical prediction (DFT/TDDFT) Reliable for large rotations Usually reliable Difficult Very reliable Very reliable
Water as a solvent OK OK OK Problematic Ideal
Organic solvents OK OK OK Acceptable Problematic
Solid state measurement Artefacts Possible Possible Possible Not known
Peak resolution Limited Few bands Few bands Many transitions Many transitions




4 T. Wu et al. / Coordination Chemistry Reviews 284 (2015) 1-18

3.5 -3
3 —Expt 25 s
g 25 — Calc 2 ¢
8§ 2 2
2 15 &
S 15 g
o =
< 4 -1 3
0.5 0.5 °
i
0 ‘ ‘ = 0
250 300 350 400 450 500
Wavelength (nm)
400 2000
300 - - 1500 9
200 1000 &
e 108 N\ gOO r
'—D ‘/ ™ = 3 . =)
g -100 } N>+ 500 §
4 -200 « - -1000 ;
M = Ru(Il), Zn(II), Fe(Il) 300 bex10 gt | 1500 £
-400 - —Cale + -2000 ‘g
-500 -2500
250 300 350 400 450 500
3 25 Wavelength (nm)
2.5 _E‘ﬁ B3LYP/6-31G" 4 0.6
‘ - . 2 £ — X
o Fe ——Calc - BLYP/LANL20Z 5 3.5 _m —(E:a::-BSLYPIGMG' 05 5
g 2 1458 o 3 Z_;l_ ) ——Calc - BALYPILANL2DZ &
£ 15 « Jwe 225 1048
s AxS g 32 2
2 1 1 8 § 2 - 0.3 s
< : o =
. g 215 02 7%
0.5 05° < 3
0 ll \k [ . 0 0.5 JL_ _[ 0.1
i Tl
250 300 350 400 450 500 550 600 0 ‘ 0
—— 250 270 290 310 330 350
Wavelength (nm)
150 m— 1500 o 556
100 X ——Calc - BALYP/6-31G* 1000 ° —Expll 500
. - Calc - BALYP/LANL2DZ % 100 ——Calc - BALYP/B31G" e
: == Calc - B3LYP/LANL2DZ )
s - 0 0 =]
o 'E -
§ 5 100 50 5
1000 % E -200 §
2 o 1. -]
_1500% 4 300 1000 ,g
£ 400 -1500 §
' -500 -2000 &
250 300 350 400 450 500 250 270 290 310 330 350
Wavelength (nm) Wavelength (nm)

Fig. 3. The structures of chiral hemicage metal complexes and their corresponding experimental and calculated UV-vis and ECD spectra. Reproduced with permission from
Ref. [21(c)]. Copyright 2008 American Chemical Society.

The intensities of ECD spectra are particularly strong in com- chromophores in space, and thus induces the ECD signal. This usu-
pounds and metal complexes that exhibit exciton coupling effects ally leads to ECD couplet, also sometimes seen as a combination
(Fig. 5) [16(a),24], which is sometimes denoted as the exciton- of positive and negative cotton effects (Fig. 6). Recently, Anslyn

coupled circular dichroism (ECCD). The exciton coupling occurs and Di Bari presented a new ECCD model by employing a zinc
when two of the same or similar, usually achiral, chromophores tris(pyridine) complex, interpreted on the basis of TDDFT calcu-

are chirally arranged in space. Because of the similarity of the elec- lations. The ECD couplet could then be used for stereo-chemical
tron energy levels, these are easily perturbed by the interaction. The analysis of enantiomeric excess of chiral secondary alcohols (Fig. 7)
energy splitting and a large electronic transition dipole moment in [26].

each chromophores may lead to a strong ECD signal, often in the Chirality and the excitonic splitting can be utilized to study
form of a couplet, i.e. pair of a positive and negative ECD bands. today very popular molecular switches [27]. Any molecule that can
For example, metallated porphyrin tweezers are widely applied as reversibly interconvert between two stable states upon an exter-
binding sites in the assignment of absolute configuration of opti- nal stimulus can be considered a molecular switch. Chiroptical
cally active organic compounds based on the ECCD methodology switches alter their mode of interaction with circularly polarized

[25]. The optically active guest molecule fixes the exciton-coupled light. They serve as key elements in optical displays and other



T. Wu et al. / Coordination Chemistry Reviews 284 (2015) 1-18 5

Ag'

— exp. ECD
—TD-DFT calculations

1 " 1 A 1 " 1

250 350 450 550 650
A/nm

Fig. 4. Structure of dimolybdenum tetracarboxylate chelating vic-diol complex
involved and their experimental and TDDFT calculated ECD spectra. Reproduced
with permission from Ref. [22]. Copyright 2013 American Chemical Society.

materials for molecular electronics. Currently, ECD spectroscopy
is most widely applied for the characterization of these materials.

The combination of coordination and redox chemistry can alter
conformational states of molecular switches; metal ions then
induce structural variances directly. Canary systematically inves-
tigated mechanisms useful for the design of chiroptical switches
based on coordination compounds [28]. Basic requirements include
stability and chemical reversibility of optical active molecules. A
high sensitivity of the chiroptical response (such as distinctive ECD
signal changes) and multimode switching for potential usage are
also necessary. [n]Helicenes are good candidates for chirality trans-
fer in coordination chemistry. Crassous et al. reported synthesis
of an aza[6]helicene-phosphole as an epimeric mixture of (P,Rp)-
and (P,Sp)- conformations with inversion of the configuration at
the phosphorus atom (Fig. 8) [29(a)]. Through coordinating with
Pd!' and Cu' metal ions, Pd" was more efficient than Cu! to pro-
mote chiroptical properties (ECD and optical rotations) of these

helicene derivatives. The coordination of [n]helicenes and transi-
tion metals might provide an efficient route to obtain chiroptical
switches [29(b)-(d)].

