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Abstract: Chiral compounds have played an important role in the development of coordination
chemistry. Unlike organic chemistry, where mechanistic rules allowed the establishment of absolute
configurations for numerous compounds once a single absolute determination had been made,
coordination compounds are more complex. This article discusses the development of crystallographic
methods and the interplay with coordination chemistry. Most importantly, the development of the
Flack parameter is identified as providing a routine method for determining the absolute configuration
of coordination compounds.
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1. Introduction

When the authors first studied chemistry, the accepted mantra was that crystallography could not
be used routinely to determine the absolute configuration of a compound. The basis for this assertion
was subsequently shown to be incorrect, but routine determination of the absolute configuration of a
compound by crystallography remained in the realms of the relatively exotic. In 1966, a comprehensive
listing identified 54 organic structures, the absolute configurations of which had been determined by
crystallographic methods [1]. Over the next few years, more determinations were reported, with an
additional 40, 39 and 133 absolute structures identified in 1968 [2], 1969 [3] and 1970 [4], respectively.
For organic compounds, classical correlation methods relying on real or virtual chemical transformation
were still used to relate the configuration to one of the known absolute configurations. Indirect methods
of determining the absolute configuration relied upon esoteric spectroscopic methods or empirical
correlations such as the octant rule [5]. In 1983, the situation was changed by a paradigm-shifting
publication by Howard Flack [6].

This article is not a detailed account of the crystallographic background, but rather takes the
opportunity to survey the impact of crystallographic methods on the investigation of coordination
compounds and to appreciate the broader contributions of Howard Flack. Nevertheless, a short
introduction to the crystallographic complexities is included. Optical activity and subsequently
chirality have had a profound influence on the development of coordination chemistry, from the time
of Werner onwards.

2. Chirality

2.1. Through a Glass, Darkly

From the earliest documented history, mirrors have excited and fascinated Mankind. In the New
Testament of the Christian Bible, the phrase “For now we see through a glass, darkly” refers to a poorly
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discerned image in a mirror. Mirrors, images in mirrors, and mirror images influenced Western art and
literature from the early Renaissance to modern times [7]. The 19th Century C.E. imagination was
energized and inspired by mirror images and their relationship to “reality”. One of the best known
literary works on this theme is the 1871 work Through the Looking-Glass, and What Alice Found There by
Lewis Carroll (Figure 1) [8].
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Figure 1. Mankind has long been fascinated by objects and their mirror images. In this illustration by
John Tenniel from Through the Looking-Glass, and What Alice Found There we see the subtley different reality
in the enantiomeric world. (Public domain image. Source https://en.wikipedia.org/wiki/Through_the_
Looking-Glass#/media/File:Aliceroom3.jpg).

By the end of the 19th Century C.E., chemists were familiar with the fact that some compounds
exhibited the phenomenon of optical activity. Jacobus Henricus van’t Hoff [9,10] and Joseph Achille
LeBel [11] had independently explained the phenomenon of optical activity as being a consequence of
four groups attached to a carbon atom being oriented in space in the form of a tetrahedron. In his
paper, “A suggestion looking to the extension into space of the structural formulas at present used in
chemistry and a note upon the relation between the optical activity and the chemical constitution of
organic compounds”, van’t Hoff used the word asymmetric to describe a carbon atom with four different
groups attached. Both van’t Hoff and LeBel showed that when four different groups were bonded in a
tetrahedral arrangement about a carbon atom, the object and its mirror image were non-superposable.
Although it is critical to distinguish between the observable phenomenon (optical activity) and its
origin (dissymmetry), it was slowly becoming clear by the end of the 19th Century, that optical activity
should be regarded as arising from a molecular dissymmetry rather than an asymmetry associated
with a single atomic centre [12–18].

