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At the heart of coordination chemistry lies the coordinate bond, in its simplest sense arising from
donation of a pair of electrons from a donor atom to an empty orbital on a central metalloid or
metal. Metals overwhelmingly exist as their cations, but these are rarely met ‘naked’ - they are
clothed in an array of other atoms, molecules or ions that involve coordinate covalent bonds
(hence the name coordination compounds). These metal ion complexes are ubiquitous in nature,
and are central to an array of natural and synthetic reactions.

Written in a highly readable, descriptive and accessible style Introduction to Coordination Chemistry
describes properties of coordination compounds such as colour, magnetism and reactivity as well as
the logic in their assembly and nomenclature. It is illustrated with many examples of the importance
of coordination chemistry in real life, and includes extensive references and a bibliography.

Introduction to Coordination Chemistry is a comprehensive and insightful discussion of one of the
primary fields of study in Inorganic Chemistry for both undergraduate and non-specialist readers.
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emerging areas, such as materials chemistry, green chemistry and bioinorganic chemistry, as well as
providing a solid grounding in established areas such as solid state chemistry, coordination chemistry,
main group chemistry and physical inorganic chemistry.
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Preface

This textbook is written with the assumption that readers will have completed an introduc-
tory tertiary-level course in general chemistry or its equivalent, and thus be familiar with
basic chemical concepts including the foundations of chemical bonding. Consequently, no
attempt to review these in any detail is included. Further, the intent here is to avoid mathe-
matical and theoretical detail as much as practicable, and rather to take a more descriptive
approach. This is done with the anticipation that those proceeding further in the study of the
field will meet more stringent and detailed theoretical approaches in higher-level courses.
This allows those who are not intending to specialize in the field or who simply wish to
supplement their own separate area of expertise to gain a good understanding largely free of
a heavy theoretical loading. While not seeking to diminish aspects that are both important
and central to higher-level understanding, this is a pragmatic approach towards what is,
after all, an introductory text. Without doubt, there are more than sufficient conceptual
challenges herein for a student. Further, as much as is practicable in a chemistry book, you
may note a more relaxed style which I hope may make the subject more approachable; not
likely to be appreciated by the purists, perhaps, but then this is a text for students.

The text is presented as a suite of sequential chapters, and an attempt has been made to
move beyond the pillars of the subject and provide coverage of synthesis, physical methods,
and important bioinorganic and applied aspects from the perspective of their coordination
chemistry in the last four chapters. While it is most appropriate and recommended that
they be read in order, most chapters have sufficient internal integrity to allow each to be
tackled in a more feral approach. Each chapter has a brief summary of key points at the end.
Further, a limited set of references to other publications that can be used to extend your
knowledge and expand your understanding is included at the end of each chapter. Topics
that are important but not central to the thrust of the book (nomenclature and symmetry)
are presented as appendices.

Supporting Materials

Self-assessment of your understanding of the material in each chapter has been provided for,
through assembly of a set of questions (and answers). However, to limit the size of this text-
book, these have been provided on the supporting web site at www.wiley.com/go/lawrance

This book was written during the depths of the worst recession the world has experienced
since the 1930s. Mindful of the times, in which we have seen a decay of wealth, all figures
in the text are printed in greyscale to keep the price for the user down. Figures and drawings
herein employed mainly ChemDraw and Chem3DPro; where required, coordinates for
structures come from the Cambridge Crystallographic Data Base, with some protein views
in Chapter Eight drawn from the Protein Data Bank (http://www.rcsb.org/pdb). Provision
has been made for access to colour versions of all figures, should you as the reader feel these
will assist understanding. For colour versions of figures, go to www.wiley.com/go/lawrance.
Open access to figures is provided.
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Preamble