As indicated above, usage of ORD in coordination chemistry is
limited, and the theory suffers similar problems as ECD [30].

2.2. Circularly polarized luminescence (CPL)

CPL can be viewed as the emission analogue of ECD, i.e. the
light is emitted by an excited state. A strong CPL is typically exhib-
ited by optically active lanthanide complexes [31]. Whereas EDCD
(emission-detected circular dichroism or fluorescence-detected
circular dichroism FDCD) spectroscopy like conventional CD exa-
mines the structure of the ground state, one can say that CPL
probes the chirality of the excited state. These spectroscopic exam-
inations are particularly valuable when geometry changes occur
during the electronic excitation process; theoretically, with no
geometry change and the same states involved in CPL and ECD, the
two spectroscopic shapes would be the same. However, CPL mod-
elling often involves energy transfer between molecular energy
levels and excited state optimization, quite more complex than for
ECD.

Both methods if combined with time resolution bring about
information about molecular dynamics and energy changes that
occur between the time of the excitation and emission. The combi-
nation of ECD and CPL spectra is thus very desirable for analyzing
the ground and excited states of transitional metal complexes.
Richardson et al. investigated chirality-related structural variances
between ground state and 3MLCT emitting states of an osmium(II)
polypyridyl complex through comparison of the absorption and
emission dissymmetry factors [32]. In the ECD-CPL spectroscopic
overlap, the magnitude of observed emission dissymmetry factor
was much weaker than the absorption one. The geometry differ-
ences between the ground and emitting states were helpful for
interpretation of chirality-dependent molecular processes.

Bernhard designed ruthenium(Il) and zinc(Il) hemicage com-
plexes derived from chiral 2, 2’-bipyridine ligands with controlled

i<:— ‘{'3" ¥, ¥ T ¥ " ‘Pf*
» — :
m— %% - ]
y, i ¥, w, 4]
€ € €
A A

Ae Ae Ae

+ + | +

. A, LA, A

Fig. 5. Exciton coupling of two degenerate transitions, the absorption and ECD spectra:

[16(a)]. Reproduced with a permission of Elsevier.

ground states (W), excited states (¥, split into ¥,' and ¥,2 due to the interaction)
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a) ) 0

b)

Fig. 6. Induced exciton coupling (a) ECD spectrum is dependent on the porphyrin
geometry; the double headed black arrows represent the direction of the transition
dipole moment. (b) The chiral orientation is caused, for example, by steric effects;
L, M and S mean large, medium and small sized groups in a chiral substrate [25(b)].
Reproduced with a permission of Elsevier.

~ -0

Zn(OTf),

ROH =

ECCD and
ee analysis

Fig. 7. Zinc(Il) tris(pyridine) complex model for ECCD. Reproduced with permission
from Ref. [26]. Copyright 2012 American Chemical Society.

2+ 2 SbFg

(C0.01, CH,Cly)

[sF =+23100

Fig. 8. Stereoselective coordination process of the aza[6]helicenephosphole P,N-
chelate ligand to Pd" ion. Reproduced with permission from Ref. [29(a)]. Copyright
2009 American Chemical Society.

helicity. Their absolute configuration was verified by ECD and CPL
spectroscopies (Fig. 9) [33]. For the zinc complexes, an intersystem
crossing occurred during the cage coordination process, leading to
a phosphorescent emission of the blue light. Both Zelewsky and
Bernhard confirmed that optically active iridium(IlI) complexes
were good candidates for observing CPL [34], in particular the
maximum g (ratio of CPL and total emission) value for one of the
enantiopure compounds reached 2 x 10~3 (Fig. 10) [34(b)]. Bern-
hard employed TDDFT computations, firstly of the ECD spectra of
these iridium(III) complexes, and then extended the calculations to
simulate emission dissymmetry, with the aim of establishing reli-
able theoretical model for analogous coordination compounds. The
observed emission dissymmetries were compared with TDDFT pre-
dicted values. The results confirmed viability of the model for other
coordination compounds, providing realistic emission dissymme-
try values [34(b)]. Helicenes have been reported as systems with a
particularly large CPL response [35], similarly as for ECD. Recently,
platinahelicenes with a large spin-orbit coupling constant present
in non-stereogenic platinum atom exhibited a circularly polarized
phosphorescence of a very high-g value, 102 [36].

Kaizaki and Muller reported an extraordinary large CPL inten-
sity for a tetrakis((+)-3-heptafluorobutylyrylcamphorato)Eu(IIIl)
complex with an encapsulated Cs* ion, comprising Cs!...FC (flu-
orocarbon) interactions [37]. The absolute maximum value of the
luminescence dissymmetry factor g was 2, higher than in previously
reported CPL of lanthanide complexes in solution. They extended
ECD and CPL studies to a series of analogous lanthanide complexes
with encapsulated alkali metal ion [38]. The large CPL signal of
the 4f-4f transitions carried rich information about stereospecific
formation of chiral Ln(Ill) complexes. The ECD spectra reflected
a helical arrangement of chelated ligands. The 4f-4f ECD-CPL
spectra in the hypersensitive transitions revealed an empirical
spectra/structure correlation for the optical activity of lanthanide
complexes.