Although most people “knew” what a mirror image was and understood, on some level at least,
the consequent left–right inversion, it fell to William Thomson (1824–1907), better known under his
later title of Lord Kelvin to make a scientific definition that brought clarity to the concept of mirror
images. Kelvin is well known for his works in physical chemistry and thermodynamics, indeed he is
commemorated in the S.I. unit of temperature, the kelvin. Nevertheless, for us his critical contribution,
which was not widely recognized or adopted at the time, is the introduction of the terms chiral and
chirality; “I call any geometrical figure, or group of points, chiral, and say it has chirality, if its image
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in a plane mirror, ideally realized, cannot be brought to coincide with itself. Two equal and similar
right hands are homochirally similar. Equal and similar right and left hands are heterochirally similar
or ‘allochirally’ similar (but heterochirally is better). These are also called ‘enantiomorphs,’ after a
usage introduced, I believe, by German writers. Any chiral object and its image in a plane mirror are
heterochirally similar” [19]. The word ‘chiral’ is derived from the Greek word for hand, χειρ. Kelvin’s
dismissal of enantiomorphs is a little disingenuous. Not only was this description being used by the
United Kingdom chemical community in the 1890s [20,21], but also had a long tradition in the German
literature [22–24] being introduced by Naumann in 1856 [25] and treated at length in Schoenflies’
1891 text on crystallography [26]. The IUPAC has subsequently made recommendations on the basic
terminology of stereochemistry [27] and Gal has published extensively on the early etymology of
stereochemical terms [28–32].

As mentioned above, Kelvin’s proposal was widely ignored by the community and according to a
Scifinder search, the first subsequent mention of the word chiral in the chemical literature occurred
in the early 1920s [33,34] and with no further mention up to 1950, when Raman used the term in the
context of quartz crystals [35]. The rehabilitation of the word seems to stem from letters to Nature
in the late 1950s [36,37]. It is interesting to note that in the first two publications introducing the
Cahn–Ingold–Prelog system, the words chiral and chirality are not used [38,39] and only in the third
paper do they appear extensively, with the comment “This useful word [chirality] was brought to
our attention by Professor K. Mislow, who referred us to Webster’s Dictionary (2nd Edition), where
chiral is defined as Of, or pertaining to the hand, specifically turning the plane of polarisation of light to either
hand”[40].

2.2. Some Definitions

In introducing the concept of chirality, Kelvin made the link between molecular dissymmetry
and the experimental observable of optical activity. It cannot be stressed strongly enough that
chirality is a property of an object as a whole rather than something associated with a portion of that
object, such as an “asymmetric atom”. The term chirality equates exactly with the term dissymmetry
(dissymmétrie) originally used by Pasteur [28,29,41–43]. Note that dissymmetric and asymmetric are not
equivalent—asymmetric means without symmetry whereas dissymmetric is more specific and means
“lacking improper symmetry elements”. In simpler language, dissymmetric means chiral. The IUPAC
definition of asymmetric is very clear [44]:

"Lacking all symmetry elements (other than the trivial one of a one-fold axis of symmetry), i.e.,
belonging to the symmetry point group C1. The term has been used loosely (and incorrectly) to
describe the absence of a rotation–reflection axis (alternating axis) in a molecule, i.e., as meaning
chiral, and this usage persists in the traditional terms asymmetric carbon atom, asymmetric synthesis,
asymmetric induction, etc".

If an object is chiral, then the object and its mirror image are not identical and cannot be superposed.
The IUPAC uses the word superpose rather than the more familiar English word superimpose.

The concepts of chirality and symmetry are closely related. This article is not intended as a primer
in group theory, and the requirements for chirality are presented without clarification of the symmetry
operations that are involved. The reader is referred to standard texts on group theory for further
education and elucidation [45].

For a molecule to be chiral, it must have no symmetry elements of the second kind, such as a mirror
plane, a centre of inversion or a rotation–reflection axis. The presence of any one of these symmetry
elements precludes chirality. It is not sufficient to only look for a mirror plane—even if no mirror plane
is present, the presence of an inversion centre will ensure that an object is not chiral. This reinforces
the primary criterion for chirality—that of non-superposability of the object on its mirror image. If an
object is superposable on its mirror image, it is described as being achiral. Such objects possess a mirror
plane, a centre of inversion, or a rotation–reflection axis. And remember, nothing can surpass a good
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quality model or diagram to determine whether a molecule is chiral. The IUPAC definition of chiral is
concise and precise [44]:

"The geometric property of a rigid object (or spatial arrangement of points or atoms) of being
non-superposable on its mirror image; such an object has no symmetry elements of the second kind
(a mirror plane, σ = S1, a centre of inversion, i = S2, a rotation-reflection axis, S2n). If the object is
superposable on its mirror image the object is described as being achiral."