Coordination chemistry in its ‘modern’ form has existed for over a century. To identify
the foundations of a field is complicated by our distance in time from those events, and
we can do little more than draw on a few key events; such is the case with coordination
chemistry. Deliberate efforts to prepare and characterize what we now call coordination
complexes began in the nineteenth century, and by 1857 Wolcott Gibbs and Frederick Genth
had published their research on what they termed ‘the ammonia—cobalt bases’, drawing
attention to ‘a class of salts which for beauty of form and colour . .. are almost unequalled
either among organic or inorganic compounds’. With some foresight, they suggested that
‘the subject is by no means exhausted, but that on the contrary there is scarcely a single point
which will not amply repay a more extended study’. In 1875, the Danish chemist Sophus
Mads Jgrgensen developed rules to interpret the structure of the curious group of stable and
fairly robust compounds that had been discovered, such as the one of formula CoCl3-6NHj3.
In doing so, he drew on immediately prior developments in organic chemistry, including
an understanding of how carbon compounds can consist of chains of linked carbon centres.
Jgrgensen proposed that the cobalt invariably had three linkages to it to match the valency
of the cobalt, but allowed each linkage to include chains of linked ammonia molecules and
or chloride ions. In other words, he proposed a carbon-free analogue of carbon chemistry,
which itself has a valency of four and formed, apparently invariably, four bonds. At the
time this was a good idea, and placed metal-containing compounds under the same broad
rules as carbon compounds, a commonality for chemical compounds that had great appeal.
It was not, however, a great idea. For that the world had to wait for Alfred Werner, working
in Switzerland in the early 1890s, who set this class of compounds on a new and quite
distinctive course that we know now as coordination chemistry. Interestingly, Jorgensen
spent around three decades championing, developing and defending his concepts, but
Werner’s ideas that effectively allowed more linkages to the metal centre, divorced from
its valency, prevailed, and proved incisive enough to hold essentially true up to the present
day. His influence lives on: in fact, his last research paper actually appeared in 2001, being
a determination of the three-dimensional structure of a compound he crystallized in 1909!
For his seminal contributions, Werner is properly regarded as the founder of coordination
chemistry.

Coordination chemistry is the study of coordination compounds or, as they are often
defined, coordination complexes. These entities are distinguished by the involvement, in
terms of simple bonding concepts, of one or more coordinate (or dative) covalent bonds,
which differ from the traditional covalent bond mainly in the way that we envisage they
are formed. Although we are most likely to meet coordination complexes as compounds
featuring a metal ion or set of metal ions at their core (and indeed this is where we will
overwhelmingly meet examples herein), this is not strictly a requirement, as metalloids
may also form such compounds. One of the simplest examples of formation of a coor-
dination compound comes from a now venerable observation — when BF; gas is passed
into a liquid trialkylamine, the two react exothermally to generate a solid which contains
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equimolar amounts of each precursor molecule. The solid formed has been shown to consist
of molecules F3B-NRj3, where what appears to be a routine covalent bond now links the
boron and nitrogen centres. What is peculiar to this assembly, however, is that electron
book-keeping suggests that the boron commences with an empty valence orbital whereas
the nitrogen commences with one lone pair of electrons in an orbital not involved previously
in bonding. Formally, then, the new bond must form by the two lone pair valence electrons
on the nitrogen being inserted or donated into the empty orbital on the boron. Of course, the
outcome is well known — a situation arises where there is an increase in shared electron den-
sity between the joined atom centres, or formation of a covalent bond. It is helpful to reflect
on how this situation differs from conventional covalent bond formation; traditionally, we
envisage covalent bonds as arising from two atomic centres each providing an electron to
form a bond through sharing, whereas in the coordinate covalent bond one centre provides
both electrons (the donor) to insert into an empty orbital on the other centre (the acceptor);
essentially, you can’t tell the difference once the coordinate bond has formed from that
which would arise by the usual covalent bond formation. Another very simple example is
the reaction between ammonia and a proton; the former can be considered to donate a lone
pair of electrons into the empty orbital of the proton. In this case, the acid—base character
of the acceptor—donor assembly is perhaps more clearly defined for us through the choice
of partners. Conventional Brgnsted acids and bases are not central to this field, however;
more important is the Lewis definition of an acid and base, as an electron pair acceptor and
electron pair donor respectively.