2.3. Vibrational circular dichroism (VCD)

Compared with ECD, the vibrational techniques provide more
local structural information, seeing interactions through covalent
bounds or short-range electromagnetic interactions. The applica-
tion of VCD to determination of the absolute configurations in
organic chemistry has been promoted by the development of the
quantum-mechanical theory of VCD intensities, and its implemen-
tation using ab initio density functional theory [39]. VCD was
applied to correct the X-ray absolute configuration assignments of
conformationally flexible molecules [40].

Early VCD investigations of metal complexes revealed the
chelate ring conformation of transition metal complexes [41]. In
2001, Nafie et al. reported the first ab initio VCD calculation for
a coordination compound, closed-shell Zn(Il) complex of 6R, 7S,
9S, 115-(—)-sparteine. The simulated and experimental IR and VCD
were quite close [42]. For open-shell Co(Il) and Ni(Il) complexes
(Fig. 11), VCD intensities are enhanced if compared with the Zn(II)
species. These studies confirmed that VCD can be applied to coor-
dination compounds as a probe of absolute configuration, optical
purity, and solution conformation at the same extent as for the
organic compounds.

There is a general belief that VCD is less predictable for
open-shell systems [43]. But recent results suggest that the VCD
simulations can be also applied to open-shell metal complexes,
although potential convergence problems are expected to be
more frequent than for the closed shell systems. For example,
Sato et al. discussed the impact of the d electrons of metal ions
in tris(B-diketonato) metal complexes on VCD shapes (Fig. 12)
[44]. Distinctive effect of the central metal ion was observed
on VCD peaks of the C—O stretches (1500-1300cm~1). The DFT
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calculation approximately reproduced VCD of Co(III), Rh(IIl), and
Ir(Ill) complexes, but failed in predicting spectra of Ru(Ill) and
Cr(IIl) complexes. This discrepancy was attributed to the open-shell
properties of these metals, and open-shell TDDFT calculations with
all-electron scalar relativistic treatment were performed, to ana-
lyze VCD spectra of [M(III)(acac)s] (M =Cr, Co, Ru, and Rh) [45]. The
authors verified that such calculation and the harmonic approxi-
mation approximately fitted the experimental result for complexes
of Co(III), Rh(III), and Ru(lll). For the Cr(Ill) complex, anharmonic
effects should be considered for predicting the accurate vibrational
frequencies of close modes.

For open-shell metal complexes, an enhancement of VCD signals
may occur due to the existence of a low-lying electronic state. Nafie
investigated such VCD enhancement mechanism, and analyzed the
role of low-lying excited electronic states in the VCD signal of coor-
dination compounds with d-d transitions [46]. The enhanced VCD
signals are quite helpful for the stereo-chemical analysis. For exam-
ple, Thulstrup reported VCD study of a spin-triplet bis-(biuretato)
Co(Ill) coordination compound [47]. Several strong VCD transi-
tions were observed in both the liquid and solid phases, attributed
to the coupling of vibrational and electronic transitions. Cobalt
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coordination compounds could be used as marker models for active
sites. Recently, VCD spectroscopic intensities of amino acids and
oligopeptides were enhanced upon coordination with the Co2* ion,
which originated in the vibronic coupling and a participation of
low-lying electronic states [48].

Nafie et al. also performed a series of experimental and theoret-
ical studies on VCD spectra of coordination compound [Co(en)s ]?*
[41(c),49]. The recorded VCD signals both in the hydrogen stretch-
ing and mid-infrared regions were sensitive to the nature and
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concentration of the halide counterion. TDDFT calculations con-
firmed the absolute configuration assignment [49]. Major ring
conformation in solution was derived from VCD features, charac-
teristic of an en-ring conformation, and a mode associated with the
chloride ion.

Nicu et al. revealed that the donor-acceptor interactions
between the Cl~ base and the N—H o™ acceptor orbitals encoun-
tered in the complexation of CI~ counterions to the [Co(en)3]**, led
to a large enhancement (between 1 and 2 orders of magnitude) of
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Fig. 12. Study documenting and analyzing the impact of d electrons of metal ions in tris(f3-diketonato) complexes on VCD shapes. Reproduced with permission from Ref.

[44(b)]. Copyright 2007 American Chemical Society.
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the VCD intensities of N—H stretching modes [50]. They attributed
this enhancement to the charge transfer from the chloride ions to
the N—H bond.

Di Bari et al. proposed that lanthanide ions could cause a shape-
conserving enhancement of VCD spectra, i.e. the positions and
relative amplitudes of the bands are conserved, which they termed
as a lanthanide induced VCD enhancement (LIVE) [51]. Unlike VCD
enhancement caused by the charge transfer, LIVE was influenced by
the nature of Ln3* only, and not by the coordinating ligated anion.
Such enhancement is helpful for understanding of the chirality fea-
tures of lanthanide complexes in solution, for design of NMR shift
reagents, etc.

Chiral oxorhenium(V) complex has a relatively simple chemi-
cal structure, which plays a key role in fundamental physics as a
potential probe for molecular parity-violation (PV) [52]. Crassous
etal. scanned the VCD spectra of several enantiopure chiral oxorhe-
nium(V)complexes [53]. Despite the fact that the rhenium atom did
not act as a stereogenic centre, the surrounding chiral environment
was responsible for the VCD signal. With the support of quantum
chemical calculations, they concluded that VCD spectroscopy is an
excellent technique for (potential) monitoring PV effects.