3. The Importance of Chirality in Coordination Chemistry

3.1. It all Began with Werner

The observation of different optical forms of chiral coordination compounds played a critical
role in the development and acceptance of Werner’s coordination theory and the establishment
of the octahedral geometry of six-coordinate metal complexes. Werner reported the resolution
of salts of cis-[CoCl(en)2(NH3)]2+ [46], cis-[CoBr(en)2(NH3)]2+ [46], cis-[Co(en)2(NO2)2]+ [47],
cis-[CoCl(en)2(NO2)]+ [48], cis-[CoCl2(en)2]+ [49], [Co(en)3]3+ [50], [Rh(en)3]3+ [51] and the
preparation by ligand exchange reactions of resolved precursors of optically active salts or by
seeding of cis-[Co(en)2(H2O)(NH3)]3+ [46], cis-[Co(CO3)(en)2]+ [52], cis-[Co(C2O4)(en)2]+ [53,54],
cis-[CoBrCl(en)2]+ [55], [(en)2Co(NH2)(NO2)Co(en)2]4+ [56], [(en)2Co(NH2)(O2)Co(en)2]4+ [57] and,
finally the “all-inorganic” compound [Co{(OH)2Co(NH3)4}3]6+ [58]. For determining the optical
rotation, Werner utilized an F. Schmidt and Haensch polarimeter [59], and originally used the d and l
descriptors to describe the compounds with positive and negative rotation of 656.3 nm wavelength
linearly polarized light, respectively. He subsequently reported optical rotatory dispersion (ORD)
spectra which are simply plots of the variation in optical rotation of linearly polarized light with
wavelength [60]. The development of the successful resolution methods is described in the doctoral
thesis of Victor King [61]. A number of excellent surveys of this aspect of Werner’s work have been
published [62–64].

3.2. Non-Crystallographic Approaches to Determining the Absolute Configuration of Metal Complexes

Although Werner had successfully obtained the large selection of optically pure compounds
described above, they were only defined by a relative configuration. Subsequent workers adopted
the practice of using the (+)d or (−)d notation to identify the clockwise or anticlockwise rotation at
the sodium D-line (589 nm). The situation regarding absolute configuration was worse than that
with organic compounds, as only few transformations between optically active species were known
and there was no understanding of rules for retention or inversion at octahedral centres. This meant
that it was not possible to use mechanistic principles to correlate the relative configuration in a series
of complexes. An example of the complexity of the situation is seen in a classical publication from
John Bailar Jr. in which the the reaction of (−)d-cis-[CoCl2(en)2]Cl with liquid ammonia at 196 K gave
(−)d-cis-[Co(en)2(NH3)2]Cl ([α]298

D −32◦), whereas reaction with a saturated solution of ammonia in
methanol at 298 K gave (+)d-cis-[Co(en)2(NH3)2]Cl ([α]298

D +31◦) [65].
In the 1930s, Matthieu attempted with only poor success to correlate the relative (or indeed absolute)

configuration of complexes [66–79] with the sign of the Cotton effects that they exhibited [80–82]. If a
compound under investigation has an absorption band in the region of the optical rotatory dispersion
spectrum, an anomalous dispersion effect is seen. This is called the Cotton effect and refers to the
change in sign of the optical rotatory dispersion close to an absorption band. Close to the region where
light is absorbed, the magnitude of the optical rotation varies rapidly with wavelength, passes through
zero at the absorption maximum and continues varies with wavelength but with an opposite sign.

The first successful attempts at determining the absolute configuration of octahedral transition
metal complexes were made by Werner Kuhn in the 1930s [83,84]. Kuhn used a coupled oscillator
model to calculate the sign of the Cotton effect. Kuhn assigned the absolute configuration of ∆ to the
(−)d-[Co(C2O4)3]3– anion [83] and the (−)d-[Co(en)3]3+ cation (Figure 2) [84].
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Figure 2. (a) IUPAC recommends the notation ∆ and Λ for denoting the absolute configuration of
octahedral metal complexes. The ∆ (pale blue) and Λ (pink) enantiomers of an [M(bpy)3]n+ complex
(bpy = 2,2′-bipyridine) are presented here. (b) The absolute configuration proposed by Kuhn and
Bein for (−)d-[Co(C2O4)3]3− and a representation using the same colour coding as in (a) to show the ∆
configuration (only the carbon and the coordinated oxygen atoms of the oxalate ligands are shown) [83].
Figure 2b©1934 Kuhn, W.; Bein, K. Z. Anorg. Allg. Chem. 1934, 216, 321–348 reproduced with kind
permission of John Wiley and Sons.