Today’s coordination chemistry is founded on research in the late nineteenth and early
twentieth century. As mentioned above, the work of French-born Alfred Werner, who spent
most of his career in Switzerland at Ziirich, lies at the core of the field, as it was he who
recognized that there was no required link between metal oxidation state and number of
ligands bound. This allowed him to define the highly stable complex formed between
cobalt(IIT) (or Co**) and six ammonia molecules in terms of a central metal ion surrounded
by six bound ammonia molecules, arranged symmetrically and as far apart as possible at
the six corners of an octahedron. The key to the puzzle was not the primary valency of the
metal ion, but the apparently constant number of donor atoms it supported (its ‘coordination
number’). This ‘magic number’ of six for cobalt(II) was confirmed through a wealth of
experiments, which led to a Nobel Prize for Werner in 1913. Whereas his discoveries
remain firm, modern research has allowed limited examples of cobalt(III) compounds with
coordination numbers of five and even four to be prepared and characterized. As it turns
out, Nature was well ahead of the game, since metalloenzymes with cobalt(III) at the active
site discovered in recent decades have a low coordination number around the metal, which
contributes to their high reactivity. Metals can show an array of preferred coordination
numbers, which vary not only from metal to metal, but can change for a particular metal
with formal oxidation state of a metal. Thus Cu(Il) has a greater tendency towards five-
coordination than Mn(II), which prefers six-coordination. Unlike six-coordinate Mn(II),
Mn(VII) prefers four-coordination. Behaviour in the solid state may differ from that in
solution, as a result of the availability of different potential donors resulting from the solvent
itself usually being a possible ligand. Thus FeClj in the solid state consists of Fe(III) centres
surrounded octahedrally by six C1~ ions, each shared between two metal centres; in aqueous
acidic solution, ‘FeCl;’ is more likely to be met as separate [Fe(OH,)6)*t and C1~ ions.

Inherently, whether a coordination compound involves metal or metalloid elements is
immaterial to the basic concept. However, one factor that distinguishes the chemistry of
the majority of metal complexes is an often incomplete d (for transition metals) or f
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(for lanthanoids and actinoids) shell of electrons. This leads to the spectroscopic and mag-
netic properties of members of these groups being particularly indicative of the compound
under study, and has driven interest in and applications of these coordination complexes.
The field is one of immense variety and, dare we say it, complexity. In some metal com-
plexes it is even not easy to define the formal oxidation state of the central metal ion,
since electron density may reside on some ligands to the point where it alters the physical
behaviour.

What we can conclude is that metal coordination chemistry is a demanding field that
will tax your skills as a scientist. Carbon chemistry is, by contrast, comparatively simple,
in the sense that essentially all stable carbon compounds have four bonds around each
carbon centre. Metals, as a group, can exhibit coordination numbers from two to fourteen,
and formal oxidation states that range from negative values to as high as eight. Even for
a particular metal, a range of oxidation states, coordination numbers and distinctive spec-
troscopic and chemical behaviour associated with each oxidation state may (and usually
does) exist. Because coordination chemistry is the chemistry of the vast majority of the
Periodic Table, the metals and metalloids, it is central to the proper study of chemistry.
Moreover, since many coordination compounds incorporate organic molecules as ligands,
and may influence their reactivity and behaviour, an understanding of organic chemistry is
also necessary in this field. Further, since spectroscopic and magnetic properties are keys
to a proper understanding of coordination compounds, knowledge of an array of physical
and analytical methods is important. Of course coordination chemistry is demanding and
frustrating — but it rewards the student by revealing a diversity that can be at once intrigu-
ing, attractive and rewarding. Welcome to the wild and wonderful world of coordination
chemistry — let’s explore it.
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