Dinuclear rhodium(Il) complexes are important because they
exhibit catalytic activity at asymmetric catalysis, and were
proposed as anticancer agents. Szilvagyi et al. employed VCD spec-
troscopy for conformational studies of chiral amino acids derived
dinuclear rhodium(Il) complexes [54]. The calculated VCD spectra
of the conformers were in a good agreement with the experimen-
tal results. The exciton coupling effect of the C=0 groups [55] was
important for the determination of absolute configuration [56].

Janiak et al. investigated diastereoselections of pseudotetra-
hedral zinc-Schiff base complexes in CDCl3 solution [57]. Not
only the absolute configuration could be assigned based on the

comparison between experimental and calculated VCD spectra, but
the sensitivity of VCD signal to the metal-centered A/A-chirality
was reflected by a feature band characterizing coupled vibrations
of the two ligand’s C=N stretch modes. Xu et al. reported that VCD
spectra were able to reflect the influence of the electron configura-
tion and coordination number of coordination compounds based
on trans-1,2-diaminocyclohexane (chxn) [58]. They also exam-
ined associated VCD spectra of homo- and heteroleptic geometries
when one chxn in [Cu(chxn)3](ClO4), was replaced with another
ligand [59]. Comparison with the calculated spectra revealed that
the spectroscopic differences are associated with the relative
abundances of the A- and A-configurations. VCD signals of the
NH,-bending modes were independent on the coordination num-
ber and the configuration of the metal centre. Lately the same
authors investigated solvent impact on the equilibrium between A
and A stereoisomers of a tris(diamine)nickel(Il) complex [60]. Sig-
nificant shift of the equilibrium towards the A diastereomer was
observed for the complex in dimethyl sulfoxide. In a VCD char-
acterization of optically active tripodal dendritic polyoxometalates
(POM) [61], predicted intensities of PO and W=0 stretching vibra-
tions reflected the chirality transfer from the ligand to the POM
cluster.

Chiral metal complexes with m-bonded ligands (such as chiral
metallocene etc.) are an important group of asymmetric catalysts.
Unlike most 8-bonded metal complexes where the metal ions func-
tion as the stereogenic centres, most -bonded metal complexes
are planar. Stephen et al. reported the experimental and theo-
retical VCD studies of a chiral tricarbonyl-m®-arene-chromium(0)
complex [62]. Merten et al. examined the influence of different
central ion and counterion on VCD spectra of a Ziegler—Natta-
catalyst, dichlorol(S,S)-ethylenebis(4,5,6,7-tetrahydro-1-indenyl)]
zirconium(IV) [63]. These results show that VCD spectroscopy is
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valuable for the design and structural analysis of asymmetric cata-
lysts based on metal complexes.

Kaizaki et al. examined the comparable VCD spectra for a
series of eight coordinated tetrakis((+)-3-heptafluorobutylyryl-
camphorato)Ln(Ill) complexes with an encapsulated alkali metal
ion. In comparison with the DFT calculations and previous ECD
and/or CPL studies, the most intense VCD shapes near 1550 cm™!
changed under alteration of the central lanthanide(Ill) ion [64].
The VCD signal intensified as the ionic radius of alkali metal ion
increased, from K* to Cs*. VCD spectra were almost unchanged
with different lanthanide ions, which were in consistent with ECD
observation. No influence of low-lying electronic states observed in
these Eu(lll) species. For a series of Cs+ ion related lanthanide(III)
complexes VCD intensities were strongly linked with the parity of
the total orbital angular momentum L in the ground state terms
of Ln(IIl) ions [65]. VCD spectra were not capable, however, of dis-
tinguishing between the ground state electron configurations and
spin multiplicities.

Recently Sato et al. extended VCD spectroscopic explorations
to the oligomers of 3-diketonato complex frameworks [66]. By
comparing the VCD spectra of eight diastereomeric enantiomers
of these star-burst type tetranuclear Ru(Ill) complexes, the homo-
or hetero-chiral character of the bridging part linking the cen-
tral core and the peripheral skeleton could be discriminated. VCD
spectroscopy could manifest the static and dynamic properties of
mononuclear and multinuclear optically active metal complexes,
not approachable by other spectroscopies [67].

Lately, we obtained two novel species of enantiomeric transition
metal coordination compounds with predetermined configura-
tion via macrocyclic ligands derived from camphor [21(d),68] (see
also Fig. 1). Similarly as for ECD, VCD could serve as an excel-
lent technique to monitor the coordination process in copper(Il)
complexes [21(d)] (Fig. 13). Analogously, a chirality transfer in
a magnetic coordination polymer was accompanied by the VCD
exciton coupling phenomena [55] of the ligands in the iron(III)
complex or polymer (Fig. 14) [69]. VCD was capable of detecting
subtle variances of chirality in small biologically active systems
containing metal, useful for probing chiral recognition in coordina-
tion compounds [70]. Through the stereo-chemical analysis of the
racemization of a chiral bipyridine coordinating with metal ion VCD
detected the enantiomeric excess during the coordinating process
[71].