4. A Brief History of Crystallography

4.1. X-rays—The Early Days

The availability of routine X-ray crystallographic methods for the determination of solid state
structures has had a profound effect on the way in which coordination (and other) chemists characterize
their compounds. It is necessary to add a small caveat to curb the enthusiasm of the chemist—typically a
single crystal structure provides information about the arrangement of atoms, molecules and ions within
the crystal studied but, in the absence of other methods, gives no information about the bulk material.

X-rays were discovered in 1895 by Wilhelm Conrad Roentgen when he identified a new type
of radiation from a Crookes tube [85,86]. Laue demonstrated that the wavelengths of X-rays were
commensurate with the spacings between atoms, ions and molecules in crystals and that, therefore,
an optical diffraction was to be expected [87–89]. This critical work by Laue was paradigm shifting for
chemistry—suddenly, atoms became objects which could be detected and quantified in terms of size
and spatial position. By 1913, the Braggs had built their first single-crystal X-ray spectrometer with a
gold leaf electroscope as the detector and the crystal could be rotated in the X-ray beam.
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A number of excellent reviews on the early history of X-ray diffraction have been published and
the reader is referred to these to learn more about this fascinating story [90–96].

4.2. From X-rays to Chemical Crystallography

Chemical crystallography began when William Henry Bragg and his son William Lawrence Bragg
showed that the diffraction data could be solved by ad hoc trial-and-error methods to yield models of
the spatial arrangement of atoms and ions in crystalline solids such as NaCl, KCl, KBr, KI, ZnS and
diamond [97–105].

4.3. Initial Approaches to the Phase Problem

X-ray detectors measure the intensity of radiation but not the phase of that radiation. Any phase
change due to scattering of radiation is almost the same for all atoms. The underlying physics of X-ray
diffraction was developed by Darwin and Bragg from 1914 onwards [106–108]. The diffraction data
correspond to the amplitude of the Fourier transform of the unit cell electron density in the unit cell.
Friedel pairs of diffraction spots are Bragg reflections which are reflected through the origin and related
by Friedel’s law, which states that they have equal amplitudes and opposite phases [109].

The electron density can be obtained by Fourier synthesis if the phase is known. The introduction
of Fourier analyses [110], and subsequent elaboration by Patterson with his eponymous function,
started the transition of crystallography to become a more routine technique and also provided the
methods that could be used for phase evaluation of the diffraction data [111,112]. The Patterson
method recognizes that although the phase information is needed to locate the peaks in electron density
within a unit cell, the magnitudes of the structure factors contain information about the spacings.
The Patterson map shows peaks at all positions corresponding to an interatomic vector rather than the
position of the atoms. Patterson methods can only be used for relatively small molecules (<50 atoms)
and are not appropriate for the ab initio determination of absolute configuration.

The next development was the study of series of compounds which only differed by the replacement
of one atom in the structure. The method relied upon the replaced atom being on a special position
and having a different scattering factor. Within these constraints, the effect is the modification of
the structure factors by values dependent on the phase of the reflection [113]. One of the earliest
applications was to the alums, and diffraction data from the compounds AB(SO4)2•12H2O (A = NH4,
K, Rb, Cs, Tl; B = Cr, Al) were used to determine the structures using this isomorphous replacement
method [114]. Probably the most spectacular early success used the related heavy atom method
in an isomorphous series for solving and refining the centrosymmetric phthalocyanine complexes
[M(pc)] (M = Ni, Pt) (Figure 3) and consequently, the correct phasing of H2Pc [115–117]. One of the
early applications to a chiral molecule was reported in the structure of cholesteryl iodide. In this
compound, the iodine is not on a special position and the step-wise work-flow is worth rehearsing
to demonstrate the skill and tenacity of the early crystallographers: (1) measure the intensities of
all reflections, (2) locate the heavy atoms from the Patterson map, (3) calculate the phases from the
heavy atom contributions, (4) use chemical knowledge to choose correct distances and angles, and (5)
recalculate phases on all the atoms and repeat the Fourier summations.
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Figure 3. The projection of the nickel phthalocyanine molecule presented by Robertson in his pioneering
work on the crystallography of phthalocyanines [116]. ©1937 Robertson, J.M.; Woodward, I. J. Chem.
Soc. 1937, 219–230 reproduced with kind permission of The Royal Society of Chemistry.