Poly(pyridylamide) ligands are generally used for building
molecular wires. But these extended metal atom chains are nor-
mally isolated as racemic crystals. Cotton et al. established an
approach for exploring the chirality of such-type molecular wires
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Fig. 15. Solid state IR (up) and VCD spectra (bottom) (fluorolube mull) of two poly-
morphs (Form-Y and Form-O) of crystalline cyclometalated platinum(Il) complexes

[75(b)].

by VCD, ECD and ORD methods with the aid of DFT calculations [ 72].
Despite a few bands influenced by the strong absorption of solvent,
VCD provided more information on the helical structure when com-
pared with ECD and ORD. The discrepancies of wavelength shifts for
electronic transitions between experimental and calculated spec-
tra of ECD and ORD, however, could not be reconciled by current
DFT methods.

CD spectroscopy is usually applied for solutions. Solid state
species may cause sample anisotropy. Additionally, solid state
UV-vis measurement is more difficult than IR measurement. Arte-
facts may destroy recorded spectra, depending on the sample
[73]. VCD for solid-phase samples is available in KBr pellets or
as a suspension of a powder in fluorolube/mineral oil. In spite
of the artefacts due to the inhomogeneous/non-isotropic sample,
solid state VCD [47,68,74] was valuable for the stereo-chemical
analysis of coordination compounds (particularly for coordination
polymers). Many crystalline samples are not stable in solution or
accessible by other spectroscopic methods. For example, crystals of
cyclometalated platinum(Il) complexes exist in many polymorphic
forms.

We designed and synthesized several groups of enantiopure
cyclometalated platinum(Il) complexes [75]. A series of samples
were prepared and measured under the same conditions to avoid
artefacts. Then the crystalline-to-amorphous transformation upon
mechanical grinding [75(a)] and single-crystal-to-single-crystal
transformation upon vapour exposure [75(b)] could both be mon-
itored by solid state VCD (Fig. 15). The results were consistent
with solid state ECD measurements. The single-crystal-to-single-
crystal transformation was further confirmed by single crystal
X-ray diffraction [75(b)].

2.4. Vibrational Raman optical activity (ROA)

Compared with VCD, vibrational ROA spectroscopy is less com-
mon. ROA is less sensitive than VCD and requires larger sample
amounts, but it comprises larger spectroscopic region. Unfortu-
nately, water as the most convenient solvent for a ROA is not
suitable for most coordination compounds. Additionally, many
samples exhibit fluorescence during the measurement with the
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green 514 or 532 nm lasers. Reiher et al. reported the first theo-
retical analysis of ROA spectra of chiral metal complexes (Fig. 16).
Their calculations suggested that in spite of the practical problems
ROA is a very sensitive tool discriminating between metal com-
plexes differing in the central metal ion [76], and between the A
and A configurations, in addition to the chirality of the ligand(s)
[77].

The first ROA measurement of a coordination compound
was reported by Merten et al. with a lanthanide complex (+)-
tris[3-trifluoroacetyl-p-camphorato]europium(lll) [78]. Electronic
resonance appears between the laser light (532nm) and the
7F; — 3D, transition of the Eu3* metal centre. Natural non-resonant
ROA spectra of coordination compound were observed later by a
chiral zirconium(IV) complex, and reproduced by theoretical cal-
culations [79].

The circular intensity difference (ratio of the ROA and Raman
intensities) is expected to be enhanced in the induced resonance
ROA of in Eu(IIl) complex. Recently, Yamamoto and Bouf employed
this strategy for sensitive chirality detection of optically active
alcohols and ketones by chelating them with an achiral europium
complex (Fig. 17) [80]. These experiments combine ROA with cir-
cularly polarized luminescence.

3. Applications of chiral coordination compounds
3.1. Second-order nonlinear optic (NLO) materials

Second-harmonic generation (SHG), one of the most popular
NLO characteristics, is broadly applied in optical devices and infor-
mation technologies (Fig. 18). Coordination compounds appeared
as a new family of NLO materials due to their specific features
such redox and magnetic properties, and variable geometries [81].
The absence of the centre of symmetry is sufficient for SHG-active
material. Noncentrosymmetric metal-organic frameworks (MOFs)
are ideal platforms for design and preparation of SHG materials,
because of the metal centres, tailored geometry, and privileged
metal-ligand coordination interactions [9(a)]. In particular, non-
centrosymmetric MOFs sharing a diamond structure appear as very
handy topological blocks.

\ Eu OH OH
A~ Chiral Alcohol
Resonance o
ROA Probe Chiral Ketone
—R
=—3s
2 of 10* fold
= ROA Signal
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14
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Fig. 17. Induced resonance Raman optical activity (IRROA) in the presence of a
europium complex enabled the detection of molecular chirality with a 104-fold
increase in sensitivity relative to that observed with conventional nonresonant
vibrational ROA [80].

In principle, all chiral crystals should be SHG active. Since
chiral molecules crystallize in chiral space groups, assembling
coordination compounds with enantiopure ligands seems to be
a straightforward approach to construction of an SHG-active
material (Table 2). However, SHG activities in individual com-
pounds vary strongly. Note that the process of SHG material
design can be enhanced by theoretical predictions, similarly as the
(V)CD/CPL/ROA spectroscopic analyses.

Lately, pinene-derived enantiopure bipyridines [82,84] and
tripyridines [83] were employed to assemble zero-dimension (0-
D) coordination compounds with lanthanide ions, displaying a
stronger SHG activity. A strong enhancement of the SHG response
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Table 2

Selected SHG-active chiral coordination compounds.
Compound Chemical formula Dimension Space group SHG (12©) Refs.
1 [Eu(tta)s; pbpy] 0-D P2, 5 x Urea [82]
2 [Eu(tta)s;(dptp)](C3Hs0)-0.5H,0 0-D P24 0.9 x Urea [83]
3 [Eu(bta)s;(dptp)](CsHgO) 0-D P212124 0.1 x Urea [83]
4 [Dy(L1 )2(acac), [NO3-CH30OH-H,0 0-D P2, 6 x KDP [84]
5 {[Dy(L1)2(acac);]JNO3},-0.5H,0 0-D 2224 1 x KDP [84]
6 [(NiL!),-Na]*NCS~-MeOH-Et,0 0-D P2, 0.8 x Urea [85]
7 [Zn(bddp)-(H20)4]2-H,0 1-D P2, 0.6 x Urea [86]
8 [Cd(L-N3)2(H20)2]n 1-D Aba2 80 x Urea [87]
9 Cd(D-ca)(bte)-H,0 2-D Aba2 0.3 x Urea [88]
10 Cd4(D-ca)4(btp)2(H20)4 3-D P24 0.8 x Urea [88]
11 Cd(D-Hca),(bth)(H,0)-H,0 3-D P1 0.4 x Urea [88]
12 Zn;(etza), 3-D P24 0.6 x Urea [89]

was found in a 1-D polymer with Cd2* ion coordinated with a ligand
containing multi-chiral centres [87]. The SHG signal was more than
80 times higher when compared with urea.

For the 0-D coordination compounds listed in Table 2 [82-85]
the chirality was explored by ECD spectra. The coordination poly-
mers [88,89] provided solid state VCD spectra. For coordination
polymer 12 [89] constructed from achiral building blocks, solid
state VCD provided confirmation on the enantiomeric excess.

3.2. Ferroelectric materials

Ferroelectric materials are a class of dielectrics and a sub-unit
of pyroelectrics and piezoelectrics manifesting spontaneous elec-
tric polarization. Its direction can be reversed by external electric
field. Chiral ferroelectrics simultaneously share pyroelectricity and
piezoelectricity, as well as SHG properties, which enables many
applications in molecular electronics. Ferroelectric materials crys-
tallize in 10 polar point groups, Cq, Cs, Gy, Cay, C3, C3y, C4, Cay, Cg,
and Cgy [90,91]. So far more than 300 ferroelectric compounds have
been investigated [9(b)].

Lanthanide cations are generally employed to tune proper-
ties of ferroelectrics, such as the lead zirconium titanate (PZT)
for obtaining high remnant polarization (P;) values, square hys-
teresis loops, and enhanced fatigue resistance [92]. In addition, a
square-antiprism geometry distortion can bring intensive charge
separation to induce ferroelectric effect, similar to non-H-bonded
ferroelectrics TiBaO3 [93]. Enantiopure europium complex 1,
[Eu(tta)spbpy] (tta=2-thenoyltrifluoroacetonate); pbpy =(—)-4,5-
pinene bipyridine, or (+)-4,5-pinene bipyridine) crystallized in
chiral space group P2; belonging to C, polar point group was
obtained by employing chiral 2, 2’-bipyridine as the asymmet-
ric factor [82]. The ferroelectric value measured on thin film
(Pr~0.022 p.Ccm~2) (Fig. 19) is significantly improved compared
with the pellet sample (Pr= 0.006 uC cm~—2).

Ionic coordination compounds are more effective in polarity and
ferroelectricity than neutral molecules. An enantiomeric pair of
ionic trinuclear alkali-metal complexes belonging to C, polar point

group (space group, P21) was collected by using optically active
Schiff base ligands [85]. The value of Pr is ca. 4.18-5.33 uCcm2
and saturation spontaneous polarization is ca. 6.15-9.41 uCcm—2
larger than for a typical inorganic ferroelectric KH,POy,.

For chiral coordination compounds it is more difficult to explain
the ferroelectric origins than for traditional materials, due to their
complicated structure [90,93]. Possible mechanisms may incorpo-
rate geometrical distortion near the metal centre and motion or
distortion of the counterions. The chirality of the ferroelectric coor-
dination compounds can be monitored by ECD and VCD in the same
way as for SHG materials.

3.3. Chiral molecular conductors

A combination of chirality and conductivity in many materials
lead to electrical magneto-chiral anisotropy. The external magnetic
field is parallel to the direction of the current. The anisotropy was
predicted and observed also in chiral nanotubes by Rikken and co-
workers [94].

The chiral Hall effect is another interesting phenomenon, when
the external magnetic field is perpendicular to the current [95].
Most molecular conductors are prepared on the basis of tetrathi-
afulvalene (TTF) derivatives [96]. In TTF-based metal complexes,
there might be a strong coupling between the localised d elec-
trons (coming from the metal centre) and the mobile 7 electrons
(coming from the TTF), which provides a significant way to prepare
multi-properties materials [96(b)].

tetrathiafulvalene (TTF)
An enantiopure semiconductor employing Sb,((2R, 3R)-(+)-
tartrate), as the optically active inductor anion through electro-
crystallization was made by Coronado and co-workers [97] (Fig. 20).
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Fig. 19. Polarization hysteresis loops of europium complex 1 on powdered samples (left) and on thin films (right) [82].