4.4. The Bijvoet Method

Most crystallographers accepted Friedel’s law that the Bragg pairs had equal amplitudes and
opposite phases and considered that X-ray methods could not be used directly for the determination
of absolute configuration without chemical modification or isomorphous replacement. However,
a number of physicists and crystallographers remained open-minded. If the X-ray radiation has a
wavelength close to the absorption edge of an atom in the compound, a small phase change occurs in the
scattered X-rays from these atoms, phenomenologically similar to the Cotton effect. As a consequence,
the diffraction pattern is no longer centrosymmetric but has pairs of spots with unequal intensities.
This effect was first reported in studies of zinc blende (ZnS) using W Lβ (1.2447–1.3017 Å) [118] or Au
Lα1 (0.8638 Å) [119] radiation, which are close to the Zn K edge (1.2837 Å). However, these results
were forgotten by the community for over a decade.

At the end of the 1940s, the Dutch crystallographer Johannes Bijvoet developed a general
isomorphous replacement method for non-centrosymmetric structures and successfully solved the
structure of strychnine using the sulfate and selenate salts [120–125]. However, the most significant
contribution of Bijvoet was in rediscovering that X-ray analysis could determine absolute configurations
using the anomalous scattering of X-rays of a wavelength close to an X-ray absorption of an atom
in the compound. This effect was observed in sodium rubidium tartrate (Figure 4) using Zr Kα

radiation, which is close to the K-edge of rubidium, and in the early 1950′s, Bijvoet published a series
of landmark papers, commencing in 1951 with “Determination of absolute configuration of optically
active compounds by means of X-rays” [95,126–128].

A further simplification was introduced by Mathieson who, making use of the known absolute
configurations that were available from the Bijvoet method, proposed the use of diastereoisomers in
which one of the stereochemical centres was absolutely defined. This avoided the need to use X-ray
radiation of a wavelength close to an absorption edge in the compound and utilized the heavy atom
method with auxiliaries of known absolute configuration such as (R) or (S)-chloroiodoacetate [129].
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Figure 4. The absolute configuration of tartaric acid as depicted by Bijvoet after the determination of
the structure of sodium rubidium tartrate. [116,127]. ©1951 Bijvoet, J.M.; Peerdeman, A.F.; van Bommel,
A.J. Nature 1951, 168, 271–272, reproduced with kind permission of Springer Nature. The absolute
configuration confirmed the random choice selected by Fischer.

In parallel, direct methods were being developed to permit the extraction of the phase information
from the crystallographic structure factors and crystallography entered its modern phase [130,131].
Direct methods estimate and then test and select the initial phases and were initially introduced for
centrosymmetric space groups and subsequently extended to non-centrosymmetric space groups [132,133].

5. Chirality and Crystallography

Chirality, crystallography and symmetry are related in intimate and subtle ways that lead to
fascination and frustration. The nuances and manifestations of these relationships delighted and
occupied Howard Flack through much of his career. In this section, we rehearse a few of the
consequences of these relationships for coordination compounds.

5.1. Absolutism

Chemists tend to talk of absolute configuration meaning the spatial arrangement of the atoms of in
a chiral molecular entity and denoted by a stereochemical descriptor such as R/S, P/M, D/L or ∆/Λ.
In contrast, crystallographers use the term absolute structure, introduced in 1984 by Peter Jones [134],
to describe spatial arrangement of atoms in a non-centrosymmetric crystal [135]. The term absolute
structure refers specifically to the crystalline state, whereas the broader term absolute configuration
can be applied to any phase or to solutions.

5.2. Chiral Space Groups and Chiral Molecules

There are 230 three-dimensional space groups. Of these 22 are chiral space groups comprising
11 enantiomorphic pairs (P41-P43: P4122-P4322: P41212-P43212: P31-P32: P3121-P3221: P3112-P3212:
P61-P65: P6122-P6522: P62-P64: P6222-P6422: P4132-P4332). It would be tempting to expect that a
chiral molecule would crystallize in a chiral space group, but that would be too simple, and would
not take the infinite perversity of nature into account. In Section 2.2, we stated that for an object
to be chiral, it must possess no symmetry elements of the second kind. Of the 230 space groups,
there are 65 (including the 22 chiral groups) which only possess operations of the first kind (rotations,
rotation–translations, and translations) and these 65 are known collectively as the Sohncke groups [136].
Enantiopure chiral molecules must crystallize in one of these 65 Sohncke space groups.
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Returning to the perversity of nature, achiral molecules can also occur in any of the 230 space
groups—the packing of achiral objects may be in a chiral or an achiral manner. A systematic survey of
achiral molecules in non-centrosymmetric space groups was reported in 2005 [137]. Similarly, a crystal
composed of equal numbers of the two enantiomers of a molecule (a racemate) may occur in any of the
230 space groups, although examples in the Sohncke set are very rare.

5.3. The Flack Parameter

By the early 1980s, the ratios of crystallographic R or Rw values for structures refined with
alternative absolute configurations were being used to assign absolute configurations and absolute
structures, although the statistical methods were debated [138,139]. In 1983, Flack published a
paper entitled “On Enantiomorph-Polarity Estimation” which revolutionized the field of structure
determination of chiral molecules and structures [6]. Rogers had introduced a parameter η which
he proposed as a good method for distinguishing between refinements of structures with opposite
configurations. Flack pointed out an inherent problem with the use of η and introduced a new
parameter that he called x and defined in terms of the structure factor for reflection h in Equation (1).∣∣∣F(h, x)

∣∣∣2 = (1− x)
∣∣∣F(h)∣∣∣2 +

∣∣∣F(−h)
∣∣∣2 (1)

If the experimental data and the model used for refinement have the same chirality, the value of x
is 0, and if they have opposite configurations, then x has a value of 1. A value of 0.5 indicates a racemic
crystal with equal amounts of both enantiomer. This single publication revolutionized the determination
of absolute structures. Flack also recognized that there was no need to formally solve the structures in
both configurations and in a note added in proof to the original paper, he notes that “The refinement
of . . . x has now been added as a permanent feature in our implementation of the X-RAY76 system
. . . x is varied automatically in the final stages of refinement with a non-centrosymmetric structure.”
The direct refinement of the Flack parameter together with other structural parameters is now routine.
To date, this paper has been cited 11,161 times. The parameter x rapidly, and universally, became
known as the Flack Parameter. To date, the Flack parameter does not yet belong to the data indexed by
the Cambridge Structural Database (CSD) [140,141].

5.4. Some Musings on Racemates, Spontaneous Resolution and Other Complexities

Although the introduction of the Flack parameter transformed the mechanics and quantification
of the determination of absolute configurations, it is our opinion that a second paper by Flack is
equally important. The 2003 article entitled “Chiral and Achiral Crystal Structures” provides the
clearest and most comprehensive compilation of the language of chirality and crystallography that we
know. He commences by identifying three origins of chirality in crystal structures: (i) the molecular
components (ii) the crystal structure itself and (iii) the symmetry group of the structure. The really
valuable part of the publication concerns the quantification of a descriptor (racemic, racemate) that is
often used loosely or incorrectly by the chemical community [142]. These descriptors simply refer to
equimolar amounts of opposite enantiomers with no restriction to phase. If the two enantiomers are
not present in equal amounts, the correct description is an enantiomeric mixture.

Particularly important is the identification of a racemic conglomerate, obtained when the
crystallization of a solution of a racemic compound results in spontaneous resolution and the
generation of equal numbers (strictly equal weights) of enantiopure crystals each only containing
components with only one chirality.

He then identified the term ordered racemic crystal structure or racemic structure to describe a crystal
containing an ordered array of equal numbers of the different enantiomers. The term anomalous
racemate had been used to describe ordered crystals in which the ratio of the two enantiomers was
not 1:1, and Flack proposed a new description of M:N mixed enantiomeric crystal structure or M:N
enantiomeric structure, where M:N is the ratio of the two enantiomers present. He further proposed the
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term disordered mixed enantiomeric structure to replace pseudoracemate in describing crystals in which
each position can be occupied by a molecule of either configuration. This publication is recommended
to anyone who wishes to think more deeply about the consequences of chirality in the solid state.

6. Chiral Coordination Compounds

Although chirality has been so important in the development of coordination chemistry,
it is surprising how few monographs or comprehensive reviews exist. The standard works on
stereochemistry concentrate on organic compounds [143]. For coordination chemistry, the bibles
are von Zelewsky’s 1996 work “Stereochemistry of Coordination Compounds” [144] and Hawkins
earlier work “Absolute Configuration of Metal Complexes” [145]. A more organometallic-oriented,
but extremely useful and relevant, presentation is found in the 2008 book “Chirality in Transition
Metal Chemistry” by Amouri and Gruselle [146]. Two earlier reviews complement these to provide an
overview of the period at which crystallography was starting to provide information about absolute
stereochemistry and a volume of the ACS Symposium Series from 1980 that was dedicated to the
“Stereochemistry of Optically Active Transition Metal Complexes” provides an excellent overview
of the state of the art at that time [147–149]. Volume 12 of Topics in Stereochemistry was entitled
“Topics in Inorganic and Organometallic Stereochemistry”and for the real afficionados, the chapter
“Conformational Analysis and Steric Effects in Metal Chelates” provides a masterly overview of
conformational effects within chelate rings and is both a tour de force and a challenge [150].