Fig. 20. Alternating layers in the [ET]3[Sby(L-tart);|eCH3CN salt (ET=bis(ethyl-
endithio)tetrathiafulvalene; L-tart=(2R, 3R)-(+)-Tartrate). Reproduced with per-
mission from Ref. [97]. Copyright 2004 American Chemical Society.

It crystallizes in the P2;2127 space group, and is composed of one
anionic and one cationic network in alternate layers. In the solid
state ECD spectrum, a signal below 240 nm was attributed to the
organic part related to the conducting lattice. The spectrum of
the semiconductor salt confirmed that the overall chirality of the
crystal influences the organic radicals, despite the symmetry of
individual molecules.

Several reports revealed that the conductivity of molecular con-
ductors based on coordination compounds in the enantiopure state
could be strengthened if compared with the racemate [98-100]. For
chiral TTF-derivatives, chiroptical spectrarevealed valuable confor-
mation in solution [101].

3.4. Chiral molecule-based magnets

Coordination chemistry also contributed to the development of
molecule-based magnets [102]. Molecular magnetism can coexist
or interact with other physico-chemical properties [103], which is
helpful for manufacturing of multi-functional materials. Distinct
physical properties are also obtained by integration of the chirality
and magnetism [10,104]. Enantiomeric chiral magnets (ECM) has
drawn the interest of both chemists and physicists because of the
forecast [105] and detection of a cross-effect in paramagnetic [106]
and diamagnetic [107] enantiopure systems.

The combination of Faraday effects and circular dichroism is
referred to as the magneto-chiral (MCh) effect. It is proportional to
the magnetization, and its intensity was predicted to be profoundly
promoted in ECM. The light source used for measuring magneto-
chiral dichroism (MChD) emits unpolarized light, as opposite to the
circularly polarized light in CD (Fig. 21).

In molecular magnetism, a long term goal is to store and read
information stored on a single unit like single-molecule magnet
(SMM) [108] or single-chain magnets (SCM) [109]. MChD might be
applied to detect for systems incorporating enantiopure SMM [110]
and SCM [111].

Train et al. synthesized a 2D bimetallic oxalate bridged
framework in two enantiomeric forms, by employing a tetraalky-
lammonium countercation with a chiral carbon on one alkyl
chain as a template (Fig. 22) [104]. This material mani-
fested fascinating magnetic properties, including an abrupt
paramagnetic-to-ferromagnetic phase transition at 7K. A strong
MCh effect was detected for the first time on this ferromagnet. The
MCh values in the ferromagnetic phase were 17 times larger than
that in the paramagnetic case. This work thus perhaps opens the
magneto-chirality phenomena to data storage applications.

Lanthanides have a special position in magnetism because of
their large magnetic moments and generally distinct magnetic
anisotropy [112]. The magnetic anisotropy facilitates construc-
tion of SMM [113]. It is expected that adding the chirality to
lanthanide-based SMM would transfer the asymmetry to the ligand
field, which is crucial for dynamic magnetism. A C3-symmetric,
square-antiprismatic [3-diketonate complex [Dy-(FTA)3(BBO)]
(FTA = 2-furyltrifluoro-acetonate, BBO=(S,S)-2,2’-bis(4-benzyl-2-
oxazoline)) (14) was synthesized by introducing chiral oxazoline as
a co-ligand [114]. The chirality was indicated by the ECD spectra. It
exhibited slow magnetic relaxation and SMM behaviour.

4d and 5d orbitals are more diffuse than 3d orbital, which
enables a stronger magnetic exchange coupling to surrounding
ions. Recently Zuo et al. reported chiral SCM of cyano-bridged
Rul'-Mn!"" heterobimetallic chains assembled by versatile chi-
ral cyanometallic units ((R,R) or (S,S))-[BugN][Ru(5-Cl-Salcy)(CN); ]
[115]. Strong antiferromagnetic coupling between Ru'' and Mn'!!
centres linked by cyanide was observed. Both enantiomers behaved
like single-chain magnets. Solid state VCD was applied to confirm
the enantiomeric properties of crystalline coordination polymers
(Fig. 23).

3.5. Multi-functional materials

Because of the cross-effects like MChD, enantiopure chiral mag-
nets can be viewed as splendid examples of multi-functional
molecule-based materials. Combination of two properties gives
birth to the third one. The absence of centrosymmetry necessary
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Fig. 23. Structures of 1-D zigzag Ru""-Mn'" heterobimetallic chains derived from ((R,R) (left) and (S,S))-[BusN][Ru(5-Cl-Salcy)(CN); ] (right), and their measured solid state
VCD and IR spectra in KBr pellets [115].
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Fig. 24. Crystal structure of magnet coordination compound (+)-Fe;[Nb(CN)g ](4-bromopyridine)s.2 H, O (15). (a) Crystal structure viewed along the c-axis; (b) coordination
environments around Fe and Nb; (c) the helical spheres along the four-fold screw axis (c-axis) of the (+)- and (—)-enantiomers and (d) ECD spectra of the enantiomers.

Reproduced with permission from Ref. [120]. Copyright 2014 Nature Publishing Group.

to optical activity is accompanied by unique optical and electric
properties [9,10,116].

The SHG signal from a symmetry breaking at an interface can
be intensified when the material reaches its ferrimagnetic phase.
The changes are associated with the field-cooled magnetization
[117,118]. However, the spontaneous change cannot be controlled.
Train and Ohkoshi designed a model based on the chiral mag-
net of compound 13 (space group, P63), providing both SHG and
magnetization-induced SHG (MSHG) in its ferromagnetic state
[119]. MSHG extrema enhanced upon a magnetization reversal at
2K, providing MSHG along with MChD as an efficient approach to
detect the magnetization state of enantiopure chiral magnets.