6.1. The First Absolute Determination

The first determinations of the absolute configuration of metal complexes using the Bijvoet method
was reported in 1955 by Yoshihiko Saito who studied Λ- and ∆-[Co(en)3]Cl3·0.5NaCl [151]. In a 1974
review, Saito surveyed the literature up to 1972 and reported that, in the intervening 23 years, the
absolute configuration of salts of only an additional 53 metal cations had been determined through
structural characterization [148].

The list of compounds characterized provides a snap-shot of the contemporary coordination
chemistry. The first class included those which required the “pure” Bijvoet anomalous dispersion
approach for compounds such as [ML3]n+ (L = chelating bidentate ligand) or cis-[ML2X2]n+

(L = chelating bidentate ligand, X = monodentate ligand). The structural elucidation of the diamines
into related polyamines with polymethylene spacers resulted in new classes of chiral complexes in
which the chirality arises from the dissymmetric arrangement of the ligand donor atoms about the
metal centre (see the general references at the beginning of this section). These latter compounds can
be seen as the direct progenitors of macrocyclic chemistry and the grandparents of supramolecular
chemistry. Interesting as these compounds are, we return to our main theme when we consider the
remaining types of compounds characterized.

We start with a small digression into the consequences of multiple stereogenic centres in a
compound. The classical method of resolving a chiral coordination compound, for example a cation C+,
is to form salts with a chiral anion A–. Four possible compounds can be formed, of which [(∆-C)(∆-A)]
and [(Λ-C)(Λ-A)] form a pair of enantiomers as do [(∆-C)(Λ-A)] and [(Λ-C)(∆-A)] (Figure 5). All other
relationships between the combinations are as diastereoisomers. Enantiomers have identical physical
properties (solubility, melting point, NMR spectra) and only differ in their interactions with other
chiral agents (for example polarized light). On the other hand, diastereoisomers differ in physical
properties as the spatial interactions between, for example, (∆-C) with (Λ-A) and (∆-A) will be different
(think about putting your left foot into a left shoe and into a right shoe—the thermodynamics of the
pairing are different). A typical resolution method might involve treating a racemic mixture of cations
(Λ-C) and (∆-C) with (Λ-A) and hoping that the solubility of the diastereoisomeric salts [(∆-C)(Λ-A)]
and [(∆-C)(∆-A)] might be sufficiently large that one selectively precipitates or crystallizes. Salts of
this type provided the next class that were studied extensively in this first period of determining the
absolute configuration of coordination compounds. Very typically, chiral organic anions, or anions
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containing coordinated chiral organic ligands, were used for the precipitation. After Bijvoet established
the absolute configuration of tartrate, known chemical transformations allowed correlation to a large
number of other “simple” chiral organic compounds. As a consequence, the absolute configuration of
the organic component of the anion was generally known when the structure of the diastereoisomeric
salt [(C)(A)] was determined and the configuration at the cation followed from the correct assignment
of the (known) configuration to the anion.
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Figure 5. The four possible combinations of a chiral cation and a chiral anion: [(∆-C)(∆-A)] and
[(Λ-C)(Λ-A)] form a pair of enantiomers (denoted by a red double-headed arrow) as do [(∆-C)(Λ-A)] and
[(Λ-C)(∆-A)]; all other relationships are as diastereoisomers (denoted by a blue double-headed arrow).

The final class of compounds studied belonged to the next level of structural development in
which the ligands themselves are chiral. Consider propane-1,2-diamine (H2NCH2C*H(Me)NH2, pn)
in which C2 (indicated with an asterisk) is a stereogenic centre; as a result the ligand pn is typically
encountered as one of the two pure enantiomers R-pn or S-pn, as the racemate containing equal
amounts of R-pn and S-pn or the enantiomeric mixture x(R-pn):1–x(S-pn). We now consider the
formation of the octahedral complex [M(pn)3]n+.

Starting with enantiomerically pure R-pn or S-pn, four compounds could be obtained:
∆-[M(S-pn)3]n+ and Λ-[M(R-pn)3]n+ (a pair of enantiomers) and a second pair of enantiomers
Λ-[M(S-pn)3]n+ and ∆-[M(R-pn)3]n+. All other relationships are diastereoisomeric. Thus, reaction
with R-pn will give two chemically distinct diastereoisomers Λ-[M(R-pn)3]n+ and ∆-[M(R-pn)3]n+.