Optical manipulation of physical properties and functionali-
ties of advanced optical materials is yet another great challenge.
Recently Ohkoshi et al. reported a magnet coordination compound
15 of chiral iron-octacyanoniobate (Fig. 24), which can switch the
polarization plane of light by 90 degrees upon optical stimulation
[120]. The magnet manifested three novel characteristics: spin-
crossover-induced SHG, light-reversible spin-crossover long-range
magnetic ordering, and photoswitching of MSHG. The enantiopure
characters of the (+)- and (—)-compounds were verified by ECD
spectra.

Multiferroics, which contain two or more ferroic properties (fer-
roelectricity, ferroelasticity, ferromagnetism) promise applications
in data storage and spintronics [121]. It is not easy to predict a
rational strategy for design of such materials, because of the cross-
effects of ferroelectricity and ferromagnetism. Reported cases are
relatively scarce; an effective strategy is an ECM combing with
symmetry breaking consideration [9].

Ionic compounds with large net dipole moments when
crystallized in polar space groups might possess distinct fer-
roelectric properties. Enantiopure ionic lanthanide complex 4,
[Dy(L)2(acac), ]NO3 [L=(-)-4,5-bis(pinene)-2,2’-bipyridine], com-
bines ferroelectric, SHG, and slow magnetic relaxation behaviour

[84]. The enantiopure characters of ionic complex 4 and its enan-
tiomer were confirmed by solid state ECD spectra. This material
also shows reversible single-crystal-to-single-crystal transforma-
tion associated with the release or absorption of solvent molecules.

A tricyanometalate-based cluster with enantiopure chiral
diamine, {(MeTp),Fe;(CN)gNi[(1R,2R)-chxn],} (16) [MeTp=
methyltris(pyrazolyl)borate; (1R,2R)-chxn)=(1R,2R)-(—)-1,2-
diaminocyclohexane] documents the ferroelectricity and
intramolecular ferromagnetic interactions [122]. This com-
pound crystallized in a polar point group (C;), displaying a
ferroelectric hysteresis loop with a remnant polarization (Pr)
of ca. 0.11-0.32 wCcm~2. It exhibited a coercive field (Ec) of ca.
8.5-20kVcm~!, and the saturation spontaneous polarization (Ps)
was about 0.85 wCcm~2. The xuT value grew successively from
2.41emuKmol-! at 300K to a maximum of 3.07 emuKmol~!
at 10K with temperature cooling. The optical activity and
enantiomeric nature were confirmed by solid state ECD spectra.

From the examples above, it is evident that ECD spectroscopy
is employed more frequently [82-85,97,104(b),114,115,120,122]
than VCD [88,89,115]. However, advantages of the latter are
evident, e.g. in characterization of crystalline samples [74,75].
Recently, solid state VCD has been used to detect the linkage control
between molecular and supramolecular chirality in the construc-
tion of chiral hydrogen-bonded twofold helical assemblies with
controlled handedness in the crystalline state [ 123]. Solid state ECD
can also be applied to monitor the conglomerate crystals of achiral
molecules [124].

Assemblies of advanced molecular materials may provide a heli-
cal coordination when enantiopure chiral ligands are employed as
building blocks. For achiral or racemic ligands a meso compound,
conglomerate of chiral crystals, or spontaneous macroscopic chiral-
ity may appear [125]. In such case, solid state CD can also provide
a valuable way to test the chirality of the bulk, or individual crys-
tal components. Finally, we should mention the use of chirality in
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special cases such as asymmetric catalysis [3(b)], nanoparticles
[126] and chiral metal complexes in biochemistry [127].

4. Conclusions and perspectives

Chiroptical spectroscopies are powerful tools for probing the
chirality in coordination chemistry. Each technique is sensitive to
different structural aspects. All optical spectroscopies are some-
what biased to solution samples, less prone to spectroscopic
artefacts, although solid state measurements are also possible.

The electronic circular dichroism spectroscopy is useful in the
stereo-chemical analysis of the ground states geometry. When
combined with TDDFT calculations, it can be used for the abso-
lute configuration assignment. Circularly polarized luminescence
is more suitable as a probe of the excited states, although it has
been so far limited to lanthanide complexes.

Applications of vibrational circular dichroism have gradually
expanded during the past two decades. VCD usually provides richer
structural information than ECD and CPL. ROA explores the same
vibrational transitions as VCD, but the technique is more complex.
Both methods require a significant instrumental improvement for
more routine measurements.

Chiral coordination compounds offer a multitude of electron
configurations and geometrical structures. The incorporation of
an electron charge transfer or spin order in a chiral material is
of interest owing to potential applications in high density mag-
netic storage, memory, sensors and spintronics. For example, chiral
magnets represent a challenge for both chemically and physically
oriented scientists. However, much work remains to be done to
fully explore the combination of chirality and the magnetic prop-
erties.

The preparation of multi-functional materials such as multi-
ferroics is an equally demanding task, in spite of considerable
advances in the field. For molecular chemists, the diversity of metal
ions and chiral ligands opens up immense opportunities. With the
aid of chiroptical techniques, they can construct and control chi-
ral transfer in coordination compounds. Finally, they are likely to
facilitate development of rationally designed functional systems
applicable in diverse industrial fields.
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