The more perverse readers will now ask what happens with the racemic ligand? In this case,
in addition to the four homoleptic complexes already mentioned, we now have the possibility of
the heteroleptic complexes ∆-[M(S-pn)2(R-pn)]n+ and Λ-[M(R-pn)2(S-pn)]n+ (a pair of enantiomers)
as well as ∆-[M(R-pn)2(S-pn)]n+ and Λ-[M(S-pn)2(R-pn)]n+ (a second pair of enantiomers). But it
gets worse! The two nitrogen donor atoms of each pn ligand are not chemically equivalent as one is
attached to the stereogenic C2 and the other to C1. As a consequence, there are also the complexes
with a facial or meridional arrangement of the C*-NH2 donors! Once again, this is not the place to
follow the fascinating stereochemistry of “simple” systems like this.

We make one further foray into the world of stereochemical complexity revealed in these early
crystallographic studies. Our discussion commenced with the definition of the ∆- and Λ-configuration
using [M(bpy)3]n+ complexes as an example (Figure 2). Why did we not start with Werner’s [M(en)3]n+

compounds? Whereas the chelate ring in bpy complexes is planar, that in en complexes is non-planar
and chiral. The configuration is denoted by the descriptor δ or λ as defined in Figure 6. Although
individual δ or λ chelate rings are enantiomeric, the situation is different in [M(en)3]n+ when we have
the possibilities of ∆-[M(δ-en)3]n+ and Λ-[M(λ-en)3]n+ (a pair of enantiomers), Λ-[M(δ-en)3]n+ and
∆-[M(λ-en)3]n+ (a second pair of enantiomers) and ∆-[M(δ-en)2(λ-en)]n+ and Λ-[M(λ-en)2(δ-en)]n+

(a third pair of enantiomers) as well as ∆-[M(λ-en)2(δ-en)]n+ and Λ-[M(δ-en)2(λ-en)]n+ (a fourth pair
of enantiomers), with each pair of enantiomers having a different thermodynamic stability. The early
crystallographic studies confirmed that the favoured crystal forms were typically Λ-[M(δ-en)3]n+ and
∆-[M(λ-en)3]n+.
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Figure 6. The two enantiomeric forms of a five-membered chelate ring involving an en-like ligand are
denoted by the descriptors δ or λ.

6.2. The Influence of Flack

It is in the area of dissymmetric metal complexes that we see the real influence of Flack and his
parameter. If a metal complex crystallizes in one of the Sohncke space groups, most crystallographic
software will automatically generate the Flack parameter (hopefully close to 0 or 1) to indicate whether
the choice of absolute configuration is correct. A Flack parameter value close to 0.5 is an indication
that something is amiss, typically an inversion twin. What is remarkable is how often the chemist,
as opposed to the crystallographer, does not comment on the absolute configuration of the complex.
There are many examples of spontaneous resolution of tris(chelate)metal complexes in the CSD which
are not specifically identified in their associated publications.

Today, we have a veritable wealth of chiral systems and different types of chirality that Werner and
Pasteur could only have dreamed of. The Flack parameter finds widespread use in the study of novel
chiral systems such as helicates, cyclic helicates and knotted systems exhibiting topological chirality
and has been used to establish the absolute configuration of molecular trefoil knots assembled in
self-sorting processes [152]. The use of the Flack parameter to establish the asymmetric crystallization
of coordination networks and metal-organic frameworks is an interesting new development [153–155].

And what of the future? Routine inclusion of the Flack parameter in CIF files should be
encouraged, if only to stimulate further discussion of chirality aspects within the inorganic and
coordination chemistry communities! The merits and demerits of determining the Flack parameter
during the refinement or post-refinement are currently being discussed [156]. Finally, data-mining
activities would be dramatically improved by the inclusion of the Flack parameter in the standard data
in Crystal Structure Databases. In the course of writing this article, we became aware of the difficulty of
answering simple questions such as “How many chiral coordination compounds have been structurally
characterized?” and “How many coordination compounds exhibit asymmetric crystallization?”.

7. Concluding Remarks

This article is an attempt to express our thanks to Howard Flack for providing a tool that made
our lives as coordination chemists more interesting and rewarding and, at the same time, to place this
innovation of the Flack parameter in its historical perspective.
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and agreed to the published version of the manuscript.